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“State of the Society” Report 

STANTIXIER 

For those SRM members who attended our annual meeting in 
Spokane in February, thanks for coming! For those who didn’t, 
you missed an outstanding meeting. The Pacific Northwest Section 
Annual Meeting Planning Committee, headed by Grant Harris 
and Chad Bacon, did a great job and worked hard to make the 
Spokane meeting one of the best ever. Many thanks to all involved! 

Aside from P handful of people in our headquarters staff, all of 
our SRM workers are VOLUNTEERS, who give generously of 
their time and effort to make the business of the Society go 
smoothly and effectively at both the Section and Society levels. 
Our committee chairs and members perform a valuable service in 
specialized areas that could not be handled any other way. Sections 
run the same way, with members willing to work hard to bring the 
Society’s work to the ground level, “where the action is”. And 
speaking of Sections, I had the opportunity to attend meetings of 
about half of them this past year, and I was most impressed by the 
quality of the meetings and programs and also by the attention that 
our Sections are giving to student activities. Many have auctions 
and other fund raising activities to provide money for student 
scholarships and travel to SRM meetings. These students are 
bright and ambitious; they represent the future of the Society and 
of the profession. 

SRM Sections are the strength of the Society! They’re where we 
make our most valuable contacts and influence on-the-ground 
range management. Sections build the leaders that SRM needs. 
The Advisory Council, made up of the Section officers, is playing a 
stronger role in SRM, providing advice and counsel to the Board 
of Directors on a variety of subjects and issues. The elected Advi- 
sory Council Chair is a member of the Executive Committee of the 
Board, handling routine business and addressing issues that the 
Board doesn’t have time for at the annual or summer meeting. It 
assures that the “Section perspective”is included in those deliber- 
ations. 

Let’s talk about finances, a subject that we sometimes try to 
avoid. Well, we’re in pretty good shape thanks to a lot of folks 
including our Finance Committee and members and to our frugal 
Executive Vice-President, Pete Jackson. We see no need to con- 
sider a dues increase (with attendant membership loss) despite 
rising costs of operation. We’ll keep looking for innovative ways to 
add to our income. The Major Enhancement task groups have 
been seeking grants and opportunities to conwac~ services such as 
we did in Coordinated Resource Management training. It is also 
working on parrnerships for our Rangelands color inserts and 
reprints that would help finance this effort and meet mutual needs 
and on new publications such as a cowboy songbook as a followup 
to our popular cowboy cookbook. In addition, I have asked Sec- 
tion presidents to consider opportunities to host conferences OT 
symposia on timely and topical subjects that would help further 
SRM’s objectives, increase our vlslbdlty, attract new members, and 

114 

make some money for both the Sections and the Society in a 
partnership effort. Our Endowment Fund has reached the $100 
thousand mark, thankstoefforts byJohn Hunteranda lot offolks. 
This means we can begin spending a portion of the interest on 
priority projects or activities. Most recently Larry and Susan 
Riordan and Wes and Margaret Hyatt joined the prestigious Trail 
Boss Club by making major contributions to the fund. 

Our Denver oftice staff deserve special recognition and thanks 
for the hard work to do. This includes our capable and hard- 
working Washington, D.C., liaison, Ray Housley, whose Capitol 
Corral in Rangelands keeps us well posted on important issues and 
events. Recognition is also due our publications folks and editor 
Gary Frasier of JRMand Rangelands and editor Jerry Schwien of 
Trail Boss News, which now carries all (practically all) of the 
Society’s business. We should all be proud of our three publica- 
tions: they are the best of their kind in the business. JRM is 
recognized around the world as a premier scientific natural 
resource publication and Rangelandsisgainingsimilarrecognition 
foritspractical, usablecontentand attractive format. Incidentally, 
our headquarters office in Denver is a place all of our members 
should visit when they get the chance. It is a fine old, but well-built 
and cared for building with ample space for our needs and some 
rental income as well and with a nice conference room. We still 
have our old building with a first priority of selling it and a second 
of keeping it rented and bringing in income. 

One of my highest priorities in this term of office has been to 
figure out how SRM can reach more people with our good message 
of range management and wise resource use. Of course we need to 
keep working to increase membership. Kent Taylor and his com- 
mittee have done a good job this year, but it’s the responsibility of 
all of us to recruit new members. We’re doing scnneone a favor 
whenweask them tojoin SRM; the benefitsfaroutweight thecosts 
for anyone interested in managing rangeland or improving their 
professional capabilities. We should all carry a membership appli- 
cation blank and not hesitate to promote SRM membership! 1 
proposed an affiliate membership at a reduced cost for those whose 
primary interest is in another related organization. While this was 
not approved, we are considering an arrangement where such folks 
might subscribe to Rangelands and Section newsletters and be 
invited to attend Section meetings and field trips. This would be a 
Section option and achieve essentially the same purpose. 

The controversy continues to grow about range/and uses. We 
have made it clear that range or rangeland is a kind of land, not a 
use of land. We also recognize that grazing has been a traditional 
and appropriate use of rangeland when proper use and manage- 
ment are applied. Critics represent grazing as universally destruc- 
tive, pointing to cases of poorly managed range to prove their 
point. The general public is confused and easily influenced by such 
media campaigns as the recent Audubon/TBS video, “The New 
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Range Wars”, that depicted grazing as detrimental and environ- 
mentally damaging. A report has been submitted to the United 
Nations Environmental Program claiming that desertification in 
the western U.S. and worldwide is the result of overgrazing. We 
have challenged its validity and scientific basis but critics still use 
such material as ammunition in the battle to remove grazing from 
public lands and eventually restrict such use on private lands as 
well. The livestock industry has made great strides in recent years 
in recognizing the importance of the care and management of their 
basic rangeland resource. They no longer defend their members 
who refuse to manage or adhere to terms of grazing permits. SRM 
is working with the National Cattlemen’s Association, the Ameri- 
can Sheep Industry Association, the American Farm Bureau Fed- 
eration, and the National Association of Conservation Districts to 
help the public understand that wise use of natural resources is the 
true definition of conservation and we know how to manage range- 
lands in an environmentally sensitive way and still achieve produc- 
tive outputs. Such coalitions are appropriate and effective as long 
as SRM is endorsing proper use and management of natural 
resources including rangelands and not simply supporting grazing. 
Coordinated Resource Management is one process to assure that 
all resources and uses are properly considered; SRM continues to 
be a leading proponent of CRM. 

Despite good work by outstanding scientists over the past half 
century, we still don’t have all the answers in range management. 
SRM has endorsed and supported funding for a continuing range- 
land research program. Again, a problem is misunderstanding; it is 
much more than grazing research, it’s the whole spectrum of range 
research that we support. 

Range Management on an international level is a growing prior- 
ity for SRM. Our International Affairs Committee is actively in 
contact with rangeland and grassland societies in different coun- 
tries around the world on a regional basis and they publish an 
international rangeland newsletter to help share information and 
ideas. It was a pleasure for me to represent SRM at the IV Interna- 
tional Rangeland Congress in Montpellier, France, last April 
where I was a plenary session speaker on the subject, “Multiple Use 
of Rangelands”. SRM was selected to host the V IRC in 1995. A 
task group headed by Director Phil Sims has done some prelimi- 
nary planning and selected Salt Lake City as the site and July 22-29 
as the timeframe. There is much to do to get ready; we will need a 
brochure with a tentative program and agenda ready to take to the 
International Grassland Congress in New Zealand/Australia in 
February, 1993, to “advertise”. We know that opportunities are 
ours to provide range management technology to many Third 
World countries and to eastern European countries, including 
former Soviet republics who have recently become free to pursue 
such things. 

A major accomplishment for SRM in 1991 was publication of 
the Unity task group’s report that, among other things, will adjust 
the way we describe range condition and encourage agencies to do 
it uniformly. The Board of Directors approved the report at the 
summer meeting in North Platte (which incidentally was a great 
meeting!) and we will work with range managing agencies to get it 

implemented, Thanks to Lamar Smith and his task group for their 
good work. 

SRM awards provide important recognition for our members 
who do outstanding work and contribute to research or manage- 
ment accomplishments in range management. Sections all have 
such awards programs and appropriately at the Society level we 
have a number of prestigious awards to present each year. Con- 
gratulations to all the 1991 winners, including our students, who as 
individuals and teams participate in contests in plant identifica- 
tion, range management exams, and public speaking. The Awards 
Committee is typical of SRM’s hard working committees and task 
groups who attend to such business. 

SRM 1992 President Jack Artz has been heading up an effort to 
develop a “Strategic Plan” for the Society. Input has come from 
member surveys such as we had in Reno, Washington, D.C., and 
Spokane. Jack will be telling you more about this in the months 
ahead. 

Professionalism is the hallmark of SRM. Our Accreditation 
Committee assures that colleges with range management curricula 
are meeting professional standards. Our Range Consultant Certi- 
fication Panel does the same thing for those who make a living or 
provide range management consultation on a part-time basis. The 
Employment Affairs Committee worked hard this past year to help 
the U.S. Office of Personnel Management update their Range 
Conservationist standards. And the Professional Affairs Commit- 
tee gives constant attention to standards. The Excellence in Range 
Management Committee continued to provide annual meeting 
seminars, “Celebrating Range Management Successes”. 

After nine years serving as our Executive Vice-President, Pete 
Jackson announced his intention to retire in 1992. Pete has served 
the Society well, representing us at home and abroad. He has given 
special attention to our tenuous financial condition and assured 
that SRM does not overspend. Pete is well known and well liked 
throughout the Society and he will be genuinely missed. We thank 
him and wish him well. A task group headed by Past President Rex 
Cleary developed an updated position description for EVP, we 
advertised in the August Trail Boss News, the Executive Commit- 
tee acting as search and screening task group evaluated applica- 
tions received from seven well-qualified candidates, and recom- 
mended to the Board that Dr. Charles B. (Bud) Rumburg be hired. 
The Board approved that recommendation unanimously, includ- 
ing a provision that Ray Housley “act”as EVP during the three- 
month interim from May 1, when Pete leaves, to August 1, when 
Bud reports. Bud Rumburg will do a fine job as our EVP; you71 
like him, I’m sure! 

Our annual meeting theme at Spokane was, “Range Manage- 
ment, a Public Benefit.*’ SRM members provide a real public 
service when we spread the range management message and help 
implement improved management of rangelands throughout the 
world. 

I have enjoyed serving as your President during 1991. The year 
went by fast but it was rewarding and interesting. I thank our 
membership for giving me the opportunity. 
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An integrative approach to rangeland condition and 
capability assessment 

O.J.H. BOSCH AND J. BOOYSEN 

Authors are respectively professor and senior research scientist, Department of Plant and Soil Sciences, Potchef- 
stroom University for CHE, Potchefstroom, 2520, South Africa. 

Abstract 
A comprehensive system has been designed to serve as a basis for 

rangeland condition and grazing capacity assessment. It is impor- 
tant that research information and knowledge be transferred to 
land managers in the most usable form. An approach has therefore 
been developed by which different computer technologies are 
combined to produce a unique and user friendly package for direct 
application by the grazing industry. The system can be applied 
universally, regardless of the pool of quantitative knowledge that 
exists. This is of special importance for the evaluation and moni- 
toring of the many rangeland systems not yet understood and 
quantified. 

Key Words: expert system, data base, range condition, degrada- 
tion gradients, plant production, grazing capacity. 

Several techniques have been developed for assessing the condi- 
tion and capability of rangelands (e.g., Dyksterhuis 1949, Tueller 
and Blackburn 1974, Haydock & Shaw 1975, Foran et al. 1978, 
Christian et al. 1978, Tainton et al. 1980, McKeon et al. 1982, 
Vorster 1982, Barnes et al. 1984, Foran et al. 1986, Mosley et al. 
1986, Uresk 1990). These techniques make use of data such as the 
ecological status of species and their forage production potential, 
and production simulation models. However, these data and mod- 
els (stochastic) are extremely limited and localized. The extrapola- 
tion potential of the techniques is, therefore, also limited and a 
particular technique would in most cases only be of real value in the 
area where it was developed. 

A need therefore existed to develop acomprehensive system that 
would enable rangeland scientists to compile a data base for all 
existing relevant data that are required for the assessment of condi- 
tion and grazing capacity in different homogeneous grazing areas. 
A requirement was that the system has to be developed in such a 
way that, once the data base is completed, an assessment of the 
condition and grazing capacity of any management unit in the area 
under consideration would be possible. 

Implementation of such a comprehensive system will require 
large amounts of data from different disciplines, the use of various 
analytical procedures, and the ability to effectively interpret the 
results. Further needs were therefore to develop computer software 
that: 

-would be able to accommodate the knowledge and expertise 
on vegetation condition and production related aspects in one 
convenient and efficient package, and 

-that would form a uniform mouthpiece for the various sub- 
disciplines, allowing a dynamic flow of information to the end 
user, across the usual barriers of information dissemination. 

The aim of this paper is therefore to describe an approach by 
which different computer technologies are integrated and used to 
produce an effective and user friendly tool for rangeland planners 

Manuscript accepted 15 May 1991. 
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and managers. Although the ultimate success of the system will 
depend upon accurate and reliable subsystem models, the level of 
sophistication and accuracy of the models used in the system are 
not of primary concern in this paper. They are mainly applied for 
illustrating the approach, and could be modified or replaced with 
more sophisticated models that might be available for a particular 
area of interest. However, the models that are used in this system, 
could serve as a basis for implementing the approach in non- 
quantified and lesser understood rangelands. 

Preliminary Considerations 

Traditionally most analytical procedures used for condition and 
grazing capacity assessment are those in which mathematical equa- 
tions/models are used, which require specific input data to pro- 
duce a specific answer. Input data requirements vary considerably 
depending on the model and are often difficult to obtain. lnterpre- 
tation of the answer of a model is dependent on model assumptions 
and deficiencies embedded in the calculations. A specialist is there- 
fore necessary for meaningful deductions and application of the 
answer. 

The proper administration of the data input requirements of 
models can be improved by the use of a data base. The proper 
accommodation of the required data greatly enhance the efficiency 
of model execution. A data base also allows the user to inventory 
what is available, and when archiving data, built-in quality control 
ensures the highest level of data integrity. The data required for 
specific calculations can be extracted as required by the applica- 
tion. However, the extraction of data is still done on the initiative 
of the user. In view of the difficulties with interpretation of model 
results mentioned earlier, this can be a further source of the reduc- 
tion in use of the application. 

Partial solution to these problems can be overcome by the use of 
expert systems. The knowledge base which serves the expert sys- 
tem, is technically a data base that holds specific information and 
rules about a certain subject. The expert system is based on empiri- 
cal knowledge of heuristics, generalizations, assumptions, analo- 
gous procedures and judgements on the basis of human decision- 
making criteria (Schildt 1987). Thus the heuristic knowledge and 
reasoning process of specialists can be embedded in the software 
application. In the strictest sense this still implies an empirical 
model with limitations in quantifying the total system. The qualita- 
tive information of the knowledge base can not substitute quantita- 
tive research results. However, the heuristic powers of the expert 
system in conjunction with models and data bases can serve as a 
substitute in the absence of a specialist in assisting the user in 
interpreting and applying final results. 

A system has therefore been developed to accommodate all of 
the above in an attractive package that will aid the rangeland 
industry in the most dynamic way possible. 
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MODULE 2 : GRAZHG CAPACITY ASSESSMENT 
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Fig. 1. Schematic presentation of the basic components and types of data required for range condition and grazing capacity assessment and improvement. 

System Structure 
When the condition of a particular management unit has to be 

assessed, it will first be necessary to be able to define the area in 
which the unit is situated. For this is a sound understanding of the 
delineation of the broad land categories, into different relatively 
homogeneous grazing areas will be required. Second, to be able to 
statistically compare the composition of the management unit with 
those on the degradation gradient, in order to determine its ecolog- 
ical status, the changes in composition during the processes of 
degradation will also have to be understood. 

A basic framework was therefore constructed which describes 
the different components and types of data that would be required 
for a condition and grazing capacity assessment system (Fig. 1). 
The first module includes a breakdown of the broad land catego- 
ries into different areas that will be relatively homogeneous with 
regard to factors such as soil type, topographical position in the 
landscape, and climate. Within each of these relatively homogene- 
ous areas, different compositions (degradation or seral stages- 
Fig. 1) would further occur as a result of different management 
practices. Some of these compositional changes would be revers- 
ible, while others would not be able to recover to the original 
composition, due to differences in the recovery potential (e.g., 
large changes in soil conditions). In more arid areas, large compo- 
sitional differences also occur due to seasonal variation. Further, 
the particular sequence and timing of climatic events also leads to 
multidirectional transitions during the processes of change (Wes- 
toby et al. 1989). All these factors could therefore result in a large 
variety of plant compositions to occur in the different homogene- 
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ous grazing areas. Quantification of these compositions and inter- 
pretations with regard to their position in the processes ofdegrada- 
tion and recovery are prerequisites for the development of an 
objective condition assessment system. 

Each one of the different compositions would be expected to 
have a different production potential, as determined by its compo- 
sition and various environmental conditions. The various factors 
reducing this potential yield to effectively available phytomass, are 
indicated in the second module of Figure 1. The portions that are 
not available (e.g., unpalatable material, phytomass loss through 
natural disappearance or insect consumption, etc.), will have to be 
taken into account in determining the grazing capacity of a particu- 
lar management unit. 

Interpretation of the condition and grazingcapacityassessments 
allows the user to define possible management options to improve 
the condition and therefore grazing capacity of the rangeland. For 
example, if vegetation was degraded to such an extent that its 
recovery is restricted by unfavorable soil conditions (e.g., eroded 
surfaces), land reclamation would probably be the only manage- 
ment option to improve the grazing capacity of the particular 
management unit. 

The framework briefly outlined above, was not only used to 
determine the type of data that will be required, but also to define 
the structure detail of the total system. 

The objectives, technologies, and components of the total sys- 
tem are depicted in Figure 2(a). The integration of the three com- 
ponents, the expert system, simulation models, and knowledge/- 
data base is shown. In the software industry these components are 
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I INTERACTIVE ENVRONMENT I 

(b) 

Fig. 2. A schematic presentation of the integration of computer technologies and components for the development of a user friendly system for range 
condition and grazing capacity assessment. 

often distinctly separate units. In this context, however, it should 
be seen as one complete system in which it is not always possible to 
define exactly in which component one is operating. 

In principle the separation between the model and expert system 
components is based on the fact that fundamental principles des- 
cribing species performance by means of mathematical relation- 
ships are model components. As previously mentioned, the expert 
system includes the heuristic knowledge on the basis of human 
decision-making criteria. A further unique feature of the system is 
that the data base forms an integral part of the knowledge base. 
This allows the expert system to act as a supervisor to the novice 
when interrogating the data base. These main components of the 
system are outlined in Figure 2(b). 

The expert system component is a forward chaining, rule-based 
system. It initially addresses questions around habitat/location, 
time of the year, and the phenological state of the vegetation. This 
sets up the input data requirements from the data base and identi- 
fies the appropriate models to be used. Once the range condition is 
assessed, the expert system guides the user in deriving the potential 
stocking rate. 

Expert systems normally consist of an inference machine and a 
knowledge base (Schildt 1987). In the present system the inference 
model was developed by a team of rangeland ecologists, and is 
fixed because of the application of the system in a specific region. 
However, the user is allowed to update and/or modify the data 
bases from within the inference machine. As this is an interactive 
system, the expert system also allows the user to inspect and/or 
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update the data base at any time during the processing procedures. 
The models contained in the model component were constructed 

from applied research in order to accomplish the objective to assess 
the range condition and grazing capacity of a management unit or 
region. These include: 
l the weighted average condition assessment model (Bosch et al. 

1989a); 
l graphical descriptive models of vegetation functional groups 

on degradation gradients (Bosch 1989, Bosch and Kellner 
1991); 

l the ecological index production simulation model (Bosch and 
Booysen 1988); 

l a series of accounting models for determining the effectively 
available phytomass; and 

l a model for determining the grazing capacity. 
The use of graphical descriptive models is an unique feature 

being utilized in this system. A calculated answer is not only 
presented to the user as a value, but it is also put into perspective by 
means of a graphical representation of a degradation gradient and 
its associated changes in vegetational and other features. The 
expert system is again applied in supervising the novice in model 
inspection and/ or modification at any point during processing. It 
also ensures the highest level of data quality control. 

The knowledge/ data base is constructed by means of the expert 
system. For each region identified in the initial part of the inference 
model, a separate data base is created. The expert system deter- 
mines the type, number and length of elements building up a record 
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in the data base as a function of the number of growing seasons and 
phenological stages identified. When loading the data base, the 
expert system’s function is to guide the user in an orderly fashion 
through the data base and provide a graphical indication of the 
progress. Data pertaining to the data base is specific to the objec- 
tives of assessing range condition and grazing capacity. These 
include: 
l The ecological status of a species-A value on a scale from 0 

(associated with severely degraded vegetation) to 100 (asso- 
ciated with lightly to under-utilized conditions), obtainable 
from quantitative gradient studies (Bosch et al. 1989a; Bosch 
and Kellner, 1991) or expert knowledge (e.g., grazing experi- 
ments and literature); 

l Production class-Species are classified into 30 production 
classes (from large tufts, high producers to small tufts, low 
producers); 

l Preference class (palatability) on a scale from 0 (totally unpal- 
atable) to 1 (very palatable) as a function of season and pheno- 
logical stage; 

l Defoliation threshold: Allowable percentage defoliation by 
which maximum regrowth will be ensured; 

l Phytomass loss through insect consumption (expected percen- 
tage) as a function of season and phenological stage; 

l Disappearance of material through the natural phenological 
cycle (expected percentage) as a function of season; 

l Unavailability of forage due to competition between feral and 
domesticated animals-Percentage loss to feral animals in the 
presence and absence of domesticated animals; and 

l Animal consumption rates in kg/day. 

Integrative Use of the Data Base, Models, and Expert Sys- 
tem: An Illustration 

The integrative use of the different computer technologies is 
illustrated by means of a practical application of the total system in 
the Mitchell grasslands of western Queensland in Australia. 

The minimum field work requirement before using the system, is 
a survey of the management unit/ paddock under consideration. In 
this example the condition and grazing capacity of a paddock in 
the Julia Mitchell grasslands (Bosch et al. 1989b) is to be deter- 
mined. Species composition data were collected during July 1989 
in an area representative of the vegetation of the paddock. Nearest 
plant recordings were made at 200 points, using a step point 
method (Mentis 1981). 

Range Condition Assessment 
On program start-up, the expert system identifies the particular 

relative homogeneous grazing area in which the paddock is situ- 
ated, as well as the time of the year in which the survey was 

~Select a Ralativr Homogeneous Grating Area’ 

Char& MItchelI 
Roma MItcheN 
Barkly Mitchell 
CunnamuMa MItchelI 

Select with 1 and ! , activate with 4 
FI - Add F2 - Edit F3 - Delete 

Fig. 3. Self constructed menu (by means of F-keys) for the selection of the 
relative homogeneous grazing area under consideration. 

Fig. 4. Menu for selection of the time of the year in which the botanical 
survey was conducted. 

conducted. Seven relatively homogeneous grazing areas in the 
Mitchell grasslands of western Queensland (Fig. 3), and 2 main 
seasons were identified (Fig. 4). In the case of this example, the user 
selects the Julia Mitchell homogeneous grazing area, and the cool 
season. The expert system passes this information onto the data 
base in order to present the user with all the available species data 
for the particular area. It also ensures that the appropriate models 
will be used for all further calculations. 

The expert system now supervises the user in selecting the 
appropriate species from the data base, which were encountered 
during the field survey. The percentage abundance of each species 
is entered by the user. At this point the user can inspect the species 
composition that was entered and edit the data where necessary 
(Fig. 5). 

COWlWN ASSESSMENT 

Fig. 5. Frame used for selecting the species encountered in a survey and 
entering their percentage abundances. 

On completion of this step the composition information indi- 
cates to the weighted average condition assessment model which 
information to extract from the data base. In this case the ecologi- 
cal status values of the individual species are extracted and the 
condition of the vegetation in the particular management unit is 
determined by calculating the sample vector (position of unit on 
the appropriate gradient) that was obtained by the weighted aver- 
age of the species vectors (ecological status values) (Bosch et al. 
1989a). 

Display of Condition Assessment Result 
After determining the condition of the management unit, the 

expert system accesses the appropriate graphical descriptive deg- 
radation model, and displays the result on this model (Fig. 6). This 
step facilitates the ecological interpretation of the condition 
assessment in terms of the ratio between functional species groups 
(palatable, unpalatable, invader species, etc.), possible trends and 
recovery potential. The result for the paddock under consideration 
indicates that the paddock is moderate to moderate severely util- 
ized. Perennial grasses, of which Astrebla lappacea is the dominant 
species, form the most important functional group of the total 
composition. Psoralea spp. is associated with overgrazed condi- 
tions (Pressland 1984). The relatively high percentage abundance 
of this species explains the positioning of the paddock slightly 
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Grazing Area = Julia Mitchell 
Season = Winier - Cool lie. March to August) 
PC = 56,55 % MOD21 

p 

g 50 

P 
s 

~.‘.‘.‘,~,‘,‘.‘_‘.‘.‘.‘.‘.‘,‘.‘.~,~. 

GRAZING GRADIENT 

FI = Edit Species F2 = Edit Model F3 = Edit PC FIO = Slop 

Fig. 6. Display of the condition assessment on the graphical descriptive 
degradation model for winter compositions in the Julia Mitchell 
grasslands. 

Un-So: Underutilized to severely overutilized 
PC: Range condition (position on gradient) 
Domains 1 and 2: See text 

towards the more degraded section of the gradient. The soils are 
not eroded or compacted and the vegetation is representative of the 
first domain of attraction (Bosch and Kellner 1991). Recovery of 
the vegetation would be possible through normal grazing man- 
agement procedures, e.g., strategic rest to ensure an increase in the 
seed production of the perennial species. 

At this point various options are available to the user. First, 
direct access can be obtained to the data base and information in 
the base can be modified. For example, if new research data are 
available on the ecological status of the species, the data in the data 
base can be updated. Second, the composition of the vegetation in 
the management unit can be changed (e.g., if required, the species 
that are poor indicators of range condition can be removed to 
reduce the noise in the data). Third, the graphical descriptive 
model can also be updated when additional knowledge becomes 
available. The last option is to continue to the next module for the 
assessment of the capability of the vegetation in the particular 
management unit under consideration. 

Grazing Capacity Assessment 
The rainfall for the total growth season or specific season of 

interest for the area under consideration is entered by the user. The 
production model extracts the relevant input data (production 
classes of species contributing to composition under considera- 
tion) from the data base and together with the amount of rainfall, 
determines the total phytomass production that could be expected 
from the vegetation in the particular condition state. In the case of 
the paddock in the Julia Mitchell grassland, an average seasonal 
(cool months) rainfall of 153 mm was entered and the expected 
total potential yield was calculated as 790 kg/ ha (Fig. 7). 

This value is presented to the user with the options of either to 
change the model, or to replace the calculated production result to 
a value obtained from an external resource (e.g., from a more 
sophisticated model). Direct access can also be made to the data 
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IIy Copoblllty Assessment 

Production class I : 89.200 X 
Production class 2 : 7.400 x 
Production class 3 : 0.400 x 

II 

Potenttat Yield : 790 Kg/ha 

FI Model F2 Soacles F3 External FIO Continua 

Input progress 
0 100 x 8 

Fig. 7. Estimation of expected potential yield. 
(F-keys: see text). 

base to modify the species data if required. 
As mentioned before, not all phytomass produced is effectively 

available to the grazing animal. Continuing with the determination 
of the grazing capacity of the particular rangeland under consider- 
ation consists of a continuous shuttle between the expert system 
and data base. In this process the series of accounting models are 
used for the calculation of the various components of phytomass 
loss or non-availability until the net phytomass available to the 
grazing animals is reached (Fig. 8). 

: 

CapabIlIty Assessment 

Total Potential Yield = 790 Kg/ha 
Unpalatable Biomass = I57 

Defoliatlon Thrssshold Biomass m 149 
Disappearance Loss Biomass = 54 

Insect Consumption Biomass =I 
Feral and native animal consumption -43 

Domestlc animal consumption =O 
Nsft Biomass = 386 

FI F2 ~Dd36 F3 External FIO Continue 

I 

Input progress 
0 100 x 

Fig. 8. Results of the calculations of phytomass loss or non-availability. 
(F-keys: see text). 

The accounting procedure utilizes the values in the data base, 
which are based on either expert opinion or hard data. However, it 
is acknowledged that the nature and interaction of these compo- 
nents are more complex and should be quantified by means of 
mathematical relationships. An effective model dealing with all 
these components as defined in this system could not yet be identi- 
fied. If any particular calculated value proves to be unsatisfactory, 
the user is allowed to substitute such a value with one from an 
outside source. 

Another option available to the user is the ability to inspect the 
data in the data base that were used for a particular calculation. 
For example, the preference classes of each species that were used 
for determining the amount of unpalatable phytomass in the pad- 
dock under consideration can be inspected and/or edited (Fig. 9). 

After completion of the calculations to determine the amount of 
effectively available phytomass, the grazing capacity of the pad- 
dock/management unit is calculated (Fig. 10). The domestic 
animal consumption value that is used in the calculation is set on 
1.2 kg per day, resulting in a potential stocking rate for dry Merino 
ewes. If the stocking rate for other animal types or classes has to be 
determined, the daily consumption rate can be edited as required. 
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- Edlting Sprcles Preference Classes - 

Astrebla 
Panlcum 
Digitaria 
Psorelea 
lseilema 
Darcus 
Portulaca 

Oreo Flow Seed Dry 

Select wlth and , activate With Fl 
F2 - STOP F3 

Input progress 

Fig. 9. Inspection of preference classes of each species during their differ- 
ent phenologicsl stages, for the purposes of editing. 

Capabitlty Assessment ) 
Total Potential Yield - 790 Kg/ha 
Unpalatable Biomass - I57 
Defoliatlon Thresshold Biomass = 149 
Disappearance Loss Biomass = 54 
Insect Consumption Biomass =I 
Feral and native animal consumption = 43 
Domestic animal consumption ‘0 
Nett Biomass = 386 

Potential Stocking Rate of the Paddock = 0.9 sheep/ha 

FI Consmo F2 F3 Edit hp. FIO Continue 

Fig. 10. Result of the potential stocking rate of the paddock under 
consideration. 

(F-keys: see text). 

Discussion and Conclusions 

The system that was used to illustrate the integrative approach 
has specifically been designed for the purposes of condition and 
grazing capacity assessment of rangelands in which ephemeral 
populations (seasonal variation) are important. The factors that 
are used by the expert system to select the appropriate parts of the 
data base and models for the various calculations are those that 
determine main floristic differences within a specific biome, vege- 
tation type, or land system. The factors could therefore differ for 
different areas. For example, in certain areas the rainfall zone or 
topography might be more important than the season of the year 
(which was used for designing a system for the Mitchell grass- 
lands), in determining the data base that will be used. Application 
of the system in another area would therefore require an adjust- 
ment of the inference model of the expert system to include those 
factors that are determining major floristic differences in such an 
area. New data to populate the data base, as well as restructuring of 
the data base to accommodate new rules, will be required. 

The system further uses a particular condition assessment tech- 
nique. Although more sophisticated techniques are available 
(Bosch and Kellner 1991), the weighted average approach that is 
used in this package has the advantage that it can be applied even in 
the absence of quantitative data. If data are not available for the 
quantitative determination of the ecological status of species, it can 
be qualitatively determined by means of expert knowledge, as the 
position on the degradation gradient where a particular species 
would be expected to have its highest abundance. 
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This advantage also applies to all other input data, which could 
come from either experimental data, or expert knowledge. Range- 
land managers can not wait until a full quantitative understanding 
of the plant:animal:environment interaction has been developed 
for all rangelands before a system of this nature is implemented. 
This approach allows for the implementation of measures based on 
our existing knowledge. 

Continuous quantification of the data inputs and refinement of 
models in the package should, however, be an integral part of the 
implementation process. Application of the system is an effective 
way to reveal the noise in the system, such as unreliable models and 
nonscientifically based hypotheses/data. By applying and eval- 
uating the system in the field situation, extension officers and 
rangeland managers could become involved in the refinement pro- 
cess. Their feedback would assist the researchers and knowledge 
engineers to refine the models or to define new research objectives 
to improve the input data for the various calculations. This mutual 
interaction between the researcher and the users is seen as an 
on-going process to use, evaluate, and improve the system. It will 
also assist to overcome the gap between theory and practice, in 
ensuring that research information and guidelines are transferred 
to extension, and subsequently the land managers, in the most 
usable form. 

The user friendliness of the software is an important factor to 
ensure its wide acceptance and use. This also conforms to the 
requirements of rangeland evaluation and monitoring programmes 
outlined in the recommendations of the International workshop on 
Land Evaluation in Addis Ababa (Siderius 1984): i.e. that the 
results, guidelines, etc. be made available in forms understandable 
to the land user, extension officer and the decision maker. The user 
friendly expert guidance built into the programme and the use of 
graphics to enhance human comprehension are important fea- 
tures, increasing the practical value of the package. 

The approach to combine various computer technologies into 
one system seems to be an effective way to provide the industry 
with useful software. The main advantages of the system can be 
summarized as follows: 

. The interdisciplinary approach of the system ensures that all 
aspects are considered and not only the main components 
normally emphasized by specialists in a particular field; 

l integrating the various computer technologies optimizes the 
efficiency of the use of the computer medium, in contrast to 
using any one of the technologies individually; 

l the present state of knowledge can be utilized immediately 
without elaborated costs before a workable system is available; 

l the various stages of qualitative and quantitative data invite 
easy participation of specialists of various disciplines to con- 
tribute their knowledge in the section of the system where their 
discipline applies, without having to understand the total 
system; 

. the system is developed in such a way that knowledge can easily 
and inexpensively be accommodated; 

l the mouthpiece for decision making, extension and education 
is unified but based on the opinions of all experts concerned; 
and 

l the system can be applied universally, regardless of the pool of 
quantitative knowledge that exists. 

These advantages are of special importance for the evaluation and 
monitoring of the many rangeland systems not yet understood and 
quantified. 
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Abstract 

In 1984, 99 Angus X Hereford cows (4 to 6-yr-olds) were 
assigned randomly to a 4-yr, 2 X 2 factorial study. Treatment 
assignment was permanent, and no new cows were added during 
the study. By 1987,71 cows remained, and over-all, 335 complete 
cow-calf data sets were used. Main effect treatments were begin- 
ning time (prepartum [PRE] vs postpartum [POST]) for crude 
protein (CP) supplementation (twice weekly feeding of 41% CP 
cottonseed meal pellets at 1.58 kg l cow-t l feeding-‘) and tempor- 
ary calf removal (48 hour [48-H] vs 0 hour [CONT]) just before the 
breeding season. For analyses, sex of calf was included as a third 
main effect (2 X 2 X2) and year was included as a random factor; 
the 4-way interaction served as the testing term for repeated mea- 
sures over years. Year was the dominant source of variation for 
most traits; we attributed this mainly to different amounts and 
timing of precipitation among years. Very few interactions were 
observed. The PRE supplemented cows had reduced (P<O.Ol) 
spring body weight losses and higher prebreeding body condition 
scores (4.9 vs 4.5; P<O.Ol) compared with POST cows. Reproduc- 
tive performance did not differ between PRE and POST cows. Use 
of 48-H calf removal vs CONT did not influence (-0.10) repro- 
ductive traits measured. Likewise, 48-H treatment did not impair 
health or reduce weaning weights of calves. In a separate, within- 
year analysis used to examine age of dam effects, productivity of 
4-yr-old cows during 1984 was slightly below that of older cows for 
some traits. Cow age effects were not detected in other years. We 
conclude that control cows in our study were approaching opti- 
mum fertility and production levels in concert with their environ- 
ment and that improvement beyond these levels with the treat- 
ments imposed was unlikely. 

Key Words: reproduction, body condition, weaning weight, calv- 
ing interval 

Reproductive performance of range cows is associated closely 
with nutritional status (Short and Adams 1988). In much of the 
earlier research relating nutrition to reproduction, energy was the 
main diet constituent studied (e.g., Wiltbank et al. 1962); recent 
studies have focused more attention on the need for adequate 
dietary protein (Sasser et al. 1988, Randel 1990). Some studies 
have demonstrated clearly that crude protein (CP) supplementa- 
tion influenced conception rates and calving intervals (Bellido et al. 
1981, Clanton 1982), while others have failed to produce such 
responses (DelCurto et al. 1990, Sanson et al. 1990). Suckling and 
lactation effects on range cow reproduction appear to be equally as 
important as nutrition (Short et al. 1990, Williams 1990). By 
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partially alleviating lactation stress, short-term calf removal (36 to 
72 hours) before the breeding period reduced postpartum anestrus 
in beef cows (Smith et al. 1979, Dunn et al. 1985) and improved 
conception rates in artificial insemination programs (Odde et al. 
1986). This approach has not been evaluated thoroughly under 
range conditions where natural breeding is used. Therefore, our 
study examined the effects of 48-hour calf removal and the begin- 
ning time (pre- vs postpartum) for CP supplementation on repro- 
ductive performance and calf production by range beef cows. Our 
hypothesis was that prepartum CP supplementation, especially 
when combined with 48-hour calf removal, would increase produc- 
tivity of range cows. 

Study Area 

The study was conducted at the Fort Stanton Experimental 
Ranch in the foothill-mountain region of southcentral New Mex- 
ico. Vegetation is dominated by blue grama (Bouteloua gracilis 
[H.B.K.]Lag.); other grasses include galleta (Hilariajamesii[Torr.] 
Benth) and sand dropseed (Sporobolus cryptandrus [Torr.] Gray). 
Important forbs include carruth sage (Artemisia carruthii Wood) 
and scarlet globemallow (Sphaeralcea coccinea [Pursh.] Rydb.). 
Slopes support stands of pinyon-juniper (Pinus edulis Engelm., 
Juniperus spp.) and wavyleaf oak (Quercus undulata Torr.). Pre- 
cipitation during the growing season (June to August) was 66 mm 
for 1984,254 mm for 1985,325 mm for 1986, and 198 mm for 1987, 
compared with a long-term average of 226 mm. Total precipitation 
for each year of the study except 1984 was above the long-term 
average of 348 mm. 

Methods 

In 1984, 99 Angus X Hereford cows (4- to 6-yr-olds) were 
assigned randomly to the 4-yr, 2 X 2 factorially arranged study. 
Main effect treatments were beginning time (prepartum [PRE] vs 
postpartum [POSTI) for winter-spring CP supplementation (twice 
weekly group feedin 
kg l cow-l l f 

of 41% CP cottonseed meal pellets at 1.58 
feeding- ) and temporary calf removal just before the 

breeding season (48 hour [48-H] vs 0 hour [CON-). Cows 
remained assigned to their respective treatments throughout the 
study, and following initial assignment, no new cows were added. 
By 1987 (the final study year), 71 cows remained, and over the 4-yr 
period, 335 complete cow-calf data sets were used. Numbers of 
cows by treatment and age on the study each year as well as the 
number lost from the study and reason for loss (by year) are 
detailed in Table 1. 

Supplementation for PRE treatment cows began in January and 
ended in either late April or early May; specific beginning and 
ending dates varied among years (Table 2). Supplemental feeding 
for cows on the POST treatment began in mid-March (Table 2) 
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Table 1. Number of cows by treatment and age group and number lost due 
to various causes each year. 

daily gain from birth to weaning. Measurements on the cows were 
body condition (BC) score, fall pregnancy rate, calving interval, 
and body weight (BW) changes during different periods of the year. 
The 7 data collection procedures involved in accumulating these 
measures were: (1) birth date for each calf was recorded on a Julian 
day basis; (2) all calves were weighed individually at weaning each 
year (weaning dates were October 4, 13, 15, and 2, respectively, 
from 1984 through 1987); (3) calf gains were calculated as weaning 
weight minus a common birth weight (34 kg) divided by weaning 
age in days; (4) individual cows were scored visually for BC using a 
scale from 1 (emaciated) to 9 (obese) according to Richards et al. 
(1986); for all years except 1986, the BC scoring was performed by 
the same experienced observer (In 1986, a different, less-experienced 
observer scored each cow.); (5) cows were pregnancy-tested by 
rectal palpation each year at fall weaning (see #2 above for weaning 
dates) and any open or unsound cows were culled. The number of 
open cows removed from the study each year is shown in Table 1. 
In 3 cases during the study, cows were removed during the summer 
because of calf losses; these cows were diagnosed as open but were 
exposed to a comparatively short breeding season, i.e., about 30 
days; (6) calving interval was calculated by taking the difference 
between consecutive calving dates and adding 365 days; (7) cows 
were weighed before calving (January), after calving (April), and at 
fall weaning (October) and BW changes for each cow were calcu- 
lated for the periods January to April, April to October, and 
January to October. 

Routine Management of the COW Herd 
Except for the period when PRE treatment cows were separated 

from POST cows for early supplementation, all cows on the study 
were maintained together and managed as 1 unit. Stocking rate 
varied within and between years because of varying forage condi- 
tions, but overall, averaged 16 ha/cow on a yearlong basis. All 
calves were branded and given calfhood vaccinations, and male 
calves were castrated, in mid-April each year. Cows were exposed 
to fertile, 2- to 5-yr-old Simmental bulls (12 to 18 cows/bull) 
beginning in late April for a 90 day period, and the subsequent 
calving season began about 1 February each year. A salt:mineral 
mix (50% dicalcium phosphate: 45% salt: and 5% cottonseed meal 
on an as-fed basis) was provided for all cows throughout the study. 

Statistical Analyses 
Supplementation (PRE vs POST), calf removal (48-H vs 

CONT) and sex of calf (steer vs heifer) were arranged as main 
effects in a 2 X 2 X 2 factorial structure. Treatments were imposed 
over 4 yr, and year was considered as a random variable, i.e., a 
surrogate for environmental conditions. The experiment was con- 
sidered as a split-plot in time with a completely randomized exper- 
imental design in the main plot and was analyzed using GLM 
procedures of SAS (1985). The four-way interaction (supplement 
X calf removal X sex of calf X year) served as the testing term for 
the repeated measures over year. Age of cow was confounded with 
year; however, the effect of environmental conditions, as repres- 
ented by year, was considered to be of greater importance than 
changes in cow age, especially because all age groups represented 
are classed as mature cows (BIF 1990) with the exception of 
4-yr-old cows in 1984. Nonetheless, the effect of age of dam was 
examined using a completely random design on a within-yr basis. 
When significant (P<O.O5) cow age effects were detected, age 
group combinations were compared by single degree of freedom 
linear contrasts (e.g., 4-yr-olds vs.? of 5- and 6-yr-olds in 1984). 
Fall pregnancy percentages were tested with chi-square analysis 
using the CATMOD procedure of SAS (1985). 

Yl%r 

Category 1984 1985 1986 1987 

Total cows 99 89 76 71 

Supplemental treat- 
ment:’ 

PRE 
POST 

Calf removal 
treatment:2 

CONT 
48-H 

50 44 37 35 
49 45 39 36 

50 45 39 36 
49 44 37 35 

Cow age group, (age): 
1 
2 
3 

W) 22(5) 19(6) 17(7) 
W) 26(6) 23(7) 2U8) 
44(6) 4U7) 34(8) 33(9) 

Reason for loss: 
Open 
Deaths 
Injury 
Other 

IPRE = twice weekly feeding of cottonseed meal at 1.58 kg v COW-~ . feeding-’ begin- 
ning prepartum; POST = same as PRE treatment, but feed only postpartum. 
rCONT = calves were not removed from cows prior to breeding season; 48-H = 
temporary (48 h) calf removal before start of breeding season. 
JPrimary causes of death were lightning (2 head) and gunshot (2 head), presumably 
from “game hunters”. 

Table 2. Beginning and ending dates (Julian day of year) and length 
(days) of the supplemental feeding period for each treatment during each 
year. 

YESir Treatment’ 
Date/ time 

PRE: 
Beginning date 
Ending date 

Total days 

POST: 
Beginning date 
Ending date 

Total days 

1984 1985 1986 1987 

24 18 20 15 
116 I25 140 133 - 

92 107 120 118 

74 74 76 71 
116 I25 140 133 

42 51 64 62 

‘See Table 1 for description of treatments. 

and ended the same day as for the PRE group. Just before the start 
of supplementation each year, PRE cows were moved to a separate 
pasture from that occupied by POST cows. Once POST treatment 
supplementation began, cows from both supplemental groups 
were moved to a common pasture and fed together until supple- 
mentation was terminated. 

During the temporary calf removal period, 48-H calves were 
penned separately from, but in full view of their dams, and near the 
watering point used by the cows. While separated from their dams, 
48-H calves had access to fresh drinking water, an open shed, and 
were provided (on a group basis) alfalfa hay (17% CP) and a grain 
mix (14% CP) at 0.9 and 0.45 kg l calf’, respectively, for the 
48-hour period. 

Cow and Calf Performance Traits Measured 
Seven traits involving both the cows and their offspring were 

measured to evaluate treatment effects. Calf traits included birth 
date, weight at weaning (both actual and 205-day adjusted), and 
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Results and Discussion 
Age 01 Dam Effects 

Only in 1984 did cow age measurably influence (P<O.O5) any of 
the traits studied; therefore, comparative data among cow age 
groups for 1985 through 1987 are not presented. Differences in 
production traits between 5- and 6-yr-olds in 1984 were small; 
however, for certain traits, 4-yr-old cows appeared somewhat less 
than the 2 older age groups. Thus, productivity of 4-yr-olds was 
compared (by orthogonal contrast) with that of the mean from 
Sand 6-yr-olds. 

Average birth date for calves from 4-yr-old cows was 11 days 
later (P<O.OS) in the 1984 calving season than that for calves from 
older cows (Table 3). Consequently, because they were younger at 

Table 3. Comparison of productivity by cow age group in 1984. 

Cow age 
Mean of 5- 

Trait 4-yr-old and 6-yr olds SE1 

Calf birth date, Julian day 60 49, 1.8 
Actual calf weaning 

weight, kg 248 266* 3.0 
Daily gain, birth to 

weaning, kg/day .97 1.00 0.02 
205-d adj. weaning 

weight, kg 236 242 2.5 
Cow body condition score 

at breeding 3.8 3.8 0.09 
Fall pregnancy, % 88 93 2.6 
Cow body weight changes: 

Jan. to Apr. -70 -84’ 2.4 
Apr. to Oct. 83 85 2.2 
Jan. to Oct. 13 1* 3.1 

*Significantly different (P<O.OS) from 4-yr-olds. 
‘SE = standard error (N = 25, 30, and 44 for 4-, S-, and 6-yr-olds, respectively). 

weaning, calves from the Cyr-old cows had lower (KO.05) actual 
weaning weights than calves from 5- and 6-yr-old cows. Other calf 
traits considered (gain from birth to weaning and 205day adjusted 
weaning weights), along with cow BC at breeding and fall preg- 
nancy percentages, did not differ (130.05) between age groups. 

The 4-yr-old cows lost less (P<O.O5) BW during the spring 

calving, supplemental feeding period (January to April) and 
gained more (P<O.O5) BW from precalving until fall Weaning 
(January to October) compared with the average BW changes from 
5- to 6-yr-olds during these same time periods (Table 3). 

It was not surprising that 1984 proved to be the only year in 
which age of dam effects were pronounced; 1984 was the only year 
that included a cow age group (Cyr-olds) recommended for receipt 
of an additive correction (9.1 kg) to calf weaning weights in order 
to place them on an equal basis with mature (5- to IO-yr-old) cows 
(BIF 1990). Moreover, as indicated previously, growing season 
precipitation in 1984 was considerably below the long-term aver- 
age. During other years, precipitation occurring in the growing 
season was either above (1985 and 1986) or only slightly below 
(1987) the long-term average. It is generally accepted that unfavor- 
able range forage conditions (or lower nutrient intake) is more 
detrimental to younger cows than to mature cows (Wallace 1988, 
Bellows et al. 1982). 

Analysis of Variance Components and Year Effects 
The analysis of variance components and resulting levels of 

significance for various production traits studied are shown in 
Table 4. Our results were characterized by a very limited number of 
interactions; this served as justification for the added emphasis on 
main effect discussions that follow. There was a strong and consist- 
ent influence of year on practically every trait considered (Table 4). 
Previous long-term (5 yr) studies conducted at the same location 
(Bellido et al. 1981, Judkins et al. 1985), along with the present 
study, show that performance of range cows is typically influenced 
more by year than by experimental treatments imposed. The mar- 
ginally significant (P<O. 10) three-way (supplement X calf removal 
X year) and four-way (supplement X calf removal X sex of calf X 
year) interactions observed for some traits all involve year and 
probably represent, for the most part, a carry-over effect from the 
influence of year itself on many of the traits studied. 

As discussed previously, drier conditions during the 1984 grow- 
ing season may have been involved in the age of dam influence 
(production of 4-yr-olds <the% of 5- and 6-yr olds) noted that year 
(Table 3). Compared with the long-term average, the 1987 growing 
season also was somewhat lower in precipitation (198 vs 226 mm), 
whereas, both 1985 and 1986 were above the long-term average in 
growing season precipitation (254 and 326 mm, respectively). 

Table 4. Analysis of variance and levels of significmce for vuious production traits. 

Actual Calf 205-day 
calf daily gain, adjusted Cow body 

Birth weaning birth to weaning Calving condition Cow body weight changes 
Source df’ date weight weaning weight interval at breeding Jan.-Apr. Apr.-Oct. Jan.-Oct. 

Total 334 (235) 
Supplement (S) 1 NS NS NS NS NS ** ** * 
Removal of calf(R) 1 

t 
NS NS NS NS NS NS NS NS NS 

Calf sex (C) 1 NS ** ** ** NS NS NS NS 
Year(Y) 

t 
3 *** *** t t ** *** *** *** *** 

SXR 1 NS NS NS NS NS NS NS NS NS 
sxc 1 NS NS NS NS NS NS NS NS NS 
RXC 1 NS NS NS NS NS NS NS NS NS 
SXY 3 NS NS NS NS NS NS NS * NS 
RXY 3 NS NS NS NS NS NS NS NS 
CXY 

NS 
3 NS NS NS NS NS NS NS NS NS 

SXRXC 1 NS NS NS NS NS NS NS NS NS 
SXRXY 3 NS NS t t NS NS NS NS NS 
SXCXY 3 NS NS NS NS NS NS NS NS 
RXCXY 

NS 
3 NS NS NS NS NS NS NS NS NS 

SXRXCXY 3 t t t t NS NS NS t NS 

t**c*c**Significant at 0.10,0.05,0.01 and 0.001 levels, respectively. 
NS = not significant at 0.10 level. 
‘Dews of freedom. Those for calving interval are given in parenthesis. 
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Actual calf weaning weights observed during the study tended to 
follow a trend similar to that of growing season precipitation, i.e., 
1984 and 1987 actual weaning weights were less (P<O.OOl) than 
those for 1985 and 1986 (Table 5). Within either the 2 drier years, or 
the 2 years with more moisture, calf weaning weights were similar 
(PX.10). 

Table 5. Least square means for calf production traits. 

reflected conception dates during the previous year. Least square 
mean birth dates by year for 1985 through 1987 were the same, i.e., 
Julian day 46 (or 15 Feb.), a date 6 days earlier (P<O.OOl) than the 
1984 birth date. Calculated mean conception date for the final 3 
calf crops (1985 to 1987) was Julian day 129 (or 9 May); this would 
indicate that most cows bred during the first estrous cycle because 
the breeding season started in late April each year. Calving interval 
was less (P<O.Ol) between 1984 and 1985 than for any of the 
subsequent years (Table 6). 

Fall pregnancy rates remained high throughout the study (90 to 
93% among years) and were not influenced (DO. 10) by treatment 
or year (Table 6). Year-to-year variation (P<O.OOl) in cow BC 
scores at the start of breeding resulted largely from the high BC in 
1986 vs those for other years. Much of the comparatively high BC 
in 1986 may have been attributable to the observer who scored 
cows that year. As noted earlier, the same experienced observer 
assigned BC scores in all years except 1986, when a less experienced 
individual assigned scores. 

Cow BW changes varied (P<O.OOl) among years, but these 
changes did not appear to be related to precipitation patterns. In 
each case, however, greater spring BW losses were followed by 
greater compensatory, summer-to-fall BW gains; this point is dealt 
with in greater detail in the subsequent section on protein supple- 
mentation effects. 

Protein Supplementation Effects 
At weaning, calves from PRE cows tended to be slightly heavier 

(P q  0.17) than calves from POST cows did, whether data were 
expressed as actual or as 205-day adjusted weaning weights (Table 
5). Other studies have shown inconsistencies in the response of calf 
weaning weight to protein supplements fed to range cows during 
the previous winter-spring period. Bellido et al. (198 1) and Clanton 
(1982) reported increased weaning weights from protein-supple- 
mented vs unsupplemented cows. Flushing cows for a 4-wk post- 
partum period increased weaning weights of their calves compared 
with those from nonflushed cows (Wettemann et al. 1986). Sanson 
et al. (1990) found no difference in weaning weights of calves from 
cows grazing Nebraska Sandhill winter range forage and fed a 
high-protein supplement vs those fed the same supplement plus ear 
corn or those fed ear corn alone. Likewise. DelCurto et al. (1990) 
reported no difference in calf weaning weights in a study where 
cows grazed dormant tall-grass prairie forage and were fed sup- 

Main effect 

Daily 205-d 
Actual gain, adj 

weaning birth to weaning 
N date weight weaning weight 

(Julian day) (kg) (kg/ day) (kg) 
48 261 0.99 239 Overall mean 

Supplement:’ 
POST 
PRE 

Calf removal:’ 
CONT 
48-H 

Calf sex: 
Male 
Female 

Year: 
1984 
1985 
1986 
1987 

335 

165 48 265 0.98 237 
170 47 271 1.00 242 

168 48 266 0.98 238 
167 47 270 1.00 241 

156 48 277’ 1.03’ 248’ 
179 47 258d 0.95d 230d 

262’ 1.00” 
275” 0.99” 

242’ 
240” 
239” 
235b 

99 52’ 
89 46’ 
76 46’ 
71 46’ 

276e 0.99’ 
258’ 0.97b 

‘b.“%klumn means within a main effect differ, P<O. 10, 0.01, and 0.001, respectively. 
‘See Table I for description of treatments. No 2-way interactions (P>O. 10) mvolving 
supplement, calf removal, or sex of calf were detected. 

With respect to weaning weights, however, differences in 205- 
day adjusted weights among year were less meaningful than those 
for actual weaning weights (P<O.lO vs P<O.OOl, Tables 4 and 5); 
this indicates that some of the difference in actual weaning weights 
among years was caused by differences in calf age at weaning. In 
our study, weaning age varied from 225 days in 1984 to 242 days in 
1986. 

Main effect means for calf birth dates for 1984 are given in Table 
5 as a starting point but, for that year, birth dates were not 
influenced by treatment. In subsequent years, calf birth dates 

Table 6. Least square means for cow body condition, body weight (BW) changes and reproductive perfommnce traits. 

Fall Cow BW changes, kg 

Cow body pregnancy Calving Jan.- Apr.- Jan.- 
Main effect N’ condition rate, % interval, d Apr. Oct. Oct. 

Overall mean 335 (236) 4.1 92 363 -78 83 5 

Supplement? 
POST 165 (116) 4.5’ 92 364 -85’ 88e 3b 
PRE 170 (120) 4.9’ 92 362 -70’ 78d 8’ 

Calf removal:2 
CONT 168 (120) 4.7 91 364 -76 81 5 
48-H 167 (116) 4.7 93 362 -19 85 6 

Calf sex: 
Male 156 (112) 4.6b 93 364 -78 82 4 
Female 179 (124) 4.8a 91 362 -71 84 7 

Year: 
1984 99- 3.8’ 92 -81* 84sh 3h 
1985 89 (89) 4.6h 91 359’ -86* 89’ 3h 
1986 76 (76) 6.0 s 93 366” -62h 76’ 14* 
1987 71 (71) 4.4h 90 365” -80’ 82h 2h 

‘bti*da%Zolumn means within main effect differ, P<O.lO, 0.05, 0.01, and 0.001, respectively. 
‘Numbers in arentheses are for calving interval data. 
*See Table 1 B or description of treatments. No two-way interactions (DO. 10) involving supplementation, calf mmoval, or sea of calf were detected. 
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plements containing either 13,25, or 39% CP. 
The PRE supplemented cows had greater (PCO.01) BC at the 

start of breeding and lost less (P<O.Ol) BW during the spring 
supplementation period (January to April) than did POST cows 
(Table 6). When viewed according to the results of DelCurto et al. 
( 1990), the longer period of high-protein (4 1% CP) supplementa- 
tion to the PRE cows (Table 2) would be expected to improve their 
BC and reduce their spring BW loss compared with POST cows. 
DelCurto et al. (1990) concluded that beef cow BC and BW losses 
during the winter were minimized when they were fed a 39% CP 
supplement vs 13 or 25% CP supplements. Lusby and Wettemann 
(1988) reported that cows fed higher levels of a protein supplement 
gained more BW and lost less BC during precalving than COWS fed 
low levels of supplemental protein. In contrast, however, Wette- 
mann et al. (1986) reported that, while postpartum flushing of cows 
(4.5 kg l cow-l l day-’ of a 20% CP cottonseed meal/ground corn 
supplement for 4 wk) improved their BW change profile, it failed to 
alter BC. The authors attributed the lack of BC response to greater 
demand on body reserves caused by increased milk production. 

The POST-supplemented cows gained more (P<O.O5) BW dur- 
ing the summer-fall lactating period (April to October); however, 
for the total period (January through October), PRE cows had 
slightly greater (P<O. 10) BW gains than POST cows did (Table 6). 
Greater summer gains by POST cows presumbly reflected com- 
pensatory BW gains (because of their greater winter BW losses); 
similar compensatory gains have been reported by Clanton (1982) 
and DelCurto et al. (1990). A supplement X year interaction 
(P<O.O5) for BW change from April to October was detected 
(Table 4) and was attributed to a lack of similar treatment response 
among year. From 1984 through 1986, during the April to October 
period, cows in the POST group gained 15,14, and 11 kg more than 
those in the PRE group by respective year; in 1987, however, this 
advantage of POST over PRE cows declined to 1 kg. 

Weight changes from October of each study year to January of 
the subsequent year were analyzed but results are not presented. 
These changes were negligible in each case, and were not influenced 
(mO.10) by either treatments imposed or interactions among 
these treatments. 

According to Selk et al. (1988), BC before calving and at the start 
of breeding, along with BW changes between 2 and 4 months 
before parturition, are major factors that influence pregnancy rates 
in range cows. In our study, PRE supplementation increased cow 
BC at breeding and minimized spring BW loss compared with 
POST supplementation as discussed earlier; however, reproduc- 
tive performance as measured by fall pregnancy rate and calving 
interval (Table 6), as well as by calf birth date (Table 5), was not 
influenced (DO.10) by supplemental treatment. This finding 
closely parallels those of Sanson et al. (1990) and DelCurto et al. 
(1990). In these 2 latter studies, fall pregnancy rates averaged 90 
and 91%, respectively; in our study, pregnancy rates averaged 92%. 
It would seem doubtful that cows on any of the treatments in the 
above studies (Sanson et al. 1990, DelCurto et al. 1990 or the 
present study) were deficient in total dietary protein. In other 
studies that included unsupplemented control cows (Bellido et al. 
1981, Clanton 1982), or those fed very restricted levels of protein 
(Sasser et al. 1988), a beneficial reproductive response to protein 
supplementation has been reported. In a recent review, Randel 
(1990) cited 9 studies that compared fall pregnancy rates between 
cows fed adequate vs those fed inadequate precalving dietary pro- 
tein levels; unweighted fall pregnancy averages over the 9 studies 
were 80 and 55%, respectively. 

In our study, the observation that POST cows performed as well 
as PRE cows, even though POST cows had greater spring BW 
losses and lower BC at breeding, was largely attributable to accel- 
erated BW gains by POST cows during breeding. In earlier 

research, modest prepartum BW losses (Wiltbank et al. 1962) or 
early postpartum BW losses (Warrenet al. 1988), did not influence 
subsequent reproductive performance, provided cows were on 
adequate (or high) nutritional levels during breeding. 

Calf Removal and Sex of Calf Effects 
During the calf removal periods in our study, physical separa- 

tion of calves from their dams did not appear unduly stressful for 
either the cows or their calves. However, when calves were reunited 
with cows following the removal period, considerable short-term 
confusion was evident. At this point, calves were ready to nurse any 
willing cow and did so in many cases; it was not uncommon to 
observe some individual cows nursing as many as 4 calves for a 
limited time. Our cows and their calves were identified individu- 
ally, thereby allowing calves to be paired with their rightful dam 
with minimal effort after the initial flurry of excitement subsided. 

The 48-H removal treatment had no effect (DO. 10) on any of 
the traits measured in our study (Tables 5 and 6). For some 
variables, there could be little or no reason to suspect that short- 
term calf removal would have measurable influences (e.g., cow BC 
and BW changes); nevertheless, these data were included to illus- 
trate that no real differences in these traits existed among calf 
removal treatment groups. 

Previous research involving temporary calf removal has pro- 
duced varying results. Wettemann et al. (1986) summarized results 
of a regional experiment (i.e., trials conducted in 6 different states) 
that indicated reproductive performance of cows was not improved 
by 48-H calf removal before breeding either in flushed or non- 
flushed cows. Failure to improve reproductive performance by calf 
removal treatment also was reported by Makarechian and Arthur 
(1990), Lishman and Harwin (1985), and Warren et al. (1988). 
Conversely, others have demonstrated improved reproductive per- 
formance as a result of short-term calf removal treatment (Dunn et 
al. 1985, McCartney et al. 1990, and Smith et al. 1979). 

Short et al. (1990) expressed caution regarding the use of tem- 
porary calf removal treatments; their primary concerns were 
increased potential for calfhood diseases and possible reductions in 
weaning weights. In a recent Canadian study, 5% weaning weight 
reductions were attributable to a 48-hour calf removal treatment 
(McCartney et al. 1990). In contrast to these findings, our study 
and several others (Warren et al. 1988, Makarechian and Arthur 
1990) have shown that calf removal treatments had no adverse 
effects on health or weaning weight of calves. 

Calf gains from birth to weaning, as well as actual and adjusted 
weaning weights of steer calves, exceeded (P<O.Ol) those of heifer 
calves (Table 5). The female-to-male BW ratio for adjusted wean- 
ing weight was 1.08. Sex of calf also influenced cow BC scores at 
the start of breeding with cows nursing female calves having higher 
(P<O.lO) BC than cows nursing male calves. Neither cow BW 
changes nor reproductive traits were infhrenced (P<O. 10) by sex of 
calf. Guthrie et al. (1991) reported that 2- and 3-yr-old range cows 
nursing female calves had higher (P<O.O5) BC at breeding and 
shorter (P<O.Ol) postpartum intervals than those with male 
calves. According to Short et al. (1990), calf effects on postpartum 
reproduction are related to growth rate differences of the calves 
and the amount of milk they consume; cows with fast-growing, 
larger calves and(or) those consuming more milk are more likely to 
have longer postpartum intervals. 

Conclusions and Management Implications 

Beginning the winter-spring supplemental feeding prepartum 
essentially doubled the length (and cost) of the supplemental feed- 
ing period compared with beginning supplementation postpartum. 
The longer feeding period resulted in no improvement in reproduc- 
tion and only a very modest improvement in calf weaning weight. 
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At present calf price: feed cost relationships (e.g., $2.2O/kg for 
calves and $.29/kg for the supplement), plus consideration of labor 
and transportation costs for supplementation, the longer feeding 
period would not be profitable. The 48-H calf removal treatment 
(combined with either supplement treatment) failed to improve 
reproductive performance, but did not reduce calf weaning weights 
compared with the CONT treatment. Therefore, temporary calf 
removal, as conducted in this study, could not be recommended as 
a useful tool for improving reproductive performance. 

In retrospect, we recognize that control cows in our experiment 
(i.e., POST supplemented and CONT calf removal cows) were 
sufficiently high in productivity that improvement beyond these 
levels would have been quite difficult, and perhaps not within 
practical expectations of the treatments imposed. Least square 
means of the control cow data show that they bred early during the 
breeding season, had high fall pregnancy rates (e.g., 910/o), calved 
early in the calving season, maintained calving intervals of <365 
day, and produced calves that gained almost 1 kg/ day during the 
suckling period. 

Short et al. (1990) pointed out that, for most production sys- 
tems, maximum fertility would not be the most profitable level, 
most likely because of the high cost of implementing the necessary 
management to promote such levels. Optimum fertility rate (as 
defined by Short et al. 1990) is that rate which returns the greatest 
profit over a period of time. We feel that our control cows may 
have reached (or have been very close to) an optimum fertility rate 
for the prevailing environment. 

Although treatments used in our study did not improve repro- 
duction, they have proven beneficial in other situations. Wallace 
(1988) reported an increased reproductive performance of 2-yr-old 
cows fed both a pre- and postpartum CP supplement compared 
with feeding the same supplement only during the postpartum 
period. Both Williams (1990) and Short et al. (1990) emphasized 
the value of 48-H calf removal when used in association with an 
estrus synchronizing treatment. Hence, our results should not be 
applied universally to beef cow/calf production systems. 
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Abstract marker excretion, stabilize recovery and decrease dosing require- 
ments. 

Two experiments were conducted to investigate the effects of 
restricted forage intake on patterns of chromium excretion to 
determine sample window duration and the accuracy and precision 
of fecal output estimates derived from the Captec Chrome* sus- 
tained release bolus. In Experiment 1,8 crossbred steers (5 243 f 
14 kg) were assigned randomly to receive prairie hay (PH) at intake 
levels of either 1.12% body weight (BWT) or 0.75% BWT while 
maintained in individual metabolism crates and(or) pens. In 
Experiment 2, steers from Experiment 1 were rerandomized and 
assigned to receive PH at either 1.12% BWT or alfalfa hay (AH) at 
1.30% BWT. The average post-dosing bolus failure rate across 
experiments exceeded 30%. Estimated fecal output exceeded 
actual fecal output under all experimental conditions (P<O.OS). 
Averaged across experiments, fecal chromium recovery was low (2 
55 f 4%). When estimated fecal output was corrected for mean 
marker recovery within treatment, it did not differ from actual 
fecal output (P>O.60). Treatment effects were similar for estimated 
fecal output, corrected estimated fecal output, and actual fecal 
output. Under conditions of pen feeding and restricted forage 
intake, estimated fecal output exhibited treatment differences sim- 
ilar to those of total fecal collection. However, unless adjusted for 
average marker recovery, these estimates were significantly greater 
than actual fecal output. 

Two experiments were conducted to evaluate a commercially 
available controlled release Cr. bolusl. The objectives were to: (1) 
Quantify patterns of chromium excretion to determine duration of 
the sampling window; (2) Determine the effect of forage quality 
and(or) intake restriction on these patterns; (3) Quantify the effects 
of 1 and 2 on the accuracy and precision of fecal output estimates. 

Methods 

Experiment 1. Eight crossbred British steers (jz = 243 f 14kg) 
were randomly assigned to receive prairie hay (PH) (Table 1) at 
intakes of either 1.12% body weight (BWT) or 0.75% BWT fed 
daily at 0800. Animals were adapted to these intake levels for 7 

Table 1. Chemical composition on an organic matter basis of prairie and 
alfalfa bays fed in Experiments 1 and 21. 

Bay DM* OM CP DDM NDF ADF 

_____________________%_____________________ 
Prairie 91 93 7 59 75 39 
Alfalfa 87 88 25 76 43 30 

‘Results from companion digestion trials at ad libitum feeding of these hays (Hunt et 
al. 1990). 
2DM q  dry matter, OM = organic matter, CP = crude protein, DDM = In viva dry 
matter digestibility, NDF = neutral detergent fiber, ADF = acid detergent fiber. 

Key Words: chromic sesquioxide, marker recovery, Captec bolus, 
beef cattle, pen feeding 

Interpretation of cattle responses to various grazing manage- 
ment and supplemental feeding systems is dependent upon realistic 
estimates of forage intake. Forage intake of grazing ruminants is 
usually estimated by dividing fecal output by diet indigestibility. 
Diet digestibility can be estimated reasonably well in vitro from 
esophageal extrusa. Fecal output estimation, however, requires 
labor intensive, complete fecal collection from bagged animals or 
use of indigestible markers of variable recovery rate and digesta 
phase association (Kotb and Luckey 1972, Galyean et al. 1986). 
Chromium is the most widely used fecal output marker (Le Du and 
Penning 1982) followed by the lanthanide metal (Galyean et al. 
1986). Existing marker delivery protocols are either dosing or fecal 
collection intensive and may have variable marker recovery. As a 
result, there is increasing interest in continuous release delivery 
systems (Barlow et al. 1988, Parker et al. 1989, Estell et al. 1990, 
Adams et al. 1991) which should decrease temporal variation in 

days in individual concrete floored pens. On day 0 of the trial, 
steers were placed in individual metabolism crates, to which they 
had previously been adapted, and a Captec bolus was orally admin- 
istered. Based on information supplied by the manufacturer, the 
daily dose of Cr was 1,049 mg. Rectal fecal grab samples were 
taken at 0800 from day 0 through day 30. Total fecal collections 
were made from day 1 through day 11 at 0800. Daily individual 
total fecal collections were thoroughly mixed, weighed, and a 100-g 
sub-sample taken for moisture, dry matter (DM), and Cr analyses. 
The weight of rectal grab samples was added to that of daily total 
collections. On day 11, animals were removed to individual pens 
until day 19. Cattle were returned to metabolism crates on day 20 
and both rectal and total fecal collections were made through day 
30. 

Appreciation is expressed to J. Avamato for data collection, MS. Stone for 
manuscript preparation and K.J. Young for graphics. Thii research was partially 
funded by the E. Paul and Helen Buck Waggoner Foundation. This manuscript is 
published with the approval of the Director of the Texas Agricultural Experiment 
Station as TA 27003. 

Manuscript accepted 1 June 1991. 

Fecal and forage subsamples were oven dried at 50° C to a 
constant weight and analyzed for moisture, DM, and crude protein 
content following AOAC (1980) procedures. Utilizing a modified 
form of Williams’ et al. (1962) method, 1 g of each rectal grab 
sample was ashed for 12 h at 600° C and then digested in 3 ml of 
phosphoric acid manganese sulfate solution (30 ml of 10% W/V 

Captec chrome, Captec Pty. Ltd., Australia. Distributed internationally by 
Nufarm Limited, Manu. St., Otahunu, Box 22-407, Auckland, New Zealand. 
*Mention of a product does not reflect endorsement by the Texas Agricultural 
Experiment Station. 
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Mn So4 l HzO added to 1 liter 85% phosphoric (acid) and 4 ml 
potassium bromate (4.5% W/V) solution for 5-7 minutes. After 
cooling, samples were filtered through #41 Whatman filter paper 
into a 25-ml volumetric flask containing 3.25 ml of a calcium 
chloride solution (14.706 g CaClz l 2 Ha/liter Hfl) and brought to 
volume in deionized water. Chromium concentration was deter- 
mined by plasma emission spectrophotometry (Perkin Elmer 
Plasma 40). A reference fecal sample was prepared by mixing 
chromic oxide into a cornposited blank fecal sample to determine 
the analytical recovery of chromium. Chromic oxide was mixed at 
a rate of 2,500 ug/g to provide 100 ug/g Cr concentration after a 25 
fold dilution. This reference sample was subjected to the same CR 
analysis as unknowns (1 reference sample was included in each set 
of 10 unknowns) and was used to determine the analytical recovery 
of chromium. The chromium concentration (ug/g) for the refer- 
ence sample (mean of 19 replicates) was 100.6 f 3.6 ug/g, indicat- 
ing complete chromium recovery. 

Experiment 2. Thirty days after Experiment 1, the same steers 
were rerandomized and utilized in Ex 

P 
eriment 2. Four steers were 

fed PH at a rate of 1.12% BWT l hd- l 

1.30% BWT l hd-’ l d-l 
de’ or alfalfa hay (AH) at 

to achieve similar levels of fecal output. 
The Cr bolus was administered orally on day 1 of the adaptation 
period. Based on the results of Experiment 1, sampling was con- 
fined to day 14 through day 22 post-dosing. From day 14 through 
day 22, rectal grab samples were collected and handled in the same 
manner as Experiment 1. Total daily fecal collections were made 
from day 14 through day 17 and were handled the same as in 
Experiment 1. Fecal Cr and forage chemical analysis were con- 
ducted as in Experiment 1. 

Data Summarization and Statistical Analyses. Estimated fecal 
dry matter output (EFDMO), chromium recovery (CRREC), per- 
centage recovery (PREC), and corrected estimated fecal dry matter 
output (CEFDMO), based upon Cr concentration in rectal grab 
samples, were calculated as follows: 

EFDMO = Cr dose (g/d)/[Cr] feces (g/g) 

and; 

CRREC = ([Cr] feces (g/g) l fecal output (gDM/d) 
Cr dose (g/d) 

and; 

PREC = CRREC 0100 

and; 

CEFDMO = EFDMO l Mean CRREC. 

Each experiment was analyzed separately employing an unbal- 
anced, repeated measure analysis of variance (Gugievitch and 
Chester 1986) GLM routine (SAS 1985). A mixed model was used 
with treatments as the between animal effect and day as a within 
animal effect. Data were summarized by animal within treatment. 
Treatment effects were determined using animal (treatment) as the 
error term. Day and treatment X day interaction effects were tested 
with residual error. A paired t-test was utilized to determine 
whether EFDMO and CEFDMO differed from actual fecal out- 
put. Unless otherwise stated, significance level was P<O.O5. 

Results and Discussion 

Sixteen boluses were utilized in the 2 experiments. Based upon 
plots of daily fecal Cr concentration, 3 boluses failed in Experi- 
ment 1(38%) (Fig. la) and 2 failed in Experiment 2 (25%) (Fig. lb). 
The cause of failures was not apparent, though 1 bolus was found 
shattered in a metabolism crate during Experiment 1. Ellis et al. 
(198 1) and Parker et al. (1989) attributed the majority of failures in 
a similar bolus to improper oral administration. Observed failure 
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Fig. la. Daily chromium (0) concentration in rectal grab samples from 
steers 55 ( l ), 41 (A), and 46 ( ) versus average Cr concentrations of 
other steers fed prairie hay in Experiment 1, depicting bolus failures. 

Fig. lb. Daily chromium (0) concentration in rectal grab samples from 
steers 38 (a ), 50 (A) versus average Cr concentrations of other steers fed 
prairie bay or alfalfa in Experiment 2, depicting bolus failures. 

rates were much greater than the 13% and 10% reported by Ellis et 
al. (1981) and Parker et al. (1989), respectively. After Experiment 
1,2 additional regurgitated boluses were found, similar to Adams 
et al. (1991). Cause of regurgitation loss is unknown; however, it 
may have been greater than expected because of limited fiber mat 
development at such low intake levels. Failed boluses (animals) 
were deleted from all subsequent analyses. 

In Experiment 1, the functional form of fecal excretion curves 
was not affected across time by intake level; however, the ampli- 
tude of excretion curves was affected by intake (Fig. 2). There was a 

15oQ O--01.12% BWT 

*----*0.75X BWT 
1250 

DAYS POST DOSING 

Fig. 2. Experiment 1. Daily mean f standard error of the mean chromium 
concentration in fecal grab samples over a 30-day period utilizing a 
sustained release boluo. Treatments are prairie hay fed at 1.12% BWT 
( ) and 0.75% BWT ( l ) 
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significant day X intake level interaction resulting from mid-trial 
changes in Cr excretion that we propose is an artifact of animal 
movement out of and back into metabolism crates rather than 
bolus variation (Fig. 2). Across animals and treatments, dynamic 
equilibrium, in terms of fecal Cr concentration, was attained at 6 f 
1 day post-dosing and was maintained for 16 f 1.4 day (Fig. 2). 
Daily variation in fecal Cr concentration could have resulted from 
sampling technique (Raleigh et al. 1980), animal handling, animal 
variation (Adams et al. 1991), and(or) dose variation (Burns et al. 
1989, Estell et al. 1990); the latter 2 were completely confounded in 
these experiments. Burns et al. (1989), utilizing this delivery sys- 
tem, suggested animal to animal variation in Cr release rate is more 
likely than variable release rates in an animal. Conversely, Parker 
et al. (1989) reported no significant effect of animal or diet on Cr 
release rate. 

As expected, rectal fecal Cr concentrations were greater (P<O.Ol) 
when intake was restricted to 0.75% BWT vs. 1.12% BWT (Table 
2). Chromium concentrations were similar when PH and A were 
fed at 1.12% and 1.30% BWT levels, respectively, in Experiment 2 
(Table 2), indicating no effect of forage quality on Cr excretion. 
Table 2. Effect of bay and level of intake on fecal chromium concentration 

and apparent chromium recovery. 

Fecal Percentage* 
chromium Chromium’ chromium 

Intake concentration recovery recovery 
(% BWT) (ug/g) (mg/d) (%) 

Experiment I 
Prairie 1.12 642 a3 604a 58 a 
Prairie .I5 1069 b 588 a 56 a 

Experiment 2 
Prairie 1.12 567 a 520 a 50 a 
Alfalfa 1.30 589 a 560a 53 a 

IChromium rccove~ (mg/d) = [Fecal Cr (ug/@ l fecal dry matter output (g/d)]lOOO. 
ZPercentage chrommm recovery q [chrommm recovery (mg/d)/Cr dose (1049 
mg/d)] l 100. 
Weans within a column and experiment not having a common letter differ (P<O.OS). 

Similarly, there was no apparent effect of severe intake restriction 
on fecal Cr recovery in Experiment 1 or forage quality effect in 
Experiment 2 (Table 2). Across experiments, Cr recovery averaged 
54 f 4%. Overall, Cr recovery tended to be lower in Experiment 2 
than Experiment 1 (51 vs. 57%, P = 0.11). Parker et al. (1989), 
utilizing a similar delivery system in sheep, reported Cr recoveries 
of 97 to 104%. Average recovery of 55 is well below the 92 to 102% 
reported for daily oral administration of Cr (Kotb and Luckey 
1972, Raleigh et al. 1980, Le Du and Penning 1982, Galyean et al. 
1986). Two possible explanations exist for the low fecal Cr recov- 
ery observed in this study. Chromium could have been lost through 
regurgitation, urination, incomplete recovery in feces, incomplete 

quantitative recovery during laboratory analyses, or a combina- 
tion thereof. Analytical recovery of Cr from reference fecal sam- 
ples averaged 100%. We believe the consistently low Cr recovery 
observed across animals, treatments, and trials indicates a syste- 
matic error existed. A daily release rate below the manufacturer’s 
estimate of 1,534 mg chromic sesquioxide (1,049 ) would have 
caused systematic underestimation of Cr recovery. Based upon the 
results of this study, release rates below manufacturer’s specifica- 
tions were the probable cause of systematically low estimates of Cr 
recovery. 

During 6 days at marker equilibrium, when both rectal and total 
collections were made in Experiment 1, there was no day or day X 
treatment interaction effect on FDMO or EFDMO. Fecal output 
of steers fed PH was greater (P<O.Ol) at 1.12% BWT than 0.75% 
BWT in Experiment 1 (Table 3). Fecal output estimates based on 
EFDMO and CEFDMO revealed similar differences between 
feeding levels in Experiment 1 as FDMO (Table 3). However, 
estimates based upon EFDMO were greater than FDMO at 1.12% 
BWT (P<O.Ol) and 0.75% BWT (P<O.O9) intake levels (Table 3), 
78 and 8 1% greater than actual FDMO, respectively. Conversely, 
there were no differences between FDMO and CEFDMO esti- 
mates within intake level (Table 3). 

There was no difference in FDMO between PH and AH in 
Experiment 2 (Table 3). Similarly, no hay effect was detected using 
EFDMO or CEFDMO. The trend to overestimate FDMO utiliz- 
ing EFDMO continued in Experiment 2. Estimated fecal dry mat- 
ter output overestimated FDMO of steers fed Ph (P<O.Ol) and 
AH (P<O.O4) by 106% and 88%, respectively. In contrast, 
CEFDMO did not differ from FDMO, consistent with the results 
from Experiment 1. 

Adams et al. (1991) found under grazing conditions that esti- 
mated fecal output tended to be lower than actual fecal output 
from fecal bagged steers. These authors also found no advantage to 
adjusting estimated fecal output by recovery, which was appar- 
ently near 100%. Hatfield et al. (1991), in a grazing study with 
sheep, found EFDMO tended to underestimate FDMO. They 
found no difference between estimated and actual fecal output in 
unsupplemented grazing wethers. Conversely, under confinement 
feeding in metabolism crates, estimated fecal output was greater 
than actual fecal output. Hatfield et al. (1991) postulated the 
dichotomy found between pen fed and grazing conditions may 
have resulted in part from discontinuous forage/feed intake under 
pen fed, once daily feeding. 

Pond et al. (1990a) concluded fecal output estimates of pen fed 
sheep from the sustained release bolus were similar to and pre- 
dicted well (R* = .92) FDMO actual fecal output. However, in a 
companion study using cattle (Pond et al. 1990b), a bolus designed 
for cattle grossly overestimated actual fecal output of pen fed steers 
receiving either bermudagrass or alfalfa hay. Burns et al. (1989) 

Table 3. Effect of bay and level of feeding on actual and estimated fecal output utilizing a controlled release intrrruminal delivery system. 

FDMO’ EFDMO’ CEFDMO’ A21 AI%’ P2 A”, A’z% P 
n -------_g. hd-’ . d-‘---s-- g g 

Experiment 1 
Treatment 
Prairie 1.12% BWT 3 944 a3 1683 a 968 a 739 78 <O.Ol 24 3 0.60 
Prairie 0.75% BWT 2 550 b 995 b 558 b 445 81 0.02 8 2 0.93 

Experiment 2 
Treatment 
Prairie 1.12% BWT 3 918 a 1887 a 935 a 969 106 0.02 16 -2 0.82 
Alfalfa 1.30% BWT 3 971 a 1826 a 974 a 855 88 0.01 3 <l 0.93 

‘FDMO = actual fecal dry matter output, EFDMO = estimated fecal dry matter output, CEFDMO = estimated fecal dry matter output corrected for mean Cr recovery. 
Al = EFDMO - FDMO, As = CEFDMO - FDMO, A% = ( 
differ (P<O.OS). 

/ FDMO) -100, P = t-test probability A = 0. Column means within an experiment not having a common superscript 

JOURNAL OF RANGE MANAGEMENT 45(2), March 1992 131 



proposed the release rate of Cr from the bolus was influenced by 
individual animal specific conditions in the reticula-rumen. In 
contrast, Parker et al. (1989) found very little variation among 
sheep in estimated Cr release rates. 

Conclusions 

The sustained release bolus delivery system dramatically over- 
estimated actual fecal output under all experimental conditions. 
Overestimation, however, did not lead to misinterpretation of 
relative differences between intake levels or hay types. Overestima- 
tion of fecal output under pen fed conditions may largely result 
from feeding frequency and not reflect inherent limitations of the 
bolus system. Results from other laboratories indicate actual fecal 
output under grazing conditions does not differ from estimated 
fecal output utilizing the Captec system. Similarly, estimated fecal 
output did not differ from actual fecal output when adjusted for 
average Cr recovery in this study. Lower fecal Cr recovery was 
experienced than previously reported, which probably resulted 
from release rates less than that supplied by the manufacturer. 
Based on restricted intake under pen fed conditions utilized in this 
study, a subset of animals would have to be utilized for complete 
fecal collection to adjust for variable recovery rates when this bolus 
is used. Of greatest concern is the excessive rate of bolus failure 
(>30%). Bolus administration protocols supplied by the manufac- 
turer were followed, and after review, there was no apparent pro- 
cedural cause for these failures. Fecal sampling protocols will have 
to provide for daily individual animal collections and Cr analysis 
to determine bolus failure. Within the limitations a high incidence 
of bolus failure and low marker recovery impose, the Captec 
system deserves further evaluation. 

Further research is warranted on the effects feeding frequency 
and intake restriction have on the accuracy and precision of fecal 
output estimates from this system. Further grazing research is 
needed to determine if the impacts of severe intake restriction on 
the degree of fecal output overestimation are the result of feed 
restriction or feeding frequency under pen fed conditions. 
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Abstract 

Two experiments with steers were conducted to evaluate the 
influence of native forbs and shrubs on nitrogen utilization by 
cattle. Diets in Exp. 1 were blue grama (Bouteloua gracilis 
[H.B.K.]) (BG), BG plus 23% alfalfa (Medicagosativa) hay (ALF), 
BG plus 42% forbs and BG plus 41% shrubs. Diets in Exp. 2 
included barley (Hordeum vu&are L.) straw, and straw plus either 
42% ALF, 63% forbs, or 62% shrubs. Forbs used in our study were 
scarlet globemallow (Sphaeralcea coccinea NM.) and leatherleaf 
croton Lam.). Shrubs included fourwing saltbush 
(Atr$lex canescens [Pursh.]) and mountain mahogany (Cerco- 
curpus montanus Raf.) Forb and shrub mixtures were 50:50 of 
each species. Blue grama and straw basal diets contained 7.6 and 
3.5% CP, respectively. Diets containing ALF, forbs, and shrubs 
were isonitrogenous (10.5% CP) in both experiments. In Exp. 1, no 
differences (I-9.10) were observed among treatments for N reten- 
tion (g/d). In Exp. 2, N retention was least (P<.OS) for the straw 
diet, greatest for the ALF and shrub diets (p>.O5), and interme- 
diate for the forb diet. Inclusion of forbs or shrubs with low-quality 
forage diets was, in most instances, comparable to inclusion of 
ALF. Our results indicate that maintaining palatable forbs and 
shrubs on rangelands should reduce the need to supply cattle with 
protein during periods when grasses are dormant. 

Key Words: rangelands, ruminants, grazing, forage, nutrition 

Reviews by Van Dyne et al. (1980) and Holechek et al. (1989) 
show that cattle grazing native rangeland in the USA and other 
parts of the world vary their diets seasonally. A heterogenous 
forage base allows cattle to maintain a high-quality diet during 
grass dormancy by shifting dietary botanical composition from 
grasses to more nutritious forbs or shrubs (e.g., Holechek et al. 
1982, Judkins et al. 1985). Krysl et al. (1987), summarizing data 
from 20 studies in New Mexico, found that cattle shifted forb 
consumption from 25% to 53% of their diet as grasses approached 
dormancy. Similar shifts have been reported for shrub consump- 
tion by cattle during periods of grass dormancy (Connor et al. 
1963, Holechek et al. 1982). 

Actively growing forbs typically have greater CP, P, and cell 
solubles than grasses or shrubs at similar growth stages (Holechek 
et al. 1989). During dormancy, forbs generally have greater con- 
centrations of these nutrients than grasses, but less than shrubs. 
Shrub leaves and buds contain more CP, cell solubles, vitamin A, 
and P than grasses or forbs when forage is dormant (Holechek et 
al. 1989). 

Data related to actual cattle nutritional response to forbs and 
shrubs under controlled conditions are not available. Anti-quality 
factors (soluble phenolic and condensed tannin compounds) in 
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some forbs and shrubs may interfere with N utilization (Holechek 
et al. 1989); however, studies in New Mexico showed that palatable 
shrubs like fourwing saltbush (Atriplex canescens [Pursh.]), com- 
mon winterfat (Ceratoides lanata Raf.), and mountain mahogany 
(Cercocurpus montanus Raf.) fed in a grass basal diet resulted in 
nitrogen retention and intake by goats comparable to alfalfa 
(Medicago sativu L.): grass mixtures with the same CP content 
(Nunez-Hemandez et al. 1989). 

The present study examined the effect of including native forbs, 
shrubs, or alfalfa hay on N retention in beef steers consuming 
barley straw (Hordeum vulgare L.) or blue grama hay. 

Materials and Methods 

Two independent, 4 X 4 Latin square experiments were con- 
ducted in conventional digestion stalls using Hereford X Angus 
steers (avg BW 213 kg). Blue grama hay (BG; 1.21% N) served as 
the basal diet in Exp. 1, and alfalfa (ALF) hay, forbs, or shrubs 
were added to the basal diet in quantities sufficient to increase the 
N content of mixed diets to 1.68%. In Exp. 2, barley straw (56% N) 
was used as the basal diet, with ALF, forbs, or shrubs added to 
increase total N content of the diets to 1.68% Ingredient and 
chemical composition of diets used in both experiments are shown 
in Table 1. 

Forbs and shrubs used in this study were typical of those selected 
by cattle grazing native rangeland, and were hand-harvested from 
different rangelands near Las Cruces, N.Mex., in summer, 1986. 
After harvesting, forbs, and shrubs (current year’s growth of 
leaves) were air-dried and ground to pass a 2.5-cm screen. Forbs 
were a 5050 mixture (as-fed-basis) of scarlet globemallow (Sphaer- 
alcea coccina) and leatherleaf croton (Croton corymbulosus), 
whereas shrubs were a 50:50 mixture of fourwing saltbush (Atri- 
plex canescens) and mountain mahogany (Cercocarpus monta- 
nus). Barley straw and BG hay also were ground to pass a 2.5cm 
screen and mixed daily with either forbs, shrubs, or ALF. 

In both experiments, steers were fed ad libitum, and feed offered, 
and orts were recorded and subsampled. Water was available free 
choice, but no salt was provided. Each period of the Latin squares 
was 15 days. Total collections of feces and urine were obtained 
during the last 5 days of each period. Feces from each steer were 
mixed thoroughly daily, and a 10% subsample was dried (50’ Cfor 
48 hours) in a forced-air oven, ground to pass a 2-mm screen and 
composited by steer within period. Total urine output was col- 
lected in vessels containing 10 ml of 6 N HCL. A lOO-ml subsample 
was obtained daily, stored at -20” C and later pooled by steer 
within period. 

Feed, arts, and fecal samples were analyzed for DM and ash 
(AOAC 1984) and for N content by the Kjeldahl method (AOAC 
1984). Neutral detergent fiber and ADF contents were measured 
using nonsequential procedures outlined by Goering and Van 
Soest (1975). 
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Table 1. Ingredient and chemical composition of blue gnma (BG), barley staw, and alfalfa (ALF), forb, and shrub mixtures fed to beef steers. 

Exp. 1 Blue grama dies” 
Item BG BG + ALF BG + forbs’ BG + shrubs’ 
Ingredient, Bb 

Blue hay grama 100 77 58 59 
Alfalfa hay 23 
Forbs 42 
Shrubs 41 

Analydsis, % 
;2 47.3 72.9 1.6 66.2 10.5 41.2 62.1 10.5 64.9 10.5 

43.8 
Acid detergent insoluble Nd 

41.2 
0.24 0.23 0.27 0.26 

GE, Meal/ kg 4.15 4.21 4.21 4.21 

Exp. 2 Barley straw diets* 
straw Straw + ALF” Straw + forbs’ Straw G + shrubs’ 

Ingredient, sb 
Barley straw 100 58 37 38 
Alfalfa hay 42 
Forbs 63 
Shrubs 62 

Analydsis, 9o 
:pDFd 72.9 3.5 10.5 10.5 10.5 

ADFd 
60.7 56.7 

46.4 40.4 37.8 ::; 
Acid detergent insoluble N 0.18 0.20 0.26 0.26 
GE, Meal/ kg 4.12 4.23 4.31 4.32 

‘Forbs = 50150 mixture (as-fed basis) of scarlet globemallow and leatherleaf croton, shrubs = 5050 mixture (as-fed basis) of fourwing saltbush and mountain mahogany. 
bAs-fed basis. 
‘Calculated from components of the mixture. 
dDM basis. 

Statistical Analysis 
Analysis of variance was conducted using GLM procedures of 

SAS (1984). Intake, digestibility, energy, and N data were analyzed 
by analysis of variance with a model that included treatment 
(diets), periods, and animal as sources of variation. Preplanned 
orthogonal contrasts were made between diets containing forbs 
and shrubs. If forbs and shrubs differed (P<O.lO), means were 
separated by least significant difference. If forbs and shrubs were 
not different (p>O.lO), they were contrasted with ALF. If no 
differences (DO. 10) were observed, diets containing forbs, shrubs, 
and ALF were contrasted with the basal diet (BG alone in Exp. 1 or 
barley straw alone Exp. 2). If ALF was different (P<O. 10) from 
forb and shrubs, the ALF diet was contrasted with the basal diet. 

Results and Discussion 

Nitrogen Retention 
Nitrogen retention (g/day) by steers revealed differences (P<O.OS) 

between feeds in Exp. 2, but not Exp. 1 (Table 2). Nitrogen reten- 
tion values were all positive, with the exception of the straw diet in 
Exp. 2. The straw diet had a lower (P<O.O5) N retention value than 
the other 3 diets in Exp. 2. 

Nitrogen retention in our study was primarily a function of N 
intake. The coefficient of determination of between mean N reten- 
tion and N intake values when Exps. 1 and 2 were combined was 
0.94 (N q 8). Other recent studies also have shown a strong associa- 
tion between N retention and N intake when ruminants were fed 
forage diets containing varying levels of forbs and shrubs (Nunez- 
Hemandez et al. 1989, Boutouba et al. 1990). 

The low N retention of the straw diet was the result of both a low 
N concentration in the feed and low forage intake. Milford and 
Minson (1965) found that forage intake dropped precipitately 
when sheep were fed forages with CP levels below 7% (DM basis). 
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Below 7% CP in the diet, forage intake declines because microbial 
needs of the host ruminant for N are not satisfied. The straw diet in 
Exp. 2 had a crude protein level of 3.5% compared with 7.6% for 
BG and 10.5% for the other diets in which ALF, forbs, or shrubs 
had been added to straw or BG. These results are consistent with 
studies by Cook and Harris (1968), Rittenhouse et al. (1970), and 
Kartchner (1981) that show increases in forage intake from sup- 
plemental protein when diet CP levels are less than 7.0%. 

Fecal N losses as a percentage of N intake varied from 40 to 48%, 
with the exception of straw diet, which had a value of 92% Urinary 
N losses as a percentage of N intake varied from 21 to 27% with the 
exception of the straw diet, which had a value of 45%. Elevated 
losses of fecal and urinary N from the straw diet are probably 
explained by greater endogenous N losses. Some shrubs (those 
with high levels of soluble phenolicl tannin compounds) tend to 
cause elevated fecal N losses and reduced urinary N values when 
fed to ruminants in mixtures with grasses or legumes (Nastis and 
Malechek 1981, Barry et al. 1986, Nunez-Hernandez et al. 1989). 
Our study is consistent with that of Nunez-Hernandez et al. (1989) 
using goats and Rafique et al. (1988) using sheep that showed 
fourwing saltbush and mountain mahogany in grass mixtures 
resulted in fecal and urinary N losses similar to those for alfalfa in 
grass mixtures with similar CP concentrations. Our study further 
confirms that mountain mahogany and fourwing saltbush have no 
adverse impacts on N utilization when fed at moderate levels to 
ruminants. 

We attribute the reduced N retention of the forb diet compared 
with the shrub diet in Exp. 2 to the low acceptance as indicated by 
low intake of this diet (Table 2). Although forbs involved in our 
study often make sizeable contributions to diets of grazing cattle in 
the western USA (Holechek et al. 1989), their acceptability in a 
dried, ground form, as used in this study, was reduced, confirming 
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Table 2. Intake, digestibility and nitrogen retention by steers fed blue grama and straw hays with or without l UaKa, forbs, or shrubs. 

Item 

DM intake, kg l 100 
kg BW-‘0 d-’ 

Digestible DM intake 
kg l 100 kg BW-‘0 d-’ 

BG 

1.8Sb 

0.96 

Exp. 1 Diets 
BG BG 

+ ALF + forbs 

2.03’ 1.76b 

0.99 0.89 

BG 
+ shrubs SEM’ 

2.09’ .04 

1.04 - 

Exp. 2 Diets 
straw 

Straw + ALF 

1.16b 1.71’ 

0.70 1.03 

straw 
+ forbs 

1.38b 

0.81 

straw 
+shrubs 

1.98” 

1.09 

SEMh 

.I 

Apparent digestibility, Yc 
DM 51.8 48.9 50.8 49.6 1.6 
OM 58.8 55.8 57.6 55.2 1.5 
CP 51.5” 57.3b 51.7c 55.5b .9 
NDF 54.4c 47.8”’ 46.3’ 45.8’ 2.8 
ADF 44.4’ 42.7’ 33.1’ 33.3’ 2.1 

60.5b 
63.8b 

8.9’ 
62.5b 
57.3b 

60.0b 58.5b 53.5’ 1.2 
63.5b 63.3b 56.8” 1.3 
59.7b 51.9b 54.6b 1.7 
56.3’ 45.8d 45.6d 1.3 
50.8b 38.0’ 29.0’ 2.7 

Nitrogen, g/d 
Intake 52.1’ 76.8b 67.4b 76.8b 3.1 14.0’ 61.2” 53.6” 71.6b 2.2 
Fecal 23.6b 32.8’ 32.2’ 32.8’ 1.3 12.7d 24.5’ 25.4’ 32.1b 1.3 
Urinary 11.7d 19.8” 15.0” 21.2b 2.1 6.0b 16.0’ 12.4” 15.2’ 1.1 
Retained 16.9 24.2 20.2 21.5 2.9 -4.5d 20.7be 15.8’ 25.2b 2.3 

YtG = blue grama, ALF q alfalfa, forbs q 5050 mixture (as-fed basis) of scarlet globemallow and leatherleaf croton, shrubs = 5050 mixture (as-fad basis) of fourwing saltbush and 

Cs%%.%%?%e row and Exp., with different letters in their superscripts differ (P<O.OS). 
~~~~,ns in the same row and Exp. wth different letters in their superscripts differ (P<O.IO). 

the findings of Rafique et al. (1988). 

Intake and Digestibility 
Shrub or alfalfa inclusion improved (P<O.O5) DM intake over 

pure grass diets in both experiments (Table 2). The greater CP 
content or the shrub of alfalfa diets presumably improved ruminal 
fermentation conditions and caused more rapid forage turnover. 
The lower fiber content (Table 1) of the alfalfa and shrub diets also 
explains why their intake was greater than observed with pure 
grass diets. Fiber is more slowly digested than cell solubles and 
shows a strong negative correlation with forage intake (Van Soest 
1982). Our results support the conclusion of Holechek et al. (1989) 
that dry matter intakes by cattle average about 2% body weight for 
medium quality forages, but fall below 1.5% body weight for 
forages low in CP concentration (below 6%). 

grasses. Our findings with cattle are consistent with similar studies 
involving goats and sheep that show fourwing saltbush and moun- 
tain mahogany are excellent N sources for range livestock and big 
game animals. 
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Abstract 

Sheep are more resistent to larkspur poisoning than cattle. Graz- 
ing larkspur with sheep before cattle turn-in may reduce the threat 
of cattle poisoning. Two 2.1-ha pastures were established in Upper 
Ruby Valley in southwest Montana in 1987 and 1988. A band of 
sheep grazed 1 pasture in mid-June in both years. Sheep grazed 
70% of larkspur stalks in 1987 and 35% in 1988. Because sheep 
grazed little larkspur in 1988, larkspur was hand decapitated to 
simulate the use obtained in 1987 for the subsequent cattle grazing 
portion of the trial. Five cows were placed in each pasture imme- 
diately following sheep grazing in 1987 and after a Iweek delay in 
1988. Cattle diets were quantified by bite counts. Waxy larkspur 
consumption by cattle in the sheep-grazed pasture was lower than 
in the cattle-only pasture expecially during and after rainstorms in 
1987 and throughout the study in 1988. One cow died from lark- 
spur poisoning in the cattle-only pasture in 1988. If sheep will graze 
waxy Inrkspur, subsequent consumption by cattle can apparently 
be reduced on thii site, thus reducing the risk of poisonhtg. 

Key Words: poisonous plants, biological control, De@hinium 
glaucescens Wats. 

Larkspur (Delphinium spp.) kills more cattle on mountain range- 
land than any other cause (Aldous 1917, Nielsen and Ralphs 1988). 
Unlike some poisonous plant problems, larkspur poisoning cannot 
be attributed to poor management or overgrazing. Most larkspurs 
are pristine species and occur on high condition rangeland. They 
are palatable and acutely toxic to cattle, thus management options 
to reduce losses are limited. 

Sheep are more resistant to larkspur poisoning than are cattle 
(Marsh et al. 1934, Olsen 1978), and could possibly be used as a 
biological agent to reduce the threat of poisoning to cattle. Lark- 
spur is generally considered good sheep forage. However, using 
sheep to graze larkspur has not been consistently successful in 
reducing cattle loss. Sheep that grazed low larkspur (Delphinium 
nelsonii Greene) successfully reduced the threat of poisoning to 

The authors wish to thank James Israelsen and LaVon Treasure for assistance in 
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cattle (Marsh et al. 1934, Taylor 1985). Aldous (1917) reported that 
sheep grazed immature duncecap larkspur (D. occidentale S. 
Wats) early in the grazing season on the Mono (now Toiyabe) 
National Forest in Nevada and eliminated the threat to cattle. 
However, on the Ruby Mountains in Nevada, sheep did not graze 
duncecap larkspur but, through close herding, trampled it down 
and made it unacceptable to cattle. On the Fishlake National 
Forest in Utah, sheep grazed other forage in preference to tall 
larkspur (D. burbeyi Huth), thus increasing the threat to cattle 
(Aldous 1917). Ralphs and Bowns (1992) reported that sheep did 
not consistently graze 3 species of larkspur early in the growing 
season. However, sheep could be compelled to increase consump- 
tion by trailing or bedding in larkspur patches. 

The objectives of these studies were to determine (1) if sheep 
would graze waxy larkspur (Delphiniumglaucescens Wats) before 
cattle turn-in; and (2) if this would decrease subsequent larkspur 
consumption by cattle. 

Methods 

The study was conducted in the upper Ruby River Valley 93 km 
south of Sheridan, Mont. The Upper Ruby Cattle Association 
graze 2,700 cows and yearlings on the allotment from June to 
October. Intermittent incidents of larkspur poisoning have occurred 
in the 3 upper pastures, the most recent of which resulted in 50 
cattle deaths in 1981. This prompted a change in management to 
graze a band of sheep in these pastures 2 to 4 weeks before cattle 
turn-in (Alexander and Taylor 1986). Cattle losses to larkspur were 
eliminated. 

The study was conducted at 2,600 m elevation on a flat ridge top. 
Habitat type was mountain big sagebrush [Artemisia tridentuta 
var vaseyana (Rydb.) J. Boivinl-Idaho fescue (Festuca iduhoen- 
sis Elmer) grassland. Idaho fescue and waxy larkspur were the 
most frequently encountered species throughout the pasture. 
Waxy larkspur density was 4 plants/ mr and averaged 1.5 flowering 
stalks/ plant. Silky lupine (Lupinus sericeus Pursh), and sulfur and 
whorled buckwheat (Eriogonum unbellutum Torr, and E. heru- 
cleoides Nutt) were abundant on shallow soils, and sticky gera- 
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nium (Geranium viscosissimum Fisch. and Mey) and slender cin- 
quefoil (Potentilla gracilis Dougl. ex Hook.) were abundant on 
deeper soils. 

Two 2. l-ha pastures were enclosed with temporary electric fence 
in 1987 and 1988. One pasture was grazed by sheep before cattle 
turn-in, while the second pasture was grazed only by cattle. The 
sheep grazing treatment consisted of a band of 1,000 yearling ewes, 
which drifted through the study pasture spending a total of 1.5 
hours grazing on 25 and 26 June 1987 and a total of 4 hours on 22 
and 23 June 1988. Sheep did not adequately graze larkspur in 1988, 
so we decapitated approximately 85% of larkspur plants in the 
sheep pasture by hand. 

Five cows were placed in each pasture each year to compare 
diets. The pastures were grazed by cattle from 26 June until 16 July 
in 1987. Cattle grazing was delayed 3 weeks in 1988 and cows 
grazed the pastures from 8-25 July. Diets were quantified by bite 
count. Each cow was observed for two 5-min periods during the 
major morning and evening grazing periods, and the number of 
bites of each plant species was recorded. Species in diets were 
grouped into forage classes: larkspur, other forbs, and grass. For- 
age classes in diets were analyzed by analysis of variance (ANOVA) 
in a combined analysis split plot design to determine differences in 
larkspur intake between years, pastures, and among days. Cows 
within pastures were the experimental units. Years, pastures, and 
the year-by-pasture interaction were tested by the year-by-cow- 
within pasture interaction, and the day, day-by-pasture, and 3-way 
interactions were tested by the residual error. Because true replica- 
tion was not practical, results can not be extrapolated beyond the 
study area. 

Larkspur use by sheep and cattle was also measured along 
permanent transects. Four 30-m transects were established in each 
pasture and 25 larkspur plants were selected and marked by a spike 
on each transect. Height of each stalk on each marked plant was 
measured before and after sheep grazing, and before and after 
cattle grazing to differentiate use between animal species. The 
number of decapitated ytalks were counted and we noted whether 
leaves had been grazed. Since there were varying numbers of stalks 
per plant (l-6), we summed the total number of stalks on each 
transect and calculated percent of stalks grazed. Percentage of 
stalks grazed by cattle and reduction in height were compared 
between pastures and over years by ANOVA in a split-plot design 
with transects-within-pastures as replications. Percentage data 
were transformed by arcsine. 

Standing crop was sampled before and after sheep grazing and 
before and after cattle grazing in respective pastures. A herbage 
capacitance meter (Neal et al. 1976) was used to estimate standing 
forage in 1987 from 60 plots (30.5 by 61 cm) located at 20-step 

Table 1. Percent of larkspur staiks gnz.ed by sheep and eattie in 1 Hue 
grazed by sheep followed by cattle and 1 pasture grazed only by c&tie. 

Pasture Year 

Stalks grazed by: 

Sheep’ Cattle 

Sheep-Cattle 1987 
___________%__‘_60’____ 

70” 
19882 35d 36d 

Mean 48b 

Cattle-only 1987 84 
1988 81 

Mean 8T 

%cans of larkspur stalks grazed by cattle followed by different letters are different 
FO.05). 

Percentages of stalks grazed respectively by sheep and cattle in the sheepcattle 
pasture followed by different letters dtier between years (KO.05). 
#Data on stalks grazed by sheep was also reported in Ralphs and BOWIU 19?2.2/85% 
of plants outside transects were decapitated by hand following sheep grazing III 1988 10 
obtain the desired level of utilization for the cattle grazing study. 

intervals along 2 transects running the length of the pastures. 
Standing crop was estimated in 1988 by clipping 20 (30.5 by 61 cm) 
plots systematically placed along transects in each pasture. Sam- 
ples were separated into forage classes, dried for 48 hours at 60° C 
weight, and means and standard errors calculated. 

Larkspur plant parts (leaves and reproductive raceme) were 
harvested from several plants in the bud, flower, and pod stage of 
growth. Samples were air dried and analyzed for total alkaloid 
concentration (Manners and Ralphs 1989). 

Results and Discussion 

Sheep Use of Larkspur 
Sheep use of larkspur differed between years (P<O.O5). Sheep 

decapitated 70% of the larkspur plants in 1987 during the 1.5 hours 
they grazed the pasture (Table 1). Sheep ate elongating buds and 
reduced the average stem height on grazed plants by 14 cm, Sheep 
did not graze larkspur leaves. They grazed other forbs, principally 
the flowers of geranium and cinquefoil, and many small forbs and 
grasses were completely removed. Sheep reduced standing crop of 
forbs by 140 kg/ ha in 1987, but had little effect on standing crop of 
grasses (Table 2). 

Sheep did not graze larkspur as readily in 1988; consequently, 
they were held in the sheep-grazed pasture for a total of 4 hours. 
Still only 35% of the marked larkspur plants were grazed (Table 1). 
Dandelion (Taraxacum officinale Weber ex W&ers), sulfur 
buckwheat, clover (Trijblium spp.), and Idaho fescue were grazed 
heavily, and 22% of the larkspur plants had leaves grazed, A 
thundershower occurred a few days prior to the sheep grazing 

Table 2. Standing crop of forage ciasses in a pasture grazed first by sheep foilowed by cattle and a pasture grazed by cattle only. Standard error of the mean 
(*) is presented for total standing crop in 1987 and for forage ciasaes in 1988. 

Year 

1987 

1988 

Pasture 

Sheep-cattle 

Cattle-only 

Sheep-cattle 

Cattle-only 

Time 

&fore sheep 
After sheep 
Before cows 
After cows 
Before cows 
After cows 
Before sheep 
After sheep 
Before cows 
After cows 
Before cows 
After cows 

Larkspur Forb Grass Total 
__________________________kg/~_____--___________________ 
195 605 1362 2162 f 72 
135 461 1326 1922 f 65 
135 461 1326 1922 f 65 
35 256 872 1163f 64 

149 573 1400 2122f 75 
0 527 898 1426 f 92 
190 156 622 f 89 775 f 75 1586 f 120 
195 f 55 626 f 107 76Of63 1582 f 114 
93 f 28 582 f 188 770 f 76 1446 f 165 
28f 9 298 f 91 708 f 82 1034 f 129 

165 zt 61 817 f 184 822 f 94 1804 * 212 
62f 18 443 f 128 720 f 69 1225 f 74 
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representing the first substantial precipitation since early spring. 
Perhaps new growth of Idaho fescue and small forbs was more 
palatable than larkspur at this time. Furthermore, total alkaloid 
concentration in larkspur buds was higher than in 1987 (Table 3). 
Drought stress increases alkaloid concentration in many plants 
(Waller and Nowacki 1978). There may be a negative relationship 
between alkaloid concentration and palatability of larkspur (Ralphs 
and Olsen 1987, Ralphs et al. 1988). Higher alkaloid concentration 
in larkspur buds in 1988 may have prevented sheep from grazing 
them. 

Table 3. Total alkaloid concentration (% of dry matter) in waxy leafy 
larkspur at various phenological growth stages, 

Year Date Growth stage 
Larkspur plant parts 
Head Leaf 

% 
1987 6-27 Bud 1.26 .90 

7-7 Flower 1.27 .60 
7-16 Pod 1.28 .41 

1988 6-25 Bud 2.10 .71 
7-l 1 Flower 1.69 .59 
7-29 Pod 1.28 .20 

Waxy larkspur apparently loses its palatability to sheep as it 
reaches full flower. The same band of sheep, grazing near the study 
site during mid-July, avoided larkspur in the full flower stage in 
1987. The sheep owner reported that they are reluctant to eat waxy 
larkspur as it matures (Joe Helle, personal communication). Other 
larkspur species (tall and duncecap larkspur) become more palata- 
ble as they mature, and sheep strip the leaves off the stalks but do 
not select flowers or pods (Jim Bowns, personal communication; 
author’s observations). 

Cattle Diets 
One cow died from larkspur poisoning in the cattle-only pasture 

in 1988. She consumed larkspur flowering tops for 25 to 50% of her 
recorded bites on the first day and 10% of bites on day 2. She died 
the second night. Average consumption of other cows in this 
pasture ranged from 3 to 10% of recorded bites during this time. 

Cattle consumed more larkspur in the cattle-only pasture com- 
pared to the sheep-cattle pasture (Table 4). Cattle selected larkspur 

Table 4. Cattle diets(% of bites recorded) in 1 pasture grazed previously by 
sheep and 1 pasture grazed by cattle only. 

Pasture Year Larksnur Forb Grass 

Sheen-Cattle 
_____________%______________ 

1987 1.2 27 71 1 

1988 0.2 9 90 
Mean 0.7b 18” - 

Cattle-only 1987 2.1 26 72 
1988 2.7 10 86 

Mean 2.4’ 18” 79” 
“%eans of forage classes followed by different letters are different (P<O.OS). 

for an average of 2.4% of recorded bites in the cattle-only pasture 
compared to only 0.7% in the sheep grazed pasture when averaged 
over years. Cattle also consumed more of the marked larkspur 
plants on permanent transects in the cattle-only pasture in both 
years, compared to the sheep grazed pasture (Table 1). 

There was a day and day-by-pasture interaction (P<O.O5) in 
both years. In 1987, peak larkspur consumption in the cattle-only 
pasture corresponded to precipitation events (Fig. 1). In other 
studies, cattle consumption of larkspur increased during precipita- 

LARKSPUR IN CASTLE DIETS 

RIFlWC.sHol 
r-----l 

CATTLE PASTURE 

SHEEP PASTURE 

6/26 28 30 7/2 4 6 8 10 12 14 16 

DATE 

Fig. 1. 1987 trial. Larkspur in cattle diets (46 of recorded bites) in 1 pasture 
grazed by sheep and followed immediately by cattle, and in 1 pasture 
grazed by cattle only. 

tion events (Pfister et al. 1988), and incidence of deaths was higher 
following storms than at other times (Wilcox 1988, Glover 1906, 
Marsh and Clawson 1916). 

In 1988, larkspur consumption was highest in the cattle-only 
pasture during the first part of the trial and declined as larkspur 
was depleted (Fig. 2). After 5 days, about 50% of the larkspur 
plants had been defoliated, and almost all larkspur flowering heads 
were grazed by 9 days. Very little larkspur was consumed in the 
sheepcattle pasture in 1988. 

LARKSPUR IN CATTLE DIETS 
IO, 

CAllLE PASTURE 

SHEEP PASTURE 

o- : _- : 7 - r-:- ~~-~~ 

7/9 11 13 15 17 19 21 23 

DATE 

Fig. 2. 1988 trial. Larkspur in cattle diets (% of recorded bites) In 1 pasture 
grazed previously by sheep and followed by cattle after 3 weeks, and in 1 
pasture grazed by cattle only. 

There was also a trend toward a year-by-pasture interaction (P= 
0.07). Cows in the sheep-grazed pasture consumed more larkspur 
in 1987 compared with 1988 (Table 4). More of the marked lark- 
spur plants on permanent transects were also grazed by cattle in 
1987 (Table I). Some preliminary data suggested that decapitated 
waxy larkspur may senesce rapidly (Ralphs, unpublished data) and 
thus may be less acceptable to cattle. Cattle turn-in was delayed 3 
weeks in 1988 to allow the decapitated larkspur plants time to 
senesce. Reduction of larkspur consumption in the sheep-grazed 
pasture in 1988 may have been due to the reduced acceptability of 
the remaining leaves on decapitated larkspur plants. There was no 
difference in cattle consumption of larkspur in the cattle-only 
pasture between years (Table 4), or in the percent of permanently 
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marked larkspur grazed (Table 1). 
Cattle preferred waxy larkspur bud and flowering racemes. They 

would reach out with their tongues and snap off the heads as they 
walked along. Prior removal of the buds by sheep may have also 
reduced the availability of this preferred plant part for cattle graz- 
ing afterwards. 

Grasses, forbs, and total standing crop declined by 30-60% 
during the trials (Table 2). However, ample feed remained at the 
end of the trials, suggesting that grazing pressure was not a factor 
forcing cattle to graze larkspur. Furthermore, cattle consumption 
of larkspur in 1988 occurred at the beginning of the trial when 
grazing pressure was low. 

Grass dominated cattle diets, but the proportion of grasses and 
forbs in their diets differed among years. Grass averaged 7 1% of 
bites in 1987, but increased to 88% in 1988. Forbs were higher in 
1987 (27%), compared to only 10% in 1988. The smaller, succulent 
forbs consumed by cattle in 1987 were dried up and not available in 
the later grazing period in 1988. Geranium and cinquefoil were the 
major forbs selected by cattle. 

Management Implications 

Sheep did not consistently graze waxy larkspur on this site. 
Sheep decapitated 70% of the larkspur heads in 1987 but only 35% 
in 1988. Ralphs and Bowns (1992) suggested that holding or bed- 
ding sheep on larkspur patches may increase utilization of 
larkspur. 

If sheep will graze larkspur, subsequent consumption by cattle 
can likely be reduced on this site. Cattle grazed 43 to 93% less 
larkspur in the sheep-cattle pasture, compared to the cattle-only 
pasture. One cow died from larkspur poisoning in the cattle-only 
pasture. 

Sheep did not “foul” the remaining forage for cattle. Cattle did 
not avoid areas grazed or feed trampled by sheep. There was only a 
slight reduction in standing crop of forbs from sheep grazing. 

Grazing of sheep before cattle can provide mutual benefits on 
this site. Sheep used larkspur as a nutritious source of feed and 
reduced the threat of poisoning to cattle grazing afterwards. Graz- 
ing of sheep and cattle on the same range may provide additional 
benefits by reducing selective grazing (Cook et al. 1967), improving 
utilization of all forage (Ruyle and Bowns 1985) and thereby 
increasing carrying capacity of the range (Cook 1954, Schlundt 
1980). 
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Abstract 

From a planting of antelope bitterbrush (Purs& rridentaia 
Purshia DC) and ‘Hobble Creek’mountain big sagebrush (ArtentC 
sin trident& ssp. vuseyana Rydb. Beetle), pairs of plants were 
selected to test the following 2 hypotheses: (1) wintering mule deer 
(Odocoileus hemionus hemionus) prefer (as measured by percent 
use and/or grams of dry matter removed) ‘Hobble Creek’ big 
sagebrush over antelope bitterbrush, and (2) the winter nutrient 
content of ‘Hobble Creek’ forage exceeds that of antelope bitter- 
brush. Results of this study support the 2 hypotheses. ‘Hobble 
Creek’, a monoterpenoid-producing shrub, was preferred by win- 
tering mule deer over a nonmonoterpenoid-producing shrub, ante- 
lope bitterbrush. Also, ‘Hobble Creek’nutrient content was super- 
ior to that of antelope bitterbrush. 

Key Words: Artemisiu trident&u, mule deer, nutrition, Oakcoi- 
leus hemionus hemkmus, palatability, preference, Purshrb tri&ntata 

Big sagebrush (Artemisia tridentata Nutt.) is an important win- 
ter forage for wintering mule deer (Odocoileus hemionus hemio- 
nus) in the Rocky Mountains (Smith 1950, Leach 1956, Kufeld et 
al. 1973). However, its use in range seeding projects is limited. The 
perception that big sagebrush is largely unsuitable and unused is 
due to low palatability to cattle and its ability to quickly mask 
evidence of use. These 2 characteristics have led to many negative 
statements in the literature, such as: “An excellent case in point is 
the experience with Artemisia tridentata, which in the winter has a 
crude protein content of over 11% (Welch and McArthur 1979) 
and on this basis should be an excellent winter feed source for 
wildlife and livestock. However, A. tridentata is of limited palata- 
bility to most animals. The low palatability appears to be related to 
high monoterpenoid content”(McKell1989); or “big sagebrush is a 
forage of last choice”(Nagy et al. 1964, Nagy and Tengerdy 1968, 
Dietz and Nagy 1976, Nagy 1979). Yet these statements conflict 
with our observations that on several winter ranges mule deer 
browsed heavily on big sagebrush first, in spite of the availability of 
other species of shrubs. Can it be possible that mule deer preferred 
big sagebrush or some forms of big sagebrush over other species of 
shrubs? 

To quantify our field observations and those of others (Leach 
1956, Welch and Andrus 1977) and to answer the above question, 
we designed this study to compare wintering mule deer preference, 
monoterpenoid, and nutrient content of ‘Hobble Creek’mountain 
big sagebrush (Welch et al. 1986) to antelope bitterbrush (Purshia 
tridentata Purshia DC). 

Hypotheses tested were: (1) wintering mule deer prefer (as mea- 
sured by percentage of use or grams of dry matter removed) 
‘Hobble Creek’big sagebrush over antelope bitterbrush, (2) mono- 

The use of trade or firm names in this paper is for reader information and does not 
imply endorsement by the U.S. Department of Agriculture of any product or service. 
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terpenoid content of ‘Hobble Creek’ exceeds that of antelope bit- 
terbrush, and (3) winter nutrient content of ‘Hobble Creek’ big 
sagebrush exceeds that of antelope bitterbrush. 

Methods 

On a mule deer winter range located about 5 km south of Provo, 
Utah, about 400 ‘Hobble Creek’ containerized transplants were 
planted on a 2. l-m grid (Nelson 1984). Three years prior, bare root 
stock of antelope bitterbrush had been transplanted on the same 
site. Source of the antelope bitterbrush was unknown. The bitter- 
brush had been planted on a 1 S-m grid. Four years after planting 
the ‘Hobble Creek’plants, both species of plants were about 0.3 m 
in height with equal numbers of surviving plants. Their limited 
growth was largely explained by heavy browsing during winter by 
mule deer (data on tile Shrub Science Lab). 

Fifteen plant pairs (‘Hobble Creek-antelope bitterbrush) were 
selected to measure preference. Fifteen ‘Hobble Creek’ plants were 
selected at random and paired with the nearest antelope bitter- 
brush plant. Mean distance between plant pairs was 1.2 f 0.60 m. 
An additional 10 plant pairs were selected at random for determin- 
ing monoterpenoid and nutrient content. 

To determine preference, 10 shoots on each plant were chosen at 
random throughout the entire crown of all test plants. These shoots 
were numbered and tagged with plastic tape just below the terminal 
bud scale (bitterbrush) or growth leaf scars (sagebrush). Prior to 
browsing, distance between growth leaf scars and end of terminal 
leaves for the big sagebrush and terminal bud scale scars and 
terminal bud for antelope bitterbrush was measured to the nearest 
millimeter. During the browsing period, distance from the terminal 
bud scale or growth leaf scars to end of browsed shoot was mea- 
sured. We assumed that with equal availability the more utilized 
forage is the preferred forage. 

As an alternate method for determining preference, we deter- 
mined the number of grams of dry matter (DM) removed from the 
10 marked shoots per plant for each measuring date. This was 
accomplished by determining the grams of dry matter per centime- 
ter of shoot. Dry weight per centimeter of shoot was determined by 
removing a shoot from each of the 20 (10 pairs) plants used in the 
monoterpenoid-nutrient study. Shoots were measured to the near- 
est 0.01 cm, oven dried at 100’ C for 72 hours, and weighed. A 
mean DM weight per centimeter of shoot was calculated for the 2 
plant groups. Grams of dry matter removed per 10 shoots per plant 
were calculated by multiplying length of shoot eaten, measured to 
0.01 cm, by mean number of grams of DM per centimeter. 

Deer, 35 in number, were first sighted on the study site 3 
December 1988. Our first measurements were taken that day. 
Plants were subsequently measured every 5th to 6th day. The last 
measurements were taken on 19 December 1988. Shortly after this 
date, heavy accumulation of snow limited movement of the deer 
and availability of plants. Prior to this, deer had unrestricted 
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movement and freedom to choose among several shrub species, Table 2. Preference of wintering mule deer for ‘Hobble Creek’ mountrin 

dried and green grasses, and dried forbs. Therefore, any browsing big sagebrush and antelope bitterbrush. Preference is expressed PS grams 

on test plants was by choice. 
of dry matter removed per 10 shoots per plant per measurement date. 

Current year’s growth was removed from the 20 paired plants on 
Data are means and standard deviations for 15 interspecific pairs of 
dsnts. 

25 November 1988 to determine monoterpenoid and nutrient con- 
tent. Shoots from individual plants were stored in plastic bags at 0” 
C. In vitro digestibility, crude protein, phosphorus, and monoter- 
penoids were measured. In vitro digestibility was determined by 
using the technique outlined by Pearson (1970). As suggested by 
Clary et al. (1988) 2 donor animals were used (Because of homoge- 
neity of variance the 2 trials were pooled). Inocula were obtained 
from slaughtered steers. Welch et al. (1983a) and Striby et al. 
(1987) found that inocula sources did not have a significant effect 
on the in vitro digestibility of range forages. The COZ injected 
inocula was processed within 45 minutes after removal from the 
rumen (Milchunas and Baker 1982). Crude protein levels were 
determined by measuring the amount of Kjeldahl nitrogen (Asso- 
ciation of Official Analytical Chemists 1980) and multiplying the 
results by 6.25. Phosphorus levels were determined by the phos- 
phomolybdenum method (Association of Official Analytical Che- 
mists 1980). Monoterpenoid analyses were performed by the 
method outlined by Welch and McArthur (1981). Nutrient values 
were expressed on a DM basis. Data were statistically analyzed by 
use of paired T tests. Significance level was 5%. 

r----- 

Dates 

;--&---; ____(g)_-__ 

3 Dee 1988 0.53 f 0.57b 
8 Dee 1988 GO f i. 10a 0.84 f O&b 

12 Dee 1988 5.97 f 1.17a 1.19 f 0.59b 
19 Dee 1988 6.13 f l.Ola 1.33 f 0.62b 

‘Any2 meanssharing thesameletterwithinsdateare not significantlydifferent at the 
5% probability level (Paind t-test). 

Table 3. Comparison of winter nutrient content between ‘Hobble Creek’ 
mountain big sagebrush and antelope bitterbrush. Data given for 10 
interspecific pairs of plants. Data are means and standard deviations 
expressed as a percentage of dry matter. 

Nutrients Hobble Creek 

In vitro digestion 
Crude protein 
Phosphorus 

Results 

Weight of dry matter per centimeter of shoot was significantly 
greater for ‘Hobble Creek’than for antelope bitterbrush (0.07 g vs. 
0.02 g/cm of shoot). Mean shoot lengths for the 2 plants species 
were 12.9 cm for ‘Hobble Creek’ and 12.8 cm for antelope bitter- 
brush. Mean shoot diameter near growth leaf scars was signifi- 
cantly larger for ‘Hobble Creek’than for antelope bitterbrush (2.25 
vs. 1.61 mm). The test plants of both species were of equal 
numbers, equal height, and equal shoot length and pairs were in 
close proximity (i.e., availability of both species to deer was equal). 

Mean usage, expressed as percentage of current year’s growth 
removed, was not significantly different at the first 2 measurement 
dates, but did differ for the final 2 (Table 1). 

Table 1. Preference of wfntering mule deer for ‘Hobble Creek’ mountain 
big sagebrush and antelope bitterbrush. Preference is expressed as per- 
centage of current year growth removed per measurement data. Data are 
means and standard deviations for 15 interspecific pairs of plants. 

Dates Hobble Creek Antelope bitterbrush 
____ ______--__(%used)____---_ ______ 

3 Dee 1988 22.8 f 26.0al 20.6 f 19Sa 
8 Dee 1988 40.3 f 22.9a 31.9 f 22.9a 

12 Dee 1988 66.4 f 8.9a 46.6 f 2l.Ob 
19 Dec. 1988 68.3 f 8.8a 52.3 f 22.lb 

‘Any 2 means sharing the same letter within a date are not significantly different at the 
5% probability level (Paired t-test). 

When usage was expressed as grams of DM removed from the 10 
marked shoots per plant, ‘Hobble Creek’ was significantly more 
heavily utilized than antelope bitterbrush throughout the study 
period (Table 2). Mean weight of DM removed from the 10 shoots 
per plant per measuring period ranged from 2.00 to 6.13 grams for 
‘Hobble Creek’ and from 0.53 to 1.33 for antelope bitterbrush 
(Table 2). This second data set for preference represents the 
adjustment made for difference in shoot weight between the 2 
species. 

Big sagebrush was significantly more digestible than antelope 
bitterbrush (52.6% vs. 30.0%, Table 3) and higher in crude protein 
content 10.5% vs. 6.0%. Mean phosphorus levels were greater for 
‘Hobble Creek’ compared to antelope bitterbrush (Table 3). Mean 

Hobble Creek Antelow bitterbrush 

Antelope bitterbrush 

___--_ ______ (%&ymatter)__ _____ __-_ 

52.6 f 2.6a’ 30.1 f 2.8b 
10.5 f 0.9a 6.0 f 0.5b 
0.18 f O.la 0.1 f O.OIb 

‘Any 2 means within a nutrient sharing the same letter are not significantly different at 
the 5% probability level (Paired t-test). 

total monoterpenoid level in the big sagebrush was 2.11% of DM 
compared with no detectable levels of monoterpenoids in antelope 
bitterbrush. 

Discussion 

Results, expressed on a percentage of use and on a weight 
removed basis, indicated mule deer preferred ‘Hobble Creek’ big 
sagebrush over antelope bitterbrush. These observations are sup- 
ported by 3 reports in the literature. First, Leach (1956) noted a 
marked shift in the diet of California mule deer from antelope 
bitterbrush in the fall to big sagebrush in the winter. He stated 
(Leach 1956:279) that “the low utilization of antelope bitterbrush 
in the winter could not always be attributed to the unavailability of 
antelope bitterbrush forage.” In other words, deer chose to eat big 
sagebrush in the winter. Secondly, Welch and Andrus (1977), 
studying rose hip use by wintering muledeer in Utah, reported that 
at first only “vasey big sagebrush” and Woods rose (Rosa woodsii 
Lindl.) showed signs of being heavily browsed by deer. Antelope 
bitterbrush and black chokecherry (Prunus virginiana L.) in the 
study site were not heavily browsed for another month. Thirdly, 
Gade and Provenza (1986) reported that percentages of mountain 
big sagebrush were higher in the winter diet of domestic sheep than 
antelope bitterbrush and 5 other species of shrubs and green 
crested wheatgrass (Agropyron deserlorum Link Schult.). 

Our results concur with previous studies (Welch et al. 1981) and 
challenge the theory that big sagebrush is consumed by mule deer 
in the late winter or “very early spring” as a starvation food. 

The high digestibility of ‘Hobble Creek’ (52.6%) indicated it 
exceeds the maintenance requirements for energy (Ammann et al. 
1973). Similarly, the crude protein content of 10.5 exceeds the 
crude protein requirements of mule deer (Welch 1989). Mainte- 
nance requirement for phosphorus is about 0.25% of dry matter 
(Welch 1989). ‘Hobble Creek’ and all other winter forages do not 
meet this requirement except for some grasses that green up in the 
fall (Welch 1989). Unfortunately, deep snow can cover up the grass 
making it unavailable. The higher phosphorus content in big sage- 
brush could reduce the severity of the phosphorus deficiencies in 
mule deer. 
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Data presented by Carpenter et al. (1979) support the idea that 
big sagebrush can help meet the maintenance requirement of win- 
tering mule deer. They were studying the dietary selection of 6 mule 
deer on an enclosed Wyoming big sagebrush winter range (A.t. ssp. 
wyomingensis Beetle and Young). As a subspecies, Wyoming big 
sagebrush is not as preferred by wintering mule deer as mountain 
big sagebrush (Welch et al. 1986). However, Carpenter et al. (1979) 
found that the majority of the animals were either gaining weight 
or maintaining weight at the peak of Wyoming big sagebrush 
consumption. They did suggest that, due to the presence of mono- 
terpenoids in the Wyoming big sagebrush, big sagebrush in excess 
of 309% in the diet is detrimental to mule deer nutritional health. 

It has been suggested that monoterpenoids of big sagebrush have 
a negative influence not only on microbial digestion but also on 
shrub preference or palatability (Wallmo and Regelin 1981, 
MeKell1989). Welch and Pederson (1981) discovered during an in 
vitro digestion trial that monoterpenoids were driven out of the 
digestive solution by volatilization. From this observation, they 
hypothesized that monoterpenoid levels in the digestive system 
could be reduced to a nontoxic level. Later studies conducted on 5 
different species of animals supported the Welch and Pederson 
(1981) hypothesis (Cluff et al. 1982, White et al. 1982, Foley et al. 
1987, Welch et al. 1989). 

Results of the monoterpenoid determinations from this study do 
not support the contention that these compounds have a negative 
influence on preference, nor do they concur with the statement of 
McKell(l989) quoted in the introduction of this paper. Welch et al. 
(1983b) reported no significant relationship between monoterpe- 
noid content and wintering mule deer preference for accessions of 
big sagebrush containing various amounts of monoterpenoids. We 
believe that too much emphasis has been and continues to be made 
concerning the negative influence of monoterpenoids on microbial 
digestion and preference. 

Summary 

Our 2 hypotheses were supported. ‘Hobble Creek’mountain big 
sagebrush, a monoterpenoid producing shrub, was preferred by 
wintering mule deer over a nonmonoterpenoid shrub-antelope 
bitterbrush. Also, ‘Hobble Creek’nutrient content was superior to 
that of antelope bitterbrush. The authors can supply small lots of 
‘Hobble Creek’ seed to those who wish to conduct similar studies. 
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Abstract 

In vivo digestibility trials involving cattle (steers) and goats 
(wethers) fed shrub and nonshrub mixtures were conducted to 
evaluate the potential of fecal output, fecal nitrogen output, and 
fecal nitrogen percent for assessing diet intake, nitrogen balance, 
and digestibility. Two cattle digestion trials involving 8 feeds and 4 
goat digestion trials involving 13 feeds were used to develop simple 
linear and multiple regression equations between fecal and diet 
characteristics. Crude protein percent (organic matter basis) of 
cattle diets ranged from 3.9 to 12.w; that of goats ranged from 7.5 
to 14.4%. Low-phenolic and high-phenolic shrubs were fed in 
separate diets to goats while cattle diets involved only low-phenolic 
shrubs. Fecal output of organic matter (percentage of body weight) 
was correlated (S>O.80) with forage organic matter intake (per- 
centage of body weight) for both cattle and goats when all feeds 
were included in the regression. Linear regression intercepts, but 
not slopes, differed (P<O.O5) among cattle and goats. Multiple 
regression equations did not improve evaluation of forage intake 
over simple linear equations using fecal output. Fecal nitrogen 
output (g N/kg BW) was associated more closely with nitrogen 
balance (g N/kg BW) than other fecal indicators. Further, fecal N 
output was best associated with nitrogen bahmce for both cattle 
and goats (r* = 0.64,73, respectively) when used in multiple regres- 
sion equations. Multiple regression equations showed potential for 
evaluating nitrogen intake (g N/kg BW) of both cattle and goats, 
(R* = 0.91, 0.87, respectively). Although it is doubtful that our 
equations have broad applications, our approach might be useful if 
specific equations were developed for individual range types. 

Key Words: ruminants, rangelands, forages, native shrubs 

Because of the high labor demand, high cost, and low precision 
associated with the use of fistulated animals (Holechek et al. 1982), 
fecal indices have received considerable attention for assessing 
nutritional status of range ruminants. Reliability of fecal indices 
for monitoring range ruminant nutritional status has been a con- 
troversial subject (Hobbs 1987, Leslie et al. 1987). 

Fecal indicators with the most potential to evaluate grazing 
ruminant energy and protein status include fecal nitrogen concen- 
tration (Gates and Hudson 198 1, Holechek et al. 1982, Squires and 
Siebert 1983); total fecal nitrogen output (Stallcup et al. 1975); and 
total fecal output (Mertens 1973, Holechek et al. 1985). The objec- 
tive of our study was to evaluate the potential of these 3 parameters 
for assessing important diet nutritional characteristics of cattle and 
goats using several different diets comprised of common range 
grasses, forbs, and shrubs. 

Journal Article 1418 of the New Mexico Agr. Exp. Sta., Las Cmces. 
Manuscript accepted 10 July 1991. 
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Cattle Trials 

Materials and Methods 

Two digestion trials involving cattle were conducted in the 
temperature-controlled (approximately 22O C) metabolism labor- 
atory at New Mexico State University during summer 1986 
through fall 1987. These trials involved Hereford X Angus steers (jz 
wt = 213 kg) reared on desert grassland range in southcentral New 
Mexico. Conventional digestion stalls and a 4 X 4 latin square 
design were used in both trials. From a practical standpoint the 2 
trials represent a logistic organization and involve 8 diets with each 
diet fed to 4 different steers. 

Blue grama hay (Boutelouugracilis[H.B.K.] Lag. Ex. Griftiths) 
and barley straw (Hordeum vulgare L.) served as the.basal diets in 
trials 1 and 2, respectively. Native forbs, native shrubs, and alfalfa 
(Medicago sativa L.) hay were mixed with these basic feeds. Forbs 
and shrubs used for these experiments have been important in 
cattle diets from southern New Mexico rangelands. Forbs involved 
a 50:50 mixture of scarlet globemallow (S’haerulcea coccinea 
[Nutt.] Rybd.) and leatherleaf croton (Croton corymbulosus 
Lam.), whereas shrubs were a 50:50 mixture of fourwing saltbush 
(Atriplex canescens [Pursh.] Nutt.) and mountain mahogany 
(Cercocarpus montanus Raf.). Current year’s growth of these 
plants was hand-harvested from rangelands near Las Cruces, New 
Mexico during summer 1986. After air drying, these materials were 
ground to pass a 2.5-cm screen. Blue grama hay and barley straw 
also were ground to pass a 2.5-cm screen and mixed with either 
forbs, shrubs, or alfalfa. 

In both trials, steers were fed ad libitum, and feed offered and 
orts were recorded and subsampled. Water was available free 
choice, but no salt was provided. Each trial lasted 15days, with 
total collections of feces and urine obtained during the last j-days. 
Feces from each steer were mixed thoroughly daily, and a 10% 
subsample was oven dried (50’ C for 48 h) and ground to pass a 
2-mm screen. Total urine output was collected in vessels containing 
10 ml of 6 N HCL. A lOO-ml subsample was obtained daily, stored 
at -20” C and later pooled by steer within period. 

Chemical analyses were performed on samples of feed, orts, 
feces, and urine for each steer and feed combination in each trial. 
Dry matter, organic matter, and total nitrogen were determined by 
standard procedures (AOAC 1984). Acid detergent fiber, neutral 
detergent fiber, and acid detergent insoluble nitrogen analyses 
were performed by nonsequential procedures of Goering and Van 
Soest (1970). Chemical composition of the diet consumed was 
estimated from the chemical composition and amount of feed 
offered and chemical composition and amount of orts. Detailed 
descriptions of these trials including chemical analyses of feeds, 
diets, and feces are provided by Arthun et al. (1992). 
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Table 1. Linear regression coefficients for predicting nutritional churcteristics of steer and goat diets using fecal organic matter output se a percentage of 
body weight as the independent variable. 

Animal Type of diet Dependent variable’ Equation n r= sy.x 

Steer All GM1 (% BW) y = 0.45 + 1.80x 32 0.81** 0.16 
Goat All GM1 (% BW) y = 0.16+ 1.77x 48 0.86** 0.24 
Steer All DOMI (% BW y = 0.48 + 0.74x 32 o/w** 0.15 
Goat All DOMI (% BW) y = 0.20 + 0.82x 48 0.74” 0.16 
Steer All DOM % y = 72.66 - 19.77x 32 0.47** 3.86 
Goat All DOM % y = 60.17 - 6.66x 48 0.32* 3.31 
Steer Grass NB W/kg BW y = -0.11 + 0.26x 8 0.63* 0.04 
Goat All NB W/kg Bw) y = a.12 + 0.16x 48 0.59*+ 0.05 
Steer Grass NI W/kg BW) y=-O.ll+ 0.47x 8 0.91** 0.03 
Steer Shrub NI (H/kg BW y = 0.13+ 0.27x 16 0.76** 0.02 
Goat All NI @N/kg BW) y = 0.001 + 0.34x 48 0.79** 0.06 
Steer GraSS CP% y = -0.37 + 11.54x 8 0.82** 1.00 
Steer Forb CP% y= 11.78-0.11x 8 0.75** 1.01 
Goat All CP% y q 7.91 + 1.90x 48 0.18 1.37 

*Significant P<O.OS. 
**Significant P<O.Ol. 
*OMI = Organic matter intake (% body weight), DOW = Digestible organic matter intake (% body weight), NB=Nitrogen balance, NI -Nitrogen intake, CP = Crude protein. 

Goat Trials 
Four digestion trials involving wether Angora goats reared on 

shrubland range in southcentral New Mexico also were conducted 
in the metabolism laboratory at New Mexico State University 
during summer, 1986, through fall, 1988. Each trial was conducted 
in conventional digestion stalls. In trials 3 through $12 goats (f wt 
q 41 kg) assigned randomly to the 3 feeds (4 goats per feed) were 
used in each trial. From a practical standpoint the goat study 
involved 13 feeds with each feed fed to 4 different goats. 

In Trial 6,16 goats were randomly assigned to 4 different feeds (4 
goats per feed). Trials 3,4, and 5 evaluated 1 high phenolic shrub 
diet, 1 low phenolic shrub diet, and an alfalfa control diet, respec- 
tively. Leaves from big sagebrush (Artemisiu tridentatu Nutt. ssp. 
tridentatu), gray oak (Quercus griseu Liebm.), true mountain 
mahogany, fourwing saltbush, common winterfat (Ceratoides 
lunutu [Pursh.] J.T. Howell), and one-seed juniper (Junipenrs 
monospermu [Engelm.] Sarg.) were collected from various ranges 
in New Mexico. Leaves from mountain mahogany and fourwing 
saltbush were collected in spring, 1986; leaves from the other 4 
shrubs were collected in winter, 1986. In all cases, plant collection 
consisted of current year’s annual growth of leaves. Leaves were 
airdried before use. The same barley straw and blue grama hay 
used in trials 1 and 2 with cattle were used in goat trials. 

In all trials, goats were fed ad libitum, and feed offered and orts 
were recorded and subsampled. Water was available free choice, 
but no salt was provided. Each trial consisted of a IO-day adjust- 
ment period followed by 4days of total fecal and urine collection. 
Fecal and urine samples were handled as those were in cattle trials. 

Chemical analyses performed on samples of feed, orts, feces, and 
urine were the same as in trials 1 and 2. In addition, ether extract 
was determined by standard procedures (AOAC 1984). Tannin 
content of feeds was determined by the modified vanillin/HCl 
procedure (Bums 1971 and Priceet al. 1978) as modified by Price et 
al. (1978). Total phenolic content was measured according to the 
Folin-Denis procedure (AOAC 1984). Chemical composition of 
the diet consumed was determined using the same procedures as 
for cattle in trials 1 and 2. Detailed descriptions of feeds and 
chemical analyses for feed, diets, and feces are given by Nunez- 
Hernandez et al. (1989) for trials 3,4, and 5 and Boutouba et al. 
(1990) for trial 6. 

Statistical Analyses 
Simple linear regression and correlation analyses were used to 

determine relationships between diet types and combined diets for 
each animal species. Slope and y intercept coefficient differences 
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among diets were evaluated (KO.05) using procedures of Neter 
and Wasserman (1974). Stepwise regression analyses were then 
conducted using all independent variables, quadratic effects, and 
interactions among variables (P<O.O5) for each animal species 
using all diets (SAS 1984). 

Results and Discussion 

Forage Intake 
Forage intake by both cattle and goats was correlated highly 

with total fecal output when all feeds were used in regressions 
(Table 1, Figure 1). Multiple and curvilinear regression equations 
using fecal output to predict intake did not improve fit of data over 
simple linear equations (Table 1). Our results are consistent with 
Holechek et al. (1985) using cattle and Mertens (1973) using sheep, 
who found that fecal output was associated closely with forage 
intake. 

Our results are inconsistent with those of Conrad et al. (1964) 
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Fig. 1. Relationship between orgarde matter intake (96 body weigbt) end 
fecal output (organic matter/$ body weight) for cattle and goats using 
all feeds. 
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Table 2. Linear regression coefficients for predicting nutritional characteristics of steer and goat diets using fecal nitrogen output (g N/kg BW) as the 
independent variable. 

Animal 

Steer 
Steer 
Goat 
Goat 
Steer 
Goat 
Steer 
Goat 
Goat 
Steer 
Goat 
Goat 
Steer 
Goat 

Type of diet Dependent variable1 Equation n r2 sy.x 

Grass NI (gN/ k8 BW) y = -0.09 + 28.1 lx 8 0.885 0.03 
Shrub NI (8N/ k8 BW) y = 0.10 + 15.95x 16 0.78** 0.02 
Low phenolic NI (8N/ k8 BW) y q 0.04 + 24.91x 26 0.82** 0.06 
High phenolic NI &N/k8 EW) y = 0.04 + 16.14x 22 0.86** 0.04 
Grass NE (8N/ k8 BW) y = -0.09 + 14.41x 8 0.52’ 0.04 
All NB (sN/ k8 BW) y = -0.10 + 10.17x 48 0.62** 0.04 
All GMI (% BW) y = 0.74 + 69.75x 32 0.55** 0.24 
Low phenolic OMI (% BW) y = 0.36 + 124.76x 26 0.87** 0.24 
High phenolic GMI (% BW) y = 0.49 + 86.44x 22 0.75** 0.32 
All DOMI (% BW) y = 0.60 + 28.70x 32 0.30** 0.17 
Low phenolic DOMI (% BW) y = 0.28 + 60.09x 26 0.85** 0.12 
High phenolic DOMI (% BW) y = 0.34 + 40.16x 22 0.63** 0.20 
All DGM % y = 70.14 - 820.97x 32 0.37** 4.21 
All DOM % y = 58.78 - 364.42x 48 0.26** 3.43 

*Significant P<O.OS. 
**Significant P<O.Ol. 
INI = Nitrogen intake, NB q Nitrogen balance, OMI q Organic matter intake, DOMI (% BW) Digestible. organic matter intake, DOM Digestible organic matter. 

who reported that fecal output was relatively constant and not 
associated with forage intake when roughage concentrate diets 
ranging from 52 to 67% in dry matter digestibility were fed to dairy 
cows. The fact that concentrates (grains) were used in the Conrad 
et al. (1964) study may explain why their results are inconsistent 
with studies that have involved only forages. 

Our results indicate that fecal output is a good indicator of 
forage intake by ruminants and that specific regression differences 
among ruminant species may be small. Presently, accurate estima- 
tion of in vivo digestibility is a greater problem in range nutrition 
studies than measurement of fecal output. Based on our research 
we believe fecal output values should be presented along with 
forage intake estimates when data from range nutrition studies are 
published. Although more research is needed, it appears that fecal 
output can be a useful indicator of forage intake through the range 
of forage digestibilities observed in our study (46 to 64% OM 
digestibility). However, specific equations are desirable for indi- 
vidual range types and classes of animals. 

Between diet variation in in vivo organic matter digestibility was 

much less than that for fecal organic matter output (yc BW). The 
coefficients of variation for in vivo organic matter digestibility 
values were 6.0 and 6.4% for cattle (n = 8) and goats (n = 13), 
respectively, compared to 25.6% (both animals) for fecal organic 
matter output (% BW). In our study, in vivo organic matter diges- 
tibility was negatively associated with forage organic matter intake 
for cattle (r q -0.91, n = 8) and showed no association with forage 
organic matter intake (% BW) for goats (r q 0.29, n = 13). Both our 
study and that of Holechek et al. (1985) showed in vivo digestibility 
responds erratically to changes in intake when ruminant diets 
change between different types of forages. This is because forbs 
and shrubs typically have shorter retention times due to less cell 
wall but greater lignification than grasses (Ingalls et al. 1966, 
Milchunas et al. 1978, Spalinger et al. 1986). Lignification reduces 
cell wall digestibility (Van Soest 1982). Grass diets are typically 
characterized by higher digestibilities due to less lignification but 
lower intake due to higher fiber levels than diets containing forbs 
and shrubs (Ingalls et al. 1966, Spalinger et al. 1986). Fecal organic 
matter output ($!Jc BW) reflects both intake and digestibility influ- 

Table 3. Best regression coefficients for predicttng nutritional characteristics of steer and goat diets using fecal nutritional characteristics of FO (% BW), 
FNO (gN/kgBW) and FN (%) as independent variables and diet type’. 

Animal Dependent variable Equation n r2 sy.x 
Steer OMI (% BW 
Goat OMI (% BW 
Steer NB (gN/ kg BW) 
Goat NB (sN/ kg BW) 

Steer NI (gN/ kg B’W 

Goat NI W/b BW 

Steer 
Goat 
Steer 
Goat 

Steer 

Goat 

DOMI (% BW 
DOMI (% BW 
DOM % 
DOM % 

CP% 

Cp% 

y = 0.45 + 1.80FO 
y = 0.94 + 0.89Fo2 
y = -0.22 + 42.6FNO - 1339.97FN02 
y q -0.20 + 27.59F’NO - 547.37FN02 - 

123.88 FNO2 xl 
y = -0.26 + 65.47FNO - 1643.08FNo2 - 

160.02 FNox3 
y=-O.19+0.34FO+O.l7FN- 

674FNOx 
y q 0.48 + 0.74FO 
i = 0.20 + 0.82FO 48 
v = 66.56 - 14.87FO2 32 
; = 103.21 - 69.62FN - 2.29FO2 + 25.89 

FN2 - 14723.44 TFN2x 
y = 11.65 - 21.52~1 + 48.83FOxl -33.48 

FO2x I 
y = 8.93 + 110.86FNO - 1.53x 

32 0.81** 0.16 
48 0.86** 0.24 
32 0.64** 0.03 
48 0.73** 0.04 

32 0.91** 0.03 

48 

32 

48 

32 

48 

o.s7** 0.05 

0.44** 0.15 
0.74** 0.16 
0.47** 3.85 
0.55** 2.79 

0.84** 0.48 

1.22 0.37** 

‘xl = 1 when diet = grass and 0 otherwise. 
x2 = 1 when diet = shrub and 0 otherwise. 
x3 = 1 when diet = forb and 0 otherwise. 
l *Significant at P<O.Ol. 
OMI (I BW) = Organic matter intake (% body weight), NB = Nitrogen balance, Nl = Nitrogen intake, DOMI = Digestible organic matter intake, DOM = Digestible organic 
matter, CP = crude protein. 
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Fig. 2. Relationship between total diet nitrogen concentration and fecal nitrogen in combined diets. 

ences on ruminant nutritional status. It may have limitations as an 
indicator of intake for diets that have exceptionally high or low in 
vivo digestibilities relative to their intake. 

Other predictors of forage intake showed no advantages over 
single use of total fecal output in either simple linear regression 
equations or in multiple regression equations as an added variable 
with fecal output (Table 1). Some studies have shown that fecal N 
percent has potential for predicting ruminant forage intake (Cor- 
dova et al. 1978). In our data set, however, fecal nitrogen percent 
showed low correlations (rr<O. 1 I) with intake for combined and 
individual diet types for both cattle and goats. Our study and those 
of Wofford et al. (1985) and Leite and Stuth (1990) show that fecal 
nitrogen percent is not correlated highly with forage intake by 
ruminants when the diet involves different types of forages. 

Protein 
Fecal output was associated more closely with nitrogen balance 

than other fecal indicators (Table 2). We consider coefficients of 
determination above 0.80 necessary for regression equations to 
have practical application; none of the equations met this standard. 

Although nitrogen intake was associated with fecal nitrogen 
output and fecal output, simple linear regression equations dif- 
fered among diet types, particularly for cattle. Multiple regression 
equations using data from all diets greatly improved prediction of 
nitrogen intake for both cattle and goat diets, and fecal nitrogen 
output was a key independent variable in these equations (Table 3). 

Our study is consistent with Stallcup et al. (1975) in showing that 
fecal nitrogen output is a reliable indicator of nitrogen intake for 
ruminants consuming grass diets. However, when forbs and shrubs 
comprise part of the diet, fecal nitrogen concentrations can be 
elevated relative to diet nitrogen concentration (Mould and Rob- 
bins 1981, Wofford et al. 1985) because of protein-binding by 
phenolic/ tannin compounds and the greater quantities of fiber- 
bound nitrogen associated with these plants compared to grasses. 
Our data from goats (Table 2) show that high-phenolic diets have a 
different nitrogen intake to nitrogen output relationship than diets 
low in phenolics. The lower slope of the high phenolic equation for 
predicting nitrogen intake of goats reflects the elevated nitrogen 
output of the high compared to low phenolic diets. 

Fecal nitrogen percent had low correlation (r2<0.25) with diet 
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crude protein percent and regressions varied greatly with type of 
feed for both cattle and goats (Fig. 2). Our study confirms the 
concern expressed by Hobbs (1987) that fecal nitrogen percent is 
an unreliable indicator of diet crude protein concentration for 
different ruminants on the same range. Further, our research and 
that of Leite and Stuth (1990) show that fecal nitrogen percent 
lacks reliability for monitoring trends in nutritional status of a 
particular ruminant on the same range if their diet shows major 
shifts in botanical composition. 

Digestible Organic Matter Intake and Organic Matter Digestibility 
Fecal output was the only indicator that showed a consistent 

association (P<O.O5) with digestible organic matter intake for 
both animal species across all diets (Table 1); however, we do not 
consider the equations reliable. In vivo digestibility percent was 
not well correlated with any fecal indicator for either animal spe- 
cies. Our multiple regression equations for assessing in vivo diges- 
tibility percent had Sy.x values too high for reliability (Table 3). 
Our study is consistent with Wofford et al. (1985) and Leite and 
Stuth (1990) in showing that fecal indicators have low potential for 
evaluating either in vivo digestibility or digestible organic matter 
intake. 

Experimental Limitations 

We believe our research has some important limitations that 
need to be recognized. The adjustment periods to the feeds may 
have been too short. In addition, the feeds were altered to some 
extent by chopping and drying. These factors could have altered 
some of the digestibility coefficients and their relationships with 
fecal indicators. Under field conditions diets would be more com- 
plex and change gradually through time. Several studies reviewed 
by Holechek et al. (1989) have shown fecal nitrogen concentration 
is well associated with range ruminant performance and nutri- 
tional status. Although our research shows that generalized equa- 
tions for evaluating nutritional status based on fecal nitrogen 
concentration are unreliable, we still consider this a very useful tool 
for assessing nutritional status of ruminants on individual ranges if 
botanical composition of the diet is also evaluated. Knowledge of 
diet botanical composition can alert the investigator to potential 
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problems that result from sharp dietary shifts or consumption of 
species high in tannins and volatile oils. 

Conclusions 

Our investigation evaluated the potential of fecal nitrogen per- 
cent fecal output and fecal nitrogen output as indicators of cattle 
and goat protein and energy status using diets containing forbs and 
shrubs fed under controlled conditions. Fecal output was asso- 
ciated well enough with forage intake for both cattle and goats to 
have potential in simple linear regression equations. It also showed 
correlations (P<O.O5) with nitrogen balance, nitrogen intake, and 
digestible organic matter intake. Our study shows that fecal output 
is a good indicator of grazing ruminant nutritional status, given the 
types of forages and range of digestibilites evaluated and provided 
that intake and digestibility are positively related. Although,mea- 
surement of fecal output using bagged animals is laborious, new 
external markers have potential to reduce this problem without 
sacrificing accuracy (Pond et al. 1987). 

Accurate measurement of in vivo digestibility is a serious prob- 
lem for grazing ruminant nutritionists. None of the fecal indicators 
we studied showed any potential for evaluating in vivo digestibil- 
ity. Based on other studies and our research, it is doubtful that in 
vivo digestibility can be evaluated accurately from fecal indicators. 

Our results show fecal nitrogen percent has limitations as an 
indicator of ruminant protein status if sharp shifts occur in diet 
botanical composition or for comparisons between ruminant spe- 
cies grazing the same range. Under actual range conditions rumi- 
nant diets typically include a wide variety of species and change 
gradually. Several studies have shown fecal nitrogen concentration 
is a useful indicator of grazing ruminant nutritional status under 
these conditions. Our results do not invalidate these studies, but 
they do show that useful generalized equations across range types 
for nutritional assessments are unlikely. 
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Abstract 

The accuracy of microhiitological techniques for analysis of 
herbivore diets was evaluated with cattle, sheep, and Angora goats 
fed grass, forb, and shrub mixtures of known botanical composi- 
tions. Two observers performed microhistological analyses on 
undigested diets as offered and on feces collected. Similarity indi- 
ces and chi-square tests were used to determine if differences 
existed among actual diets, estimated diets, and fecal samples. 
Botanical compositions of diets fed to all 3 anhnal species generally 
were accurately estimated by fecal analyses. In some other studies, 
shrubs in ruminant diets have been inaccurately estimated by the 
microhistological technique. However, in our study, shrubs were 
accurately estimated with no differences between actual and 
observed compositions. We attribute this to the fact that shrub 
materials used in our study had a high proportion of current 
growth relative to woody materials. Woody plant parts had lower 
proportions of identifiable epldermal material than leaves and 
young stems. In grass-forb diets, forbs sometimes were overesti- 
mated and differentiation among grasses was difficult. However, In 
most cases, observers could precisely estimate diets of the 3 herbi- 
vore species. 

Key Words: cattle, sheep, Angora goats, food habits, feces, 
grasses, forbs, shrubs 

In the past 50 years, the microhistological technique introduced 
by Baumgartner and Martin (1939) has been widely used to deter- 
mine range herbivore diet botanical composition. The accuracy of 
this technique was tested by Sparks and Malechek (1968) and 
found satisfactory. They reported a nearly 1:l correspondence 
between relative density of species fragments and the actual per- 
centage composition by weight of hand-compounded diets. How- 
ever, other researchers report this relationship does not occur for 
all forages (Holechek and Valdez 1985a, 1985b). Some factors that 
have a confounding effect on the accuracy of the microscopic 
technique include (1) differential digestibility of plant species (Ste- 
wart 1970, Slater and Jones 1971, Vavra et al. 1978, McInnis et al. 
1983); (2) presence of woody materials (Holechek and Valdez 
1985a, 1985b); (3) observer errors (Holechek et al. 1982); (4) proce- 
dures used in calculating the diet botanical composition (Holechek 
and Gross 1982b); and (5) sample preparations (Vavra and Hole- 
chek 1980, Holechek et al. 1982). The objective of our study was to 
evaluate the accuracy of the microhistological technique for analy- 
sis of fecal samples from cattle, sheep, and Angora goats fed several 
known diets containing grasses, forbs, and shrubs. 

Journal Article 1535 of the New Mexico Agr. Exp. Sta., Las Cruces. 
Manuscript accepted 25 July 1991. 
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Methods 

The diets and fecal samples used in this study were obtained 
from various nutritional studies (Nunez-Hernandez 1987, Tembo 
1987, Rafique 1988, Saiwana 1988, Arthun 1989, Boutouba 1989, 
Vernet 1989). Species used in the diets include blue grama (Boute- 
Zoua grucilis (H.B.K.) Lag.), barley straw (Hordeurn vulgure L.), 
leatherweed croton (Croton corymbulosus Engelm.), scarlet globe- 
mallow (Sphuerulceu coccineu (Pursh) Rydb.), alfalfa (Medicugo 
sutivu L.), four-wing saltbush (Atriplex cunescens (Pursh) J.T. 
Howell), juniper (Juniperus monospermu (Engelm.) Sarg., moun- 
tain mahogany (Cercocurus montunus Raf.), oak (~Quercus turbi- 
nellu Greene), and sagebrush (Artemisiu tridentutu Nutt.). The 
actual composition of the diets offered to the 3 species of herbi- 
vores is shown in Table 1. Diets were cornposited from forages 
ground through a 254-mm screen to minimize animal selection. 
Diets and fecal samples were dried and ground with a Wiley mill to 
pass a l-mm screen. A composite sample of the ground fecal 
material was made for each diet in each experiment. Slide prepara- 
tions followed the method of Sparks and Malechek (1968) as 
modified by Holechek (1982). The ground material for each sample 
was soaked in hot water for 10 minutes, followed by bleach 
(sodium hypochlorite) for 5 minutes to remove plant pigments. 
The bleached sample was rinsed with warm water until the bleach- 
ing agent smell was eliminated. Five microscope slides were pre- 
pared for each composite diet and fecal sample. Hoyer’s mounting 
solution was used to mount cover slips on the slides. The slides 
were air dried for 5 to 7 days before analysis. Reference slides were 
made in the same manner from plant species used in cornpositing 
diets. 

Two observers, trained by the procedures of Holechek and 
Gross (1982a), analyzed both diet and fecal samples using Nikon 
binocular microscopes. Samples were analyzed at 100X, although 
200X magnification was sometimes used for higher resolution 
(Holechek and Valdez 1985a). Systematically selected fields were 
observed on each slide and species were recorded as being present 
or absent until a total of 100 frequency observations were recorded. 
The frequency addition procedure described by Holechek and 
Gross (1982b) was used to calculate the percentage composition by 
weight. A mean was calculated for each sample from the 2 
observers’ readings and was taken to represent estimates for the 
diet and fecal samples. 

Similarity indices were calculated using Kulcyznski’s formula 
(Oosting 1956). These indices were used to show (1) similarity 
between observed and actual diets (control), (2) similarity between 
feces and actual diets, (3) similarity between observed diets and 
feces, and (4) similarity between observers. A chi-square test (Steel 
and Torrie 1980) determined whether there were differences among 
each of the 4 comparisons mentioned above. Plant species were 
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Table 1. Percent compositions by weight of actuai diets, observed diets, and fewa of cattle, sheep, and Angora goats. 

Diet1 

l-c_. ._..._I _L-- -> TX,  ~~ -> 

“ltrl ACwaI uoservea umervea 
No. diet diet feces Diet’ 

Diet Actuai Observed Observed 
No. diet diet feces 

CATTLE 
Barley straw 
Alfalfa 
Blue grama 
Shrubs* 
Blue grama 
Forbsr 
Blue grama 
Alfalfa 
Barley straw 
Forbsr 
Barley straw 
Shrubs2 

SHEEP 
Blue grama 
Barley straw 
Blue grama 
Forbsr 
Blue grama 
Shrubs2 

Barley straw 
Alfalfa 
Blue grama 
Alfalfa 
Barley straw 
Forbs* 
Barley straw 
Shrubs2 
Blue grama 
Barley straw 
AlCalf. ‘,YUnaU 

Blue grama 
Barley straw 
Forbs* 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

ii 

12 

13 

14 

15 

_____________(%)_____________ 

58 
42 
59 
41 
58 
42 

I: 
37 
63 
38 
62 

:: 
58 
42 
59 
41 
77 
23 
58 
42 
37 
62 
38 
62 
29 
58 
!3 
26 
54 
20 

53 
48 
55 
45 
35 
65 
71 
29 
34 
67 

z 

55 
45 
47 
53 
35 
65 
66 
35 
35 
66 
39 
62 

56 60 
45 41 
35 39 
65 61 
55 51 
45 49 
71 63 
29 37 
53 57 
48 43 
34 41 
63 60 
38 41 
63 60 
26 36 
50 48 
25 17 
29 25 
34 32 
38 44 

Blue grama 
Barley straw 
Shrubs2 

ANGORA GOATS 
Barley straw 
Blue grama 
Barley straw 
Blue grama 
Barley straw 
Blue grama 
Barley straw 
Blue grama 
Blue grama 
Alfa!fa 
Blue grama 
Barley straw 
Alfalfa 
Barley straw 
Blue grama 
Four wing 
Barley straw 
Blue grama 
Juniper 
Barley straw 
Blue grama 
Mt. Mahogany 
Barley straw 
Blue grama 
Winterfat 
Barley straw 
Blue mama 
Oak p_-___- 
Barley straw 
Blue grama 
Sagebrush 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

26 22 27 
54 50 52 
20 28 22 

96 
4 

83 
17 
68 
32 
15 
85 
87 
!3 
65 

5 
30 
45 
25 
30 
15 

:: 
65 

5 
30 
45 
25 
30 
20 
50 
30 
40 

72 
28 
73 
27 

;: 
25 
76 
83 
!? 
70 
6 

25 
37 
30 
33 
18 
52 
31 
63 

2 
35 
35 
32 
34 
25 
45 
30 
38 
35 
28 

:: 
68 
32 
58 
42 
25 
76 
77 
23 
67 

5 
29 
42 

zt 
20 
48 
33 
58 
8 

34 

;: 
37 
22 
48 
30 
39 
33 
29 

______________(%)_____________ 

1Botanical compositions of some diets do not add to 100 because of rounding off. 
ZForbs = Leatherweed croton + scarlet globemallow (I:]). 
2Shrobs = Fourwing saltbush + Mountain mahogany (1:I). 

also segregated into grasses, forbs, and shrubs for tests of differen- 
ces among forage classes. Scientific names of plants followed _ _ _ ̂  ̂  . 
Mabberiey (1987) and a field guide by Aiired (1988). 

Results and Discussion 
Results from cattle (Table 2) show high average similarities (93, 

92, and 98%) for actual/observed, actual/feces, and observed/fe- 
ces, respectively. Observed values of diets were similar to actual 
values (p>O.OS), except for the blue grama + forbs diet. Forbs 
(ieatherweed croton, scariet giobemauow) were overesrnnarea ana 
blue grama was underestimated in this particular diet. Both 
observers in our study and in Holechek et al. (1982) found leather- 
weed croton scarlet globemallow easy to identify because of pres- 
ence of stellate trichomes in most fields, which may explain why 
forbs were overestimated. Fecal compositions differed (P<O.O5) 
from actual compositions in blue grama + forbs, blue grama + 
shrubs, and blue grama + alfalfa diets. These differences were the 
results of overestimating shrubs, forbs, and alfalfa in the feces, 
which in turn caused underestimation of blue mama. The epider- -__-___- _____ -__-_. _. -.-. p----mm--- 
ma1 distribution of cutin differ among the plant species (Storr 
1961). This difference in the distribution of cutin has been attrib- 
uted to the observed difference in digestibility of plant species. We 
believe digestion may have caused the shrubs, forbs, and alfalfa to 

break into clusters of cells and hairs or trichomes, which increased 
their presence relative to blue grama. However, we attribute the 
accuracy probiem to observer error rather than differentiai diges- 
tibility because estimates of feces were highly (98%) similar to those 
of observed diets. 

Results from sheep (Table 2) were similar to those from cattle. 
Among the diets with differences, forbs, (leatherweed croton, scar- 
let globemallow) and alfalfa were overestimated, while grasses 
(blue grama, barley straw) were correspondingly underestimated 
(Tabie i j. Forbs were overestimated in the sheep diets for the same 
reasons suggested for the cattle diets. Leatherweed croton, scarlet 
globemallow, and other species with dense stellate hairs or tri- 
chomes can be overestimated because these parts are easy to iden- 
tify @later and Jones 1971, Sanders et al. 1980, Holechek et al. 
1982). There was no consistent trend for over or underestimation 
of individual grass species in diets with 2 or more grass species. In 
some diets, blue grama and barley straw were overestimated 
because of the difficulty in distinguishing between the 2 species. 
The chane. aim and arrannement of the ordinarv eaidermai ceils *.__ I ---=-, ----, -__- - _____ ~ __.._... _. ..- _.-..._-, -~-------..~ 
for the 2 grasses were about the same. Our observers noted that a 
better feature for distinguishing blue grama from barley straw was 
stomata1 cells. Stomata cells within each species are much more 
constant in size and shape than ordinary epidermal cells (Storr 
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Table 2. Percent similarity between botanical composition of actual diets and from observed diets and feces of cattle, sheep, and Angora goats. (See Table 
1 for diet compositions). 

CATTLE 
Diet _!______“______‘.____._“.______5____.._”______~,____~_____~_____.____.__________~_____“““_.. - - 

Actual vs 
observed 95 95 77.. 94 99 lot) - - - - - - 93 

Actual vs 
feces 97 88’5 77++ 88+* 100 )oL) - - - - - - 92 

Observed vs 
feces 98 92 100 95 100 lt)rJ - - - - - - 98 

SHEEP 
Diet 7 8 9 10 11 12 13 14 15 16 - - Mean 

~___~__________~___~~__~~___~~~__________~~___ %_______________________________________________ 
Actual vs 

observed 86** 77+* 96 94 95 97 loo 89,. 80** 92 - - 91 
Actual vs 

feces 90. 81** 92 86** 99 96 98 100 775 98 - - 92 
Observed vs 

feces 97 96 96 92 96 93 98 91 95 99 - - 95 
ANGORA GOATS 
Diet 

!~__.___1”._____!~______“______2!____._”_____T’,____“____’I_....“_....“._..__2~.._.._Mean___ 
Actual vs 

observed 76** 90** 95 91** 96 95 92 97 97 90 95 96 93 
Actual vs 

feces 77*+ 85** 90* 91** 90 99 95 93 93 93 98 98 92 
Observed vs 

feces 99 95 85** 100 94 97 95 97 94 95 97 99 96 

*Si@icantly different (P<O.OS) using chi-square test. 
**Significantly different (P<O.Ol) using chi-square test. 

1961). However, in some instances, it is impossible to separate 2 or 
more grass species on the basis of their epidermal features alone 
(Dabo et al. 1986). Sheep data showed a high average similarity 
(95%) between observed diets and feces. 

Angora goat data were consistent with that for cattle and sheep. 
High average similarity indices (93,92, and 96%) were exhibited 
for actual/ observed diets, actual diets/feces, and observed diets/- 
feces, respectively. Based on these data, digestion has little or no 
influence on proportions of identifiable plant fragments. Our 
results are in contrast to those reported by Slater and Jones (1971), 
Vavra et al. (1978), Smith and Shandruk (1979), Leslie et al. (1983) 
and McInnis et al. (1983). They reported reduced fecal estimates 
for some plant species, especially forbs because of differential 
digestibility. However, our findings support results from Free et al. 
(1970), Todd and Hansen (1973), Anthony and Smith (1974) and 

Dearden et al. (1975). They analyzed feces of other ruminants with 
considerable success. We attribute the accuracy of our results to (1) 
systematic training of observers (Holechek and Gross 1982a), 
which accounted for correct identification of the plant species in 
most of the diets; (2) use of bleach as a blending medium (Holechek 
1982, Hinnant and Kothmann 1988) reduced pigment masking of 
epidermal fragments and increased the percentage of identifiable 
epidermal fragments; (3) use of actively growing perennial plants 
with a high proportion of epidermal material, which allowed for 
complete recovery of epidermal parts; and (4) use of the frequency 
addition procedure (Holechek and Gross 1982b), which provided 
reliable representation of dry weight composition. 

Table 3. Overall comparison of actual diets, observed diets, and feces on 
forage class basis using chisquue test. 

Grasses 

CATTLE 
Actual vs observed NS 
Actual vs feces l 

Observed vs feces NS 

SHEEP 
Actual vs observed ** 
Actual vs feces ** 
Observed vs feces NS 

ANGORA GOATS 
Actual vs observed +* 
Actual vs feces +* 
Observed vs feces NS 

*Significantly different (P<O.O5). 
**Significantly different (P<O.Ol). 
NS = No significant difference (M.05). 

Forbs 

l * 
** 
NS 

** 
** 
NS 

NS 
* 
NS 

Shrubs 

NS 
NS 
NS 

NS 
NS 
NS 

NS 
NS 
NS 

Table 3 compares actual diets, observed diets, and feces on 
forage class basis. Shrubs were accurately estimated in diets of all 3 
ruminants. A high proportion of stemmy materials in a browse diet 
is reported to cause underestimation of shrubs (Holechek and 
Valdez 1985a). Browse fed to cattle, sheep, and Angora goats in 
our study involved leaves and twigs from current growth, which, 
unlike old stems, have a high proportion of epidermal material, 
Differences in grasses and forbs reflect overestimation of leather- 
weed croton and scarlet globemallow, which reduced the grass 
estimates. 

Comparison (Table 4) between the 2 observers revealed their 
observations were similar for all 3 ruminant species, although 
minor differences occurred for some diets because of problems in 
differentiating among grass species. In general, high precision was 
achieved by the 2 observers. We attribute this to the fact they were 
systematically trained in procedures of Holechek and Gross 
(1982a). Westoby et al. (1976) also stressed that accuracy of 
microscopic analysis of diets depends on systematic training of 
observers. 

Based on data from 3 ruminant species (cattle, sheep, and goats) 
fed diverse diets, accuracy of fecal analysis is little influenced by 
differential digestion of plant species. Fecal estimates generally 
represent the diets offered. Our data substantiates that microscopic 
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Table 4. Percent similarity between observer 1 and 2 for observed diets and feces of cattle, sheep, and Angora goats. 

CATTLE 
Diet 1 2 3 4 5 6 Mean 

___________________________-_--_--------- ______%_____________-_- _____________________-_____-_-- 

Observer 
ivs2 91 96 100 98 100 95 - - - - 

(Observed) 
Observer 

1 vs 2 86* 92 100 91 97 95 _ - - - 
(Feces) 

SHEEP 
Diet 7 8 9 10 11 12 16 

_______________~____~~~~~_~~_~~~~~~~~~-~- ____i”_,___!4_____!I________ 
Observer 

1 vsi 83* 
(Observed) 

100 90 98 91 100 95 93 85 98 

Observer 
1 vs 2 832 

W=) 

ANGORA GOATS 
Diet 17 

-_-_ 
Observer 

1 vs 2 s4** 
(Observed) 
Observer 

1 vs 2 55** 
(Feces) 

98 98 80** 90 96 93 85 84* 96 

26 
_1.“______!9____.“_______‘.‘_____Tt______2~_,___‘“.____..’I.__.___. 

78** 100 85* 94 96 90 87 100 86 

85* 74** 89 100 95 96 852 92 99 

_____ 

,_-_-- 

____ 

27 
__-_ 

86 

90 

___ 

_-_ 

96 

94 

Mean 
_______________ 

93 

90 

28 Mean 
_-_____________ 

86 87 

92 88 

l Significantly different (P<O.OS) using chi-square test. 
l *Significantly different (P<O.Ol) using &i-square test. 

fecal analysis can be a useful tool to estimate ruminant diet botani- 
cal composition. Accurate estimates of the diet composition of 
large herbivores depend on systematic training and adequate prac- 
tice by the observers. The microscope technique can only be a 
useful tool if observers have a 90% or more recognition level of the 
plant species being examined, and if they become careful not to 
overestimate species with stellate trichomes or hairs. Identification 
of such species should be based only on those trichomes attached to 
recognizable epidermal tissues and cell pattern and/or stomata 
pattern on peridermal tissues. 
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Abstract 

Little is known about the chemical composition of throughfall, 
or the water that falls through, and drips from, the grass canopy of 
Rough Fescue Grassland during the grazing season. Water- 
extractable C, N, organic acids, and monosaccharides from litter 
and from soil in the upper 2 cm of the Ah horizon collected at 
monthly intervals in 198% were assessed at Stavely, Alberta. Rough 
fescue (Festucu compestris Rydb.) grasslands were stocked at 
either light (1.2 AUM/ha) or very heavy (4.8 AUM/ha) fixed rates 
for 39 years or were ungrazed in exclosures located within each 
field for an equal period of time. At the high grazing intensity, the 
soil and litter N was less water-extractable. The C/N ratios of the 
water-extractable organic matter from jitter and soil averaged 11.2 
and 2.3, respectively. Soil monosaccharides were essentially not 
water-extractable. The quality of the litter as reflected by the 
water-extractable constituents often differed over the season 
between fields. Observations at regular time intervals are essential. 
The effect of the quality of leachates of Utter on soil was not 
predictable. The 3 major long-chain fatty acids identified, palmitic, 
stearic, and arachidic acids, from soil in grasslands that are in good 
condition because of the low grazing pressure, could well contrib- 
ute to the resistance of those grasslands to the encroachment of 
invading species. 

Key Words: soil quality, soil chemical properties, monosaccha- 
rides, organic acids, stocking rate, chernozemic. 

Litter is that part of the forage resource not produced in the 
current year. Dead plant material, found in the plant canopy 
(standing litter) or on the soil (fallen litter), has a large influence on 
the productivity, biomass accumulation, and species composition 
of plants and animals (Knapp and Seastedt 1986). The microenvi- 
ronment of grasslands is significantly modified by plant litter 
(Willms et al. 1986, Willms 1988), which increases water infiltra- 
tion, reduces radiation density, and insulates the soil surface, there- 
by keeping soil temperatures cooler in spring and summer while 
reducing evaporation. 

Grazing affects the quantity and quality of litter on grasslands. 
Its long-term effect, the alteration of species composition, is 
achieved by shifting the competitive advantage to species that are 
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smaller, more shallow rooted, and less productive, but more resist- 
ant to grazing and more tolerant of drier soil conditions resulting 
from litter removal. Therefore, while litter accumulation is affected 
by grazing over the short term, litter production and, presumably, 
quality are affected over the long term by the new species composi- 
tion. Litter quantity on the rough fescue grassland was reduced 
from 12,403 kg/ha on ungrazed range to 247 kg/ha on heavily 
grazed range (Peake and Johnston 1965) while the average percen- 
tage basal area of the dominant rough fescue (Fesfucu campestris 
Rydb.) decreased from 7.5 to 0.6 for the same grazing treatments, 
respectively (Johnston et al. 1971). 

Plant canopies in the natural environment can alter the chemical 
composition of precipitation falling through them. For example, 
litter affects the chemistry of nitrogen in rainwater passing through 
it (Knapp and Seastedt 1986, Gilliam 1987). The chemical proper- 
ties of soil under litter will be affected both by the quality and 
quantity of litter aboveground and by the chemical composition of 
the rainwater falling through the litter. During the decomposition 
of litter by abiotic and biotic agents, many hydroxyl- and carboxyl- 
containing compounds are released and leached into the soil by 
precipitation. Their presence in the soil has both detrimental and 
beneficial ecological consequences (Whittaker 1970, Rice 1984). 
Components of extracts from grassland litter exhibit phytotoxic 
effects on the germination ofvarious range grasses (Johnston 1961, 
Bokhari 1978) and affect competition among species (Rice 1984). 

Little is known about the chemical composition of the water that 
falls through, and drips from, the grass canopy (throughfall) of 
rough fescue grassland during the grazing season, particularly as it 
is affected by different grazing pressures. Also there is little infor- 
mation available on possible differences between water extracts of 
litter and of soil immediately below the surface. This study was 
conducted to examine the potential contribution of litter to the 
chemical composition of water extracts during the grazing season, 
and to assess the relationship of water-extractable constituents 
from litter and the top 2 cm of soil under various grazing pressures. 

Materials and Methods 

Sampling Sites 
The study site was at the Agriculture Canada Research Substa- 

tion, Stavely, Alberta, situated in the Porcupine Hills, an area 
managed primarily for grazing by cattle. The vegetation is typical 
of the Fescue Grassland Association (Coupland and Brayshaw 
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1953). The soils are members of the Orthic Black Subgroup of the 
Chernozemic Order (Udic Haploboroll) developed on till overly- 
ing sandstone, and have a clay-loam to loam texture. The climate is 
dry subhumid and annual precipitation averages about 500 mm. 
Details of the overall grazing trial ongoing since 1949 have been 
given by Johnston et al. (1971) and Willms et al. (1985). 

The study was conducted in 1988 in 2 fields stocked from mid- 
May to mid-November, at either light (field L) or very heavy (field 
VH) rates, and in their ungrazed exclosures (fields E) to provide 3 
grazing treatments. Field L has been stocked at 1.2 animal unit 
months (AUM)/ha since 1949; field VH was stocked at 4.8 
AUM/ ha from 1949 to 1958. Since 1959, the stocking rate on field 
VH averaged 3.2 AUM/ ha and varied, depending on annual pre- 
cipitation, from 2.4 to 4.8 AUM/ha. Cattle were removed from 
field VH when utilization was about 80% of annual production. 
Average utilization in field L was about 25%. The exclosures, 0.5 
ha in area, were constructed in 1948 and have been protected from 
livestock grazing since then. Percent composition (basal area) of 
fields L and VH and of the exclosures was presented in a previous 
study (Willms et al. 1985). 

Sampling 
Grassland litter, consisting of all dead herbage, standing as well 

as the accumulated mulch, and soil from the upper 2 cm of the Ah 
horizon immediately below the litter were sampled each month 
from May to November, 1988, in 3 randomly located sub-plots in 
each field and within each exclosure. To reduce the number of 
samples requiring analysis, 3 subsamples from 1 exclosure were 
randomly paired with 3 subsamples from the second exclosure and 
pooled to give 3 common exclosure subsamples. 

The soil samples were dried and ground to pass a 0.5-mm sieve. 
At the time of sieving, roots and other debris were removed from 
the soil and discarded. The litter was dried at 60” C for 24 hours 
and ground in a Wiley mill to pass through a IOO-mesh sieve. Ash 
content of the ground litter was determined on a portion of each 
sample by ignition at 700’ C for 4 hours. 

Analyses 
Chemical 

Total C and N were determined to enable the calculation of 
water-extractable C and N as a percentage of litter and soil C and 
N. Total organic C was determined by dry combustion at 900’ C 
for 15 min; the evolved COs was collected and weighed. Total N 
was determined by the Kjeldahl procedure as outlined by the 
Association of Official Agricultural Chemists (1950). 

To simulate maximum leachates of organic acids from litter and 
soil, 1 gram of material and 15 ml of distilled water were placed in 
50-ml polypropylene centrifuge tubes. After shaking in a circulat- 
ing shaker for 48 hours, the mixture was centrifuged and filtered. 
The remainina litter or soil was washed with an additional 15 ml of 
water, centrifuged, and filtered. The 2 supernatant solutions were 
combined and the pH recorded. The combined filtrates were 
extracted with 60 ml dichloromethane (CHsCls) in a separatory 
funnel. The lower fraction, consisting of CHsCls, was drawn off 
and dried over anhydrous NasS04; the upper water layer was saved 
for a second CHsCls extraction at pH 2.5. 

The water-extractable organic acids were determined by a modi- 
fication of a procedure outlined by Dormaar and Willms (1990). 
This first CHsClsextracted fraction was reduced to about 3 ml, 
transferred to a small vial and further reduced to 250 ~1. Fifty 
microliters of a vanillic acid solution at a concentration of 0.2 
pg/pl was added to serve as internal standard. The mixture was 
then evaporated to dryness at 40’ C with a stream of nitrogen. To 
obtain silylation, 150 ~1 pyridine and 50 ~1 N,O-bis(trimethylsily1) 
tri-fluoroacetamide (BSTFA) were added and mixed. After stand- 
ing for 10 min in the closed vial, the sample was ready for gas 

chromatographic analysis. 
The pH of the water phase, after the first CHsCls extraction was 

drawn off, was readjusted to pH 2.5 with HCl and extracted once 
again with CHsCls after which this second CHsCls extract was 
processed like the first CHsCl2 extract in preparation for gas 
chromatographic analysis. 

The quantitative analyses were carried out with a Hewlett Pack- 
ard GC 5840A using a 30-m long fused silica capillary column 
wall-coated with cross-linked methylsilicone at a film thickness of 
0.5 p. Total water-extractable organic acids were calculated up to 
retention time 27.05 minutes. The cumulative (pH as extracted and 
pH at 2.5) quantitative output of the 3 major peaks, 2 of which were 
easily identified, also were calculated. 

For water-extractable carbohydrates, the initial water extrac- 
tion from the litter and the soil was similar to that described under 
water-extractable organic acids. After the pH values of the extracts 
were recorded, the pH was adjusted to 7.5 with 0.1 N HCl. Sugars 
in the solution were reduced, acetylated, and analyzed as outlined 
by Dormaar (1984). Fucose acetate was used as internal standard 
because significant amounts of sugar alcohol inositol were present 
in the water extracts of the litter. Deoxyhexoses (rhamnose), pen- 
toses (ribose + arabinose + xylose), hexoses (mannose + galactose + 
glucose), and inositol were expressed as pg/g, but their totals were 
expressed as mg/ g. 

Statistical 
All analytical results were expressed on the basis of oven-dried, 

ash-free weight of litter and oven-dried weight of soil. 
Although replication and application of current statistical ana- 

lyses to newly established, replicated field plot experiments is 
common and undeniably desirable and useful, valid information 
and data can still be gained from early established, unreplicated 
field experiments including long-term grazing trials, by virtue of 
their antiquity (Ridley and Hedlin 1968, Dormaar and Pittman 
1980). 

The concentration of each organic constituent was compared 
across grazing treatments using analysis of variance with the exper- 
imental error derived from the sampling error. Single degree of 
freedom contrasts (Steel and Torrie 1980) were used to test for 
differences between paired means. Individual analyses were made 
by sampling month and medium type (soil or litter). 

The relationship between specific organic constituents in litter 
and soil was examined within each grazing treatment using regres- 
sion analysis. Simple coefficients were calculated for concentra- 
tions from paired litter(x) and soil(y) samples over subsamples (3) 
and sampling months (6) for a total of 18 paired values after 
accounting for the effect of time (month). The effect of time 
(month) on the concentration of each constituent was examined 
with 1st or 2nd degree polynomial regressions. 

Results 

Tables 1,2, and 3 present the original data and the results of the 
contrast tests for differences between selected means and 1st and 
2nd degree polynomial regressions over month. Generally, all data 
show seasonal trends and many of the contrasts are either signifi- 
cant (P<O.O5) or highly significant (P<O.O 1). Most regressions 
were 2nd degree polynomials, with mid-seasonal maxima. 

The pH of the water extracts of the litter showed more signifi- 
cant contrasts than that of the soil (Table 1). The C content of the 
soil extracts showed the same trends as in a previous study examin- 
ing the whole Ah horizon (Dormaar et al. 1984) but with larger 
values because this study examined only the upper 2 cm of the Ah 
horizon. As grazing intensity increased, the concentration of total 
N generally increased and the water-extractable N as a percent of 
total N decreased. 
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Table 1. Carbon and nitrogen contents (I) of litter and soil and of their water extracts sampled in 1988 from 2 fields stocked at either light or heavy rates 
and from their excloeores (n=3). 

Litter Soil 
Stocking Stocking 

Exclosures rate’ Contrasts Exclosures rate contrasts 
tE) L VH Evs. L Evs.VH Lvs.VH IE) L VH Evs. L E vs. VH L vs. VH 

Total C 
May 45.9 
June 45.6 
July 45.5 
August 
September % 
October 45.4 
P * 

Water-extractable 
Cas%oftotalC 
May 3.1 
June 3.5 
July 4.4 
August 4.9 
September 3.9 
October 3.0 
P ** 

Total N 
May 1.28 
June I.15 
July 0.90 
August 0.89 
September 0.82 
October 0.70 
P * 

Water-extractable 
N as % of total N 
May 11.6 
June 16.4 
July 18.8 
August 22.0 
September 18.2 
October 17.8 
P ** 

pH of the 
water extract 
May 
June :: 
July 5:9 
August 5.9 
September 5.6 
October 5.6 
P ** 

46.9 45.3 
46.1 45. I 
46. I 45. I 
46.4 44.5 
46.8 44.1 
46.8 45.0 
** *3 

4.2 3.4 
4.6 3.9 
5.2 4.8 
5.8 5.6 
4.7 4.1 
3.6 3.2 

** ** 

1.06 1.92 
1.34 1.96 
1.89 2.04 
I .96 2.13 
1.04 2.23 
0.89 2.12 

** * 

10.1 7.4 
12.9 8.4 
15.7 8.9 
20.6 9.8 
12.7 11.2 
12.4 9.6 
** ** 

:I 
5:5 
5.4 
5.7 
5.9 
l * 

6.2 
6.1 
5.8 
5.8 
5.8 
6.1 
l * 

0.006 
0.054 
0.031 

<O.OOl 
<O.OOl 

0.003 

0.001 
<O.OOl 

0.003 
0.004 
0.002 
0.011 

0.002 
<O.OOl 
co.001 
co.001 

0.001 
0.001 

<O.OOl 
<O.OOl 
<O.OOl 

0.008 
<O.OOl 
<O.OOl 

0.604 
0.001 
0.001 

<O.OOl 
0.315 
0.001 

0.050 co.001 
0.066 0.004 
0.095 0.003 
0.725 <O.OOl 
0.261 <O.ool 
0.173 0.001 

0.144 0.003 
0.029 <O.OOl 
0.063 0.048 
0.011 0.343 
0.382 0.005 
0.353 0.040 

<0.001 
<O.OOl 
<O.OOl 
<O.OOl 
<O.OOl 
<O.OOl 

<O.OOl 
<O.OOl 

0.001 
0.001 

<0.001 
<O.OOl 

<O.OOl 
<O.OOl 
<O.OOl 
<O.OOl 
<O.OOl 
<O.OOl 

<O.OQl 
<O.OOl 
<O.Ool 
<0.001 
<O.OOl 
<O.OOl 

0.001 0.002 
0.506 0.001 
0.152 0.005 
0.071 <O.OOl 
0.034 0.152 

<O.OOl 0.005 

16.6 15.6 14.2 
16.5 15.5 13.1 
15.0 13.7 II.4 
14.9 12.3 10.6 
15.2 12.7 11.9 
15.3 13.9 12.5 
** l * ** 

0.84 I.13 1.16 
0.88 1.14 1.18 
0.92 1.14 I.19 
0.97 1.42 I.58 
0.68 I.16 I.21 
0.68 I .05 I.15 
l * ** * 

1.44 1.43 1.32 
1.35 1.32 I.31 
I.31 1.31 1.47 
1.07 1.25 1.43 
I .06 1.27 I.31 
1.25 1.27 I.31 

** ** *+ 

I.17 0.74 0.52 
0.96 0.74 0.44 
0.78 0.63 0.43 
0.51 0.41 0.16 
0.56 0.40 0.63 
0.63 0.80 0.65 

** l * ** 

7.0 7.0 7.1 
7.3 7.1 7.1 
7.5 7.5 7.6 
7.4 7.7 7.5 
7.3 7.3 7.6 
7.2 7.3 7.3 

** ** ** 

0.006 
0.012 
0.006 

<O.OOl 
co.001 

0.001 

<0.001 
<O.OOl 
co.001 
<O.OOl 
<O.OOl 
<O.OOl 

0.001 
<O.OOl 
<O.OOl 
<O.OOl 

0.020 
0.001 

co.001 <O.OOl 0.057 
<0.001 <O.OOl 0.201 
<O.OOl <O.OOl 0.018 
<O.OOl <O.OOl co.001 
<O.OOl <O.OOl 0.076 
<O.OOl <O.OOl 0.016 

0.854 0.014 0.017 
0.260 0.138 0.657 
1.000 0.009 0.009 
0.001 <O.OOl 0.001 

<O.OOl co.001 0.201 
0.372 0.048 0.180 

<O.OOl 
<O.OOl 

0.004 
0.010 
0.003 
0.002 

<O.OOl 
<O.OOl 
<O.OOl 
<O.OOl 

0.070 
0.642 

<O.OOl 
<O.OOl 

0.001 
<O.OOl 
<O.OOl 

0.004 

0.725 0.310 0.488 
0.005 0.009 0.604 
0.604 0.315 0.604 
0.035 0.522 0.088 
1.000 0.010 0.010 
0.315 0.152 0.604 

‘Light (L) - stocked at 1.2 AUM/ha; Very Heavy (VU) - stocked at 4.8 AUM/ha. 
*Level of significance (* = KO.05 , *,* q  PCO.01) of 2nd degree polynomial ngressions of the constituent concentration over month. 
3Only 1st degree polynomial regresston. 

The C/N ratios of litter when averaged over the season were 
49.2, 37.4, and 21.8 for fields E, L, and VH, respectively. These 
values were, respectively, 11.8,10.6, and 9.1 for the soil; 10.6,12.9, 
and 10.1 for water-extractable organic matter from the litter; and 
1.4,2.2, and 3.2 for water-extractable organic matter from the soil. 

There were more nonsignificant contrasts for organic acids at 
the pH as extracted from the soil than for the subsequent pH- 
modified extract (Table 2). Most of the water-extractable organic 
acids were obtained at the pH of the original extract; additional 
organic acids for the soil extracts were obtained at pH 2.5. 

The quality of the litter in terms of water-extractable quantities 
of monosaccharides differed significantly among grazing treat- 
ments (Table 3). Generally, pentoses > hexoses > deoxyhexoses, 
which meant low galactose + mannose/xylose + arabinose ratios. 
There was also, generally, more mannose and galactose from the 

litter of field L than from field VH, while the reverse was true for 
arabinose and xylose. Conversely, the soil essentially did not 
release any measurable water-extractable monosaccharides; hence, 
the data are not presented in Table 3. 

Effect of month was highly significant for each constituent 
shown in Tables 1 and 2 and particularly for those shown in Table 
3. Only 6 regressions of constituent in soil vs. litter were significant 
after removing the effect of time (Table 4). The coefficient describ- 
ing the relationship between constituent in soil vs. litter was often 
negative, but significant (KO.05) in only 2 instances, (water- 
extractable N as Y$ of total N for lightly grazed; organic acids at pH 
2.5 for exclosure). 

Discussion 

The effect of grazing on basal cover under various grazing 
pressures has been well-documented (Peake and Johnston 1965, 
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Table 2. Organic acids @g/g) in water extracts of litter and soil sampled in 1988 from 2 fields stocked at either light or very heavy rates and from their 
exclosures (n=3). 

Litter Soil 

Stocking Stocking 

Exclosures rate’ Contrasts Exclosures rate Contrasts 

(E) L VH E vs. L E vs. VH L vs. VH (W L VH Evs. L E vs. VH L vs. VH 

Organic acids 
at pH as extracted 
May 210 
June 264 
July 425 
August 361 
September 299 
October 253 
PZ ** 

Organic acids 
at pH 2.54 

May 51 
June 89 
July 93 
August 91 
September 61 
October 45 
P l * 

Palmitic acid 
(at pH as extracted 
+ at pH 2.5)s 
May IO 
June I4 
July I6 
August 21 
September I8 
October I2 
P ** 

Steak acid 
(at pH as extracted 
+ at pH 2.5) 
May I6 
June I8 
July 24 
August 24 
September I9 
October 12 
P l * 

Arachidic acid 
(at pH as extracted 
+ at pH 2.5)s 
May 28 
June 48 
July 50 
August 94 
September 90 
October 25 
P ** 

101 I25 
207 193 
207 284 
311 221 
219 223 
147 202 
** ** 

32 49 
76 81 
79 112 
81 I10 
58 104 
51 94 

** ** 

5 
6 

I5 
I2 
9 
4 

** 

5 
7 

21 
I7 
I2 
5 

** 

8 
I4 
I6 
24 
I6 
I2 

** 

9 
10 
I8 
I7 
I5 
13 

** 

I9 I9 
35 25 
58 35 
47 36 
46 34 
21 22 

** ** 

<O.OOl 
co.001 
<O.OOl 
<O.OOl 
<O.OOl 
<O.OOl 

co.001 
<O.OOl 
<O.OOl 
<O.OOl 
<O.OOl 
<O.OOl 

0.002 
0.004 

<0.001 
<O.OOl 

0.194 
<O.OOl 

<O.OOl <0.001 0.012 
0.001 0.01 I 0.071 
0.001 <O.OOl <O.OOl 
0.010 0.001 <O.OOl 
0.133 <O.OOl <O.OOl 
0.062 <O.OOl <O.OOl 

co.001 <O.OOl 0.012 
<O.OOl 0.001 0.453 

0.258 0.018 0.004 
<O.OOl 0.009 0.003 
<O.OOl <O.OOl 0.010 
<O.OOl <O.OOl 0.315 

<O.OOl 
0.012 
0.004 
0.665 
0.057 
1.000 

<O.OOl 
0.002 
0.013 

<0.001 
<O.OOl 

0.003 

<O.OOl 0.488 
<O.OOl 0.005 

0.002 0.160 
0.004 0.002 
0.024 0.546 
0.134 0.134 

<0.002 0.550 
<O.OOl 0.006 

0.001 <O.OOl 
<O.OOl 0.194 
<O.OOl 0.002 

0.010 0.267 

62 
120 
82 
53 
46 
27 

* 

60 66 
118 78 
65 69 

:: :; 
26 27 

**3 ** 

21 I2 9 
II4 25 I8 
57 23 23 
31 35 27 
24 76 37 
32 20 I8 

NS t3 ** 

I5 I5 I2 
33 21 I4 
19 19 I5 
I5 18 I7 
II I7 IO 
7 5 9 

l ** ** 

19 I9 7 
36 21 I8 
25 21 I7 
20 31 20 
I2 20 7 
4 3 5 

** ** l * 

5 6 7 
I4 6 5 
I3 7 IO 
7 I9 I6 
9 I6 9 

23 8 20 
*3 * **3 

0.387 0.090 0.025 
0.627 <O.OOl <O.OOl 
0.001 0.003 0.190 
0.065 0.482 0.184 

<0.001 0.003 0.026 
0.715 0.715 0.473 

<O.OOl <O.OOl 0.076 
<O.OOl <O.OOl 0.043 
<O.OOl <O.OOl 0.680 

0.069 0.040 0.003 
<O.OOl 0.002 <O.OOl 
<O.OOl <O.OOl 0. I08 

0.828 0.087 0.063 
<O.OOl <O.OOl 0.006 

1.000 0.020 0.020 
0.128 0.168 0.851 
0.012 0.439 0.005 
0.034 0.017 0.001 

0.849 <O.OOl <O.OOl 
<O.OOl <0.001 0.275 

0.090 0.006 0.071 
<O.OOl 1.000 <O.OOl 
<O.OOl 0.003 <O.OOl 

0.152 0.071 0.009 

0.537 0.153 0.364 
<O.OOl <O.OOl 0.697 

0.001 0.019 0.019 
<O.OOl 0.003 0.091 

0.001 0.776 0.001 
<0.002 0.215 0.001 

‘Light(L) - stocked at 1.2 AUM/ha; Very Heavy(VH) - stocked at 4.8 AUM/ha. 
*Level of significance (* = JKO.05, l * = KO.01, NS = J90.05) of 2nd degree polynomial regnssions of the constituent concentration over month. 
list degree polynomial regression. 
‘pH of water extract readjusted to 2.5 after first CHsCls separation. 
‘Sum of the 2 CHsCh separations. 
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Table 3. Monosaccharides and inositol in water extracts of litter sampled in 1988 from 2 fields stocked at either light or very heavy rates and from their 
exclosures (n = 3). 

Exclosures Stocking rate’ Contrasts 

0% L VH Evs. L E vs. VH L vs. VH 

Total (ai g) 
May 
June 
July 
August 
September 
October 
PL 

Deoxyhexoses &g/g) 
May 
June 
July 
August 
September 
October 
P 

Pentoses (pg/g) 
May 
June 
July 
August 
Sentember 
October 
P 

I-hoses bglg) 
May 
June 
July 
August 
September 
October 
P 

lnositol bg/g) 
May 
June 
July 
August 
September 
October 
P 

0.7 2.5 3.1 
1.5 2.9 2.8 
9.3 12.6 1.3 
6.5 3.0 6.5 
2.1 2.5 5.6 
0.8 0.5 2.5 
** l 3 ** 

26 49 122 
73 29 138 

467 378 147 
323 119 194 
147 253 223 
38 10 74 

** NS ** 

23-l 1480 2331 
763 1848 1881 

5221 7938 4620 
4591 2136 4527 
1281 1875 4286 
399 355 2072 

** NS ** 

267 863 337 
543 997 581 

3080 4032 2053 
1229 653 1487 
561 304 891 
322 125 222 

** NS l * 

27 74 276 
88 59 166 

560 252 513 
323 59 259 
105 101 167 

8 10 99 
l NS l * 

$GGactose + mannose)/(xyl;se2+ arabinose) (mg/g) 
0.55 

June 0:67 0.50 
July 0.56 0.47 
August 0.24 0.28 
September 0.41 0.14 
October 0.78 0.32 
P ** **3 

0.12 
0.29 
0.41 
0.30 
0.18 
0.09 
** 

<O.OOl <O.OOl 0.001 
<O.Ool <O.OOl 0.283 
<O.OOl <O.OOl <O.OOl 
<O.OOl 1.000 co.001 

0.008 <O.OOl <O.OOl 
0.005 co.001 <O.OOl 

<O.Ool 
<O.OOl 
<O.OOl 
<O.OOl 
co.001 
<O.OOl 

co.001 
<O.OOl 
<O.OOl 
<O.OOl 
<O.OOl 
<O.OOl 

co.001 
<O.OOl 
<O.OOl 
<O.OOl 

0.002 
co.001 

<O.oOl co.001 <0.001 
<O.OOl co.001 0.720 
<O.OOl <O.OOl co.001 
<O.OOl 0.737 <O.OOl 
<O.OOl <O.OOl <O.OOl 

0.348 co.001 <O.OOl 

<O.OOl 0.046 <O.OOl 
<O.OOl 0.393 <O.OOl 
<O.OOl co.001 <O.OOl 
<O.OOl 0.004 <O.OOl 
<O.OOl <O.ool <O.Ool 
<O.OOl 0.001 0.001 

<O.OOl 
0.008 

co.001 
<O.OOl 

0.386 
<O.OOl 

<O.OOl 
<O.OOl 

0.002 
<O.OOl 
<0.001 

0.001 

<0.001 
<O.OOl 

0.001 
0.002 

<O.OOl 
co.001 

<O.OOl 
co.001 
<O.OOl 
<O.OOl 
<O.OOl 

0.001 

<O.OOl 
<O.ool 

0.006 
0.017 

<O.OOl 
<O.OOl 

co.001 
co.001 

0.048 
0.104 
0.006 

<O.OOl 

‘Light (L&stocked at 1.2 AUM/ha, Very Heavy (VH)-stocked at 4.8 AUMjha. 
Xevel of significance (+ = KO.05, ** = 
‘1st degree polynomial regression. 

PCO.01, NS q  130.05) of 2nd degree polynomial regression of the constituent concentration over month. 

Johnston et al. 1971, Willms et al. 1985). The vegetation changes, 
both qualitative and quantitative, on the grazed fields represent the 
effect by the various grazing pressures. Conversely, potential pro- 
ductivity of the vegetation within the exclosures will be affected by 
its protection (Tueller and Tower 1979). Naturally, the reduction in 
productivity of range plants resulting from a lack of grazing is 
always a legitimate concern when comparing grazed fields with 
exclosures. However, the difference particularly between field L 
and its exclosure in terms of the results of the study under discus- 
sion will be quantitative rather than qualitative, since the only 
actual species composition differences (percent composition basal 
area) were trace vs. 0 and 0.2 vs trace for Artimisia frigida and 

Oxytropis gracilis, respectively (Willms et al. 1985, Table 1 vs. 
Table 2). 

Materials leached from aboveground live and dead herbage by 
rain-wash include a diversity of metabolically important com- 
pounds, such as amino acids, phenols, other organic acids and 
carbohydrates, and inorganic nutrients (Tukey 1969). Compounds 
synthesized by microbial activity will, of course, also be part of the 
leachates. The plant materials in this study, representing dead 
herbage only, were macerated. These water extracts of litter, there- 
fore, represented the maximum potential effect of the chemical 
composition of precipitation percolating through dead herbage on 
rangeland soils. Although grazing superimposes other sets of 
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TabIc 4. Regression coeffldents in the concentration of chemical constituents between Litter (x) and soil (y) after removing the effect of month’, for the 
period from May to October. 

Grazed 

Chemical constituent 

Total C 
Water-extractable C 
(% of total C) 

Total N (%) 
Water-extractable N 
(% of total Iu) 

Organic acids 
(at pH as extracted) 

Organic acids 
(at pH 2.5) 

Palmitic acid 
(at pH 2.5) 

Stearic acid 
(at pH 2.5) 

Arachidic acid 
(at pH 2.5) 

Exclosure Light Very heavy 

Coefficient P Coefficient P Coefficient P 

-0.267 0.230 -0.225 0.633 0.088 0.796 
-0.022 0.482 0.079 0.254 0.106 0.027 

-0.235 0.304 0.059 0.784 0.498 0.211 
0.026 0.199 -0.077 0.040 0.063 0.131 

0.484 0.001 0.047 0.804 0.405 0.010 

-0.715 0.001 0.252 0.335 -0.048 0.785 

0.621 0.079 0.577 0.224 -0.278 0.552 

0.430 0.235 -0.545 0.174 1.021 0.009 

0.034 0.849 0.054 0.802 0.098 0.691 

The effect of month was significant (P<O.Ol) in each case. 

dynamics through additions of saliva and excreta, and through 
trampling, which exposes cell contents of fresh tissue, and through 
the change in species composition, none of these effects were 
considered in this study. 

differs due to the various grazing pressures. Observations at regu- 
lar time interval are therefore essential. 

No water-extractable carbohydrates were present in the soils 
under consideration. Free sugars provide a rich source of available 
energy for metabolic use by microorganisms. Litter in July and 
August produced the greatest amount of water-extractable car- 
bohydrates. Only traces of free sugars in water extracts were 
extractable from the Chemozemic soil studied, since the sugars are 
immediately incorporated into microbial tissue, mineralized, poly- 
merized, or adsorbed on the soil itself. However, Gupta (1967) and 
Haynes and Swift (1990) did find small amounts of free sugars in 
water extracts of soils formed in higher rainfall areas. 

The relationship of constituents in soil vs. litter was less clear. 
Although water-extractable constituents from litter sometimes 
affected the equivalent soil chemical properties, either positively or 
negatively, no predictions on litter or soil constituents were possi- 
ble under the conditions of the experiment. 

Although many phenolic acids have been found in leachates 
from a number of grasses (Whitehead et al. 1982, Hartley and 
Whitehead 1985), Shindo and Kuwatsuka (1975) established that 
they were rapidly adsorbed by the soil. That is, once the throughfall 
has reached the soil, its contents are subjected to various processes 
that reduce or eliminate their concentration in the soil solution. To 
extract phenols and carbohydrates from the soil, more drastic 
extractions, such as the use of hot water at 80° C (Haynes and Swift 
1990) or of NaOH or H&04, are required (Whitehead et al. 1981, 
Dormaar 1984). 

AlSaadawi et al. (1983) showed that among the long-chain fatty 
acids extracted from Polygonurn aviculare residue, palmitic, stea- 
ric, and arachidic acids had strong allelopathic action against 
various test plants. The organic acids obtained at pH 2.5 were released 
from larger complexes by acid hydrolysis. In reality, they would 
thus be somewhat protected and released, if at all, more slowly into 
the soil solution. Nevertheless, the significantly greater quantities 
of water-extractable organic acids, at pH 2.5, taken from soil in 
grasslands that are in good condition because of low grazing 
pressure (Table 2: E vs. L and E vs. VH) might well contribute to 
the resistance of those grasslands to encroachment by invading 
species. For a deeper understanding as to the ecological balance 
between litter leachate and the organization of natural and trans- 
formed plant communities both root exudates and litter leachates 
of individual plants will have to be evaluated. 
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Abstract 

Seed imbibition is a critical first step in the awakening of an 
embryo plant. To determine if imbibitionai conditions influenced 
post-germination growth, seeds of 3 winterfat (Euroria Iaua~a) 
ecotypes were imbibed at 5 temperatures from 0 to 200 C, and at 5 
oxygen concentrations from 0 to 40%. After a Qday imbibition 
period the seeds were either dried and weighed or they were cui- 
tured in the dark at 20” C. Seedling axial length was measured 5 
times between 5 and 14 days post-germination to assure that max- 
imum growth was measured. The study was repeated 3 times for 
each ecotype. Oxygen concentration had little effect except at 0%. 
As imbibition temperature increased both post-imbibition dried 
seed weight and seedling axil length decreased. This indicates the 
probability for successful germination, establishment, and survival 
of winterfat decreases when seeds are imbibed at 15-200 C as 
compared to 50 C. Therefore winterfat should be sown during 
those parts of the year when diipores will imbibe at cool tempera- 
tures. Winterfat should be imbibed and held at 5” C for 4 days, then 
germinated at 15” C when testing germination. 

Key Words: ecotype, seed physiology, seed weight 

Winterfat [ Euroriat lanata (Pursh) Moq.; Ceratoides lanata 
(Pursh) J. T. Howell]; has been recognized since 1895 as a desirable 
forage plant worthy of cultivation (US Forest Service 1948). Range 
managers, ranchers, and researchers have worked to reestablish 
natural stands lost or depleted by over-grazing, fire, or mining 
(Nelson 1899, Plummer et al. 1968, Wasser 1982, Pellant and 
Reichert 1984). Seedling mortality is a major reason for stand 
failure from direct seeded plants. For example, Luke and Monsen 
(1984) report sowing over 1,000 diaspores for every 3 winterfat 
plants surviving the first year. 

Earlier researchers reported that winterfat germination was 
improved by a month of cold-moist pretreatment of seeds (Hilton 
1941) or diaspores (Strickler 1956). Similar improvement was 
obtained by soaking diaspores for 2 days at 2” C (Booth and 
Schuman 1983). Detteroi et al. (1984) measured germination of 2 
species of winterfat over 55 temperature combinations ranging 
from O/O to &l/40” C. They reported optimum germination at 
temperatures of 0 to 5’ C alternating with 15 to 20” C. Allen et al. 
(1987) recommended incubating winterfat diaspores at a constant 
15” C for 14 days without light for laboratory germination. For 
fresh seedlots, they recommended prechilling at 5” C for 14 days. 
Gastro (1969) observed that winterfat germinates best in the field 
during early spring when low temperature, high moisture condi- 
tions prevail at the soil surface. High surface moisture can produce 
anaerobic conditions for seeds. 

Appreciation is extended to L.W. Griffith for his technical assistance, to Dr. G.V. 
Richardson for statistical assistance, to Dr. R.A. Abernathy for the Hatch diaspores, 
to Dr. J.A. Young for the Mill City diaspores. 

Manuscript accepted 25 May 1991. 

lProposals for conservation of this long-used generic name have been invited (Brum- 
mitt 1978). 
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Although several researchers have tested for optimum tempera- 
tures conditions for germination, they have not related imbibi- 
tional conditions to post-germination seedling vigor. I determined 
the effect of oxygen concentration and temperature during imbibi- 
tion on post-imbibition dried seed weight and on post-germination 
growth. 

Materials and Methods 

Plant Materials 
Only clean winterfat seeds in good condition with bracts and 

pericarp removed were used. This was so that bracts and pericarp 
would not interfere with measurements of seed weight. Both dias- 
pores and threshed seeds were stored at 5’ C (Springfield 1974). 
Seeds were taken from storage, divided into groups of 20 and the 
groups weighed to 0.01 mg using an electronic analytical balance. 
Seeds were then dried at 30“ C for 24 hours in a forced-air oven, 
reweighed, held in a closed chamber above water (humidity 
chamber) at O-2’ C for 24 hours and weighed again. 

Drying seeds at 30’ C for 24 hours removed free moisture, giving 
a stable reference weight without damaging the embryo. Holding 
the dried seeds in the humidity chamber raised seed moisture 
content to 13-23% above the dried weight, reducing the chance of 
imbibitional injury (Vertucci and Leopold 1984, Vertucci 1989). 

Seeds of 1 cultivar, ‘Hatch’, and 2 ecotypes, Cheyenne and Mill 
City, were used to represent widely spaced origins. Hatch origi- 
nated from a native stand near the town of Hatch, Utah (Stevens 
and Monsen 1988). Our diaspores were harvested in 1987 from an 
experimental seed orchard at Torrington, Wyo. The elevation at 
Torrington is 1,249 m; the average annual precipitation is 32.6 cm. 
The average 20-seed bag weight was 50.1 f 5.1 mg (2 f SD) and 
2.5% of this weight was lost by drying. 

Diaspores of the Cheyenne ecotype were collected from native 
stands on the High Plains Grasslands Research Station near 
Cheyenne, Wyo., in 1986. The station elevation is 1,909 m and 
annual precipitation is 36.5 cm. The average 20-seed bag weight 
was 49.9 f 4.9 mg with 3.8% lost by drying. 

Mill City diaspores were collected in 1987 along Interstate 
Highway 80 at Mill City, Nev., 63 km south of Winnemucca. 
Elevation at Winnemucca is 1,3 16 m and average annual precipita- 
tion is 19.7 cm. The average 20-seed bag weight was 38.9 f 8.1 mg 
with 1.3% lost by drying. 

Treatments 
Seeds were rolled in 3 by 5-cm sheets of embossed dental towel 

(paper) with 1 seed group per roll. Rolls were placed in g-ml test 
tubes with 2 rolls per tube. One ml of distilled, degassed water was 
added to each test tube and tubes were placed in l-liter glass jars. 
Jars were flushed with nitrogen for 1 minute, then sealed with a lid 
containing a rubber septum. Nitrogen was withdrawn from the jar 
and oxygen added to obtain atmospheres of 0, 10,20,30, and 40% 
oxygen. The 30 and 40% treatments were included to learn if seed 
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weight loss would be accelerated by supra-natural oxygen levels. 
Initial mixtures were checked using a gas chromatograph. The 
seeds were imbibed for 4 days at 0,5,10,15, or 20° C. After 4 days 1 
roll of each pair was randomly selected to be weighed, dried at 30” 
C for 24 hours, and reweighed. These weights were subtracted from 
the preimbibed dried weight to determine the weight lost by seed 
groups during imbibition. Seeds of the remaining roll were 
mounted on Cobb-Jones germination plates (Jones and Cobb 
1963) and incubated for 14 days in the dark at 20° C. Seeds were 
incubated in the dark to avoid any chance of photosynthesis con- 
founding the effects of imbibitional conditions on seedling growth. 
Axial length of seedlings was measured at 5,7,10, 12, and 14 days 
using a digitizing tablet with a personal computer (Griffith and 
Booth 1990). Axial length was measured at these 5 intervals to 
assure that seedlings of all treatments were measured when they 
reached their maximum length and before they began to atrophy. 

An exception to the treatment methods described above was that 
the paper rolls for the Cheyenne ecotype were of 15.5-by 20.5-cm 
germination paper and were placed directly into liter jars contain- 
ing 50 ml of distilled, degassed water. Ethanol analysis (described 
below) was not conducted for this ecotype. 

Post-imbibition Seed Moisture 
The concentration of water in the seeds after imbibition was 

calculated as the difference between the post-imbibed seed weight 
and the post-imbibed dried seed weight, divided by the post- 
imbibed dried seed weight to give grams of water per gram of 
post-imbibed dried seed weight. 

Ethanol Analysis 
One ~1 of the liquid remaining in the test tube after imbibition 

was analyzed for ethanol using gas chromatography. A flame 
ionization detector was used with a 183- by 0.21cm Porapak N 
column. Column temperature was 150” C; injector and detector 
temperatures were 190” C. Helium was the carrier gas. Ethanol was 
measured to evaluate early glycolysis and to correlate possible 
affects of anerobic imbibition with subsequent axial length. 

Experimental Design and Statistical Analysis 
The sequence for implementing the temperature by oxygen- 

concentration treatments was random within blocked time periods 
(randomized complete block). Three replications were used. Oxy- 
gen concentration was a subplot of temperature. The different 
ecotypes were treated as separate experiments. 

Data on seed-weight loss, post-imbibition seed moisture, and 
ethanol produced during imbibition were tested by analysis of 
variance. The effects on seedling length of imbibition temperature, 
oxygen concentration, and age of seedling were analyzed by multi- 
ple regression using stepwise variable selection to determine the 
best regression model. Finally, simple linear regression was used to 
compare the relationship between seedling length and pre-imbibed 
dried seed weight with the relationship between seedling length and 
post-imbibed dried seed weight. This comparison was made across 
all ecotypes and treatments. 

Results and Discussion 
Seed-weight loss during imbibition was not affected by oxygen 

concentration (Table 1). The observed significance levels (OSL) for 
oxygen treatments (all ecotypes) were >0.30. In 2 of the 3 ecotypes 
seedling axil length was significantly reduced when seeds were 
imbibed without oxygen (Table 2). Ethanol production was inver- 
sely related to oxygen concentration (Table 2) and, when oxygen 
was absent, was directly related to temperature. Averaged across 
ecotypes at 0% oxygen, ethanol was 132 pl/ ~1 at 0’ C and ranged 
up to a maximum of 660 pl/ ~1 at 15O C. At 10% oxygen ethanol 
production was not significantly (P<O.O5) higher than at 20%. The 

Table 1. Mean loss of dried seed weight for 2O-sec-d group8 during 4 days 
imbibition of winterf8t seeds 8t 5 different oxygen concentntiona 
(averaged across temperature treatments). 

Imbibition oxygen 
concentration Hatch 

=otype 
Chevenne Mill Citv 

____~,_________~~g)_________~~_____ 

10 712 9:s 3:8 
20 9.7 8.7 3.6 
30 8.4 9.3 3.8 
40 a.7 8.4 3.9 
OSL’ 0.31 0.83 0.65 

lObserved significance level. 

relatively large amount of ethanol produced at 0% oxygen and the 
lack of differences in seed weight loss among oxygen treatments 
indicate there was no end-product inhibition of glycolysis. 

Ethanol is formed under anaerobic respiration from the conver- 
sion of pyruvate. The net reaction of glucose to ethanol yields 2 
units each of ethanol, COz, ATP, and water from a unit of glucose 
(Stryer 198 1) and thus supplies some energy for metabolism. Anae- 
robiosis often occurs when imbibed seed coats form a continuous 
wet layer around the embryo. Anerobic conditions and ethanol 
production are not necessarily detrimental to germination if they 
do not persist (Come and Tissaoui 1973). However, ethanol will 
disturb membrane function and with sufficient concentration, will 
inhibit germination (Taylorson and Hendricks 1979). Ethanol may 
have been a factor reducing axil elongation from seeds imbibed 
without oxygen (Table 2). 

Table 2. Mean concentntion of etlmnol in solution after 4 d8ys imbibition 
of winterf8t seeds 8t 5 concentrations of oxygen, 8nd the mean axiel 
length of the corresponding seedlings avenged over 5 imbibition 
temperatures and 5 measuring dates. After imbibition all seeds were held 
at 200 C for 14 d8ys. 

Imbibitional 
oxygen 
concentration 

hotype 
Hatch Cheyenne Mill City 

ETOH Length ETOH Length ETOH Length’ 

IO 31 27 - 42 34 38 
20 20 34 - 44 16 42 
30 6 34 - 45 2 43 
40 3 33 - 45 4 42 

LSD.JS I06 NS - 8 117 6 

lStepwise regression indicates significant interaction of seedling age with oxygen 
concentration for thii ecotype (Table 5). 

The concentration of water in imbibed seeds increased progres- 
sively with temperature and with oxygen concentration for all 3 
ecotypes. For the Cheyenne ecotype, main effects interacted signif- 
icantly (OSL<O.OOl) so that seeds at the highest temperature and 
highest oxygen concentration had the greatest concentration of 
water (Table 3). The interaction for the Mill City ecotype was 
weaker (OSL = 0.047), with moisture concentrations at treatment 
extremes being more comparable to those at intermediate levels 
and with more variability (data not shown). Main effects were 
significant for Hatch, bud did not interact (OSL for: tempera- 
ture<O.OOl, oxygen concentration q  0.046, interaction = 0.307). 
Progressive increases in temperature and oxygen concentration 
will, to a point, promote respiration. Increases in moisture concen- 
tration appear related to greater water uptake, probably the result 
of temperature and respiration increases. 
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Tddc 3. Co~~entntion of water in Cheyenne wtnterfat seeds imbibed for 
4days at various levels of oxygen and temperature. The observed signiii- 
eance level for the tempemture X oxygen lntemrtion was <O.oOl. 

Imbibitional Imbibitional oxygen concentration (o/o) 
temperature 0 10 20 30 40 

(” C) - - - - mg HA)/ mg post-imbibed dried seed weight - - - - 
0 1.7 1.8 1.7 1.9 1.8 
5 1.9 2.1 2.4 2.5 2.6 

10 1.9 2.5 3.2 3.4 3.8 
IS 2.0 3.8 4.7 5.2 5.8 
20 2.5 5.7 6.9 7.1 7.5 

Progressively higher imbibition temperatures increased seed 
weight loss and decreased axil length of all ecotypes (Table 4). The 
OSL for the temperature effect was <O.OOl for all 3 ecotypes. Seed 
weight loss was expected to increase as temperature increased 
because seed metabolism is temperature dependant. However if the 
weight loss was connected to growth, average axil length should 
have increased as weight loss increased. That axil length decreased 
as imbibition temperature and seed weight loss increased implies 
that the lost seed material was not used for seedling growth. 

Table 4. Mean loss of dried seed weight from 29seed groups during 4 days 
imbibition of wbtterfat seeds at 5 different temperatures, and mean rxiaI 
length of corresponding seedhngs averaged over 5 measuring dates. Seed 
weight loss and seedling axil length are averaged across imbibitional 
oxygen concentration. After imbibition all seeds were held in the air at 
200 C for 14 days. 

Imbibi- Ecotype 

tion 
temper- Hatch Cheyenne Mill City 

ature Wt. Loss Length Wt. Loss Length Wt. Loss Length 

(Dg C) (;8J (nun) 

7:6 
36 

‘run (nun) 

6:0 
51 ‘Y? 41 

(nun) 

5 43 48 314 47 
10 
15 ;; :: 

6.0 4s 3.5 48 

12:o 
9.0 34 4.0 37 

20 14 18.7 24 4.5 27 
LSDas 1.5 4 3.5 8 0.6 6 

The regression equations for axil length show that in every case 
imbibition temperature-squared was the most important variable 
(OSLs<O.OOl, Table S), accounting for more than 3 times the 

variation in axil length than was accounted for by any other 
variable. The temperature-squared fit is evidence that imbibition 
temperature had a progressively greater influence on seedling 
length at higher temperatures than at low. In 2 of the 3 ecotypes, 
seed-weight loss was a less important independent variable than 
imbibition temperature, and much less important than temperature- 
squared (Table 6). 

Table 6. Independent Variables in order of entry, partiaI r%, and observed 
significance levels (OSL) from stepwise multiple regression procedure 
for winterfat seedling asiaI length (dependent variable) when imbibi- 
Honrl seed-weight loss (IWL) was included in the model. Data are 
presented for 3 ecotypea. 

Ecotype 

Hatch 

Cheyenne 

Mill City 

Independant 
variables 

(Temp.)* 
Temp. 
o/o02 
Temp. X IWL 
IWL 
9& X IWL 
Temp. X 9% 

Temp. X IWL 

K)2 
(IWL)2 
IWL 
Temp. 

(Temp.)2 
Temp. 
9502 X age 
(IWL)2 
IWL 
Temp. X Y&l 

Partial r* OSL 

0.423 <O.OOl 
0.022 co.001 
0.021 <O.OOl 
0.005 0.071 
0.012 0.004 
0.004 0.094 
0.003 0.128 

0.458 co.001 
0.122 CO.001 
0.081 <O.OOl 
0.029 <O.OOl 
0.005 0.014 
0.003 0.053 

0.383 <O.OOl 
0.104 CO.001 
0.054 <O.OOl 
0.004 0.067 
0.021 <O.OOl 
0.003 0.094 

The stepwise models shod seedling age (i.e., the 5 different days 
on which axil length was measured) was not an important factor in 
predicting the effect of imbibition temperature on seedling axial 
length for any ecotype (Table 5). Seedling age did interact with 
oxygen concentration in the case of the Mill City ecotype (Table 5). 

Cold-moist seed treatments and late fall or winter sowing allow 
seeds to imbibe moisture at cold (2-Y C) temperatures. This 
enhances vigor (Hilton 1941, Strickler 1956, Booth and Schuman 
1983). Similar observations have been made for Gruyia (Smith 
1974, Shaw and Haferkamp 1990) and Kochiuprostrura (Hafer- 

Table 5. Summary statistics for stepwise mukipleregression procedure for 3 winterfat ecotypes showing the relationship between the dependent variable, 
seedling axial length, with the most important independent variables. 

Ecotype 

Hatch 

Cheyenne 

Mill City 

Independent Last step 
variables coefficient 
and intercepts values 

(Temp.)2 -0.113 
Temp. 1.066 
%Os 0.146 
Intercept 34.577 

(Temp.)2 0.073 

E*)2 -0.024 1.255 
Temp. X 9&b 0.008 
Intercept 38.762 

(Temp.)* -0.125 
Temp. 1.731 
o/A X age 0.016 
Intercept 38.533 

Step Partial R2 Model Rr OSL 

I 0.4234 0.4234 co.001 
2 0.0219 0.4453 <O.OOl 
3 0.0206 0.4659 <O.OOl 

I 0.4313 0.4313 co.001 

2 3 0.0711 0.1431 0.5744 0.6455 co.001 <O.OOl 
4 0.003s 0.6491 0.054 

1 0.3832 0.3832 <O.OOl 
2 0.1040 0.4872 <O.OOl 
3 0.0543 0.5415 <O.OOl 
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kamp et al. 1990). Prolonged cold-moist conditions will remove 
embryo dormancy from many seeds. However, embryo dormancy 
is not a characteristic of Eurotia, Grayia. Kochia, or other seeds 
with similar morphology (Atwater 1980). Therefore the greater 
axil length of seedlings from seed imbibed at cold temperatures 
appears more likely to be related to greater post-imbibition dried 
seed weight than to other effects of cold imbibition, such as a 
release of embryo dormancy. 

A further analysis of the data was conducted to clarify the 
importance of post-imbibition seed weight to axil elongation. The 
relationship between the pre-imbibed dried seed weight of all eco- 
types and treatments and the maximum axil length of the corres- 
ponding seedlings was tested by simple linear regression. Then the 
analysis was repeated for the post-imbibed dried seed weights and 

Fig. 1-A. Scatter plot and regression line showing the relationship between 
wlnterfat pm-imbibed dried seed weight and maximum length attained 
by seedlings grown for 14 days in the dark after being imbibed at 5 
dllerent temperatures (averaged across 5 oxygen levels). N = 225, Corre- 
lation = 0.004, r*<O.OOl, S E of Est. = 14.34, Intercept = 38.86, Slope = 
-7.97, Observed Signlflcance Level = 0.95. 

Fig. 1-B. Scatter plot and regression line showing the relationship between 
winterfat post-imbibed dried seed weight and maximum length attained 
by seedlings grown for 14 days in the dark after being imbibed at 5 
different temperatures (averaged across 5 oxygen levels). N = 225, Corre- 
lation = 0.33, rs=O.ll, S Eof Est. = 13.56, Intercept = 13.59, Slope q  656.8, 
Observed Signtficance Level <O.OOl. 

the 2 analyses were compared. The OSL for pre-imbibed seed 
weights with axil length was 0.95 (Fig. l-A), indicating no detect- 
able linear relationship. The OSL for post-imbibed dried seed 
weights was <O.OOl (Fig. l-B), indicating post-imbibed dried 
weights were of significant value in explaining the variability in 
seedling axil length. Seed weight is a well-recognized predictor of 
seedling vigor for a variety of endospermic (and perispermic) seeds. 
This has been established by comparing seedling growth from 
seeds grouped by seed weight and imbibed and germinated at 
common temperatures (Carleton and Cooper 1972, Evers 1982, 
Choe et al. 1988). Similarly, Springfield (1973) established that 
large winterfat seeds (3.3 X 2.0 mm) germinate better than small 
(2.4 X 1.4 mm). Therefore a positive relationship between pre- 
imbibed seed weight and axil length should have been evident in 
the data unless imbibition temperature had significantly altered the 
seed weight/seedling growth relationship. Conversely, using 
post-imbibed seed weight is not likely to have given a significant 
regression line if seed weight loss was random or if undefined cold 
temperature effects had a dominant influence on seedling growth. 
The significant regression line of Figure I-B, and the relative values 
of the 2 data sets are additional evidence that seed weight losses 
were influenced by imbibition temperature, and that post-imbibition 
nutrition (i.e., dried seed weight) was a dominant factor in axil 
elongation for seeds in all treatments, ecotypes, and over the total 
population of pre-imbibed seed weights. 

Why did Imbibition Temperature Affect Post-imbibition Seed 
Weight? 

Seed imbibition is largely a physical process driven by the matric 
potential of the seed’s hydrophilic colloids (Bewley and Black 1978, 
Mayer and Poljakoff-Mayber 1982). Uptake is initially rapid, with 
primary, secondary, and then multiple layers of water molecules 
enveloping structural as well as soluble cellular constituents. Reac- 
tivation of cell walls and of the cytosol appears to be among the 
first events of seed imbibition (Ching 1972). Initial water uptake is 
accompanied by leakage of sugars, organic acids, amino acids, and 
electrolytes (Bewley and Black 1978). Rapid imbibition can cause 
epidermal cracks in soybean (Glycine max) testa epidermis allow- 
ing leakage sufficient to reduce seedling survival (Duke et al. 1986). 
Imbibitional damage to soybean seeds is most likely to occur when 
rapid imbibition occurs with the initial seed moisture content 
below 8% (Vertucci and Leopold 1984). The moisture level in 
winterfat seeds used in this test was above 8%; however, it is 
possible that despite the precautions taken to raise seed moisture 
content (see methods), rapid imbibition damaged seed membranes 
resulting in large solute leakage. Since the rate of imbibition can be 
expected to increase as the temperature increases (Vertucci and 
Leopold 1983), imbibitional damage and solute leakage might 
increase with temperature. Perhaps this resulted in the observed 
temperature related differences in post-imbibed seed weights. 

An alternate possibility is that early, inefficient respiration, 
exacerbated by warm temperatures, catabolized food reserves. 
Below 8% moisture the water in the seed is strongly bound and 
there is no measurable respiration (Vertucci and Leopold 1984). 
This is consistent with the lack of activity for most enzymes at such 
dry conditions. Eight to 25% moisture is termed a region of res- 
tricted metabolism, and between 25 and 32% is a wetting range at 
which respiration begins to expand rapidly. The dormant seed 
harbors most of the enzymes needed in early respiration, and most 
of these appear easily reactivated by hydration (Ching 1972). Evi- 
dence of the operation of glycolysis (located in the cytosol) during 
early imbibition comes from the work of Wilson and Harris (1966) 
and Wilson (1970), who reported phosphorylation of hexose phos- 
phate in seeds containing 16.2% water. At 23% water, NAD, 
UDP-hexose, ATP and inositol hexa- and tetra-esters were phos- 
phorylated. At 29.8% water, seed enzymes phosphorylated AMP 
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and other inositol esters and many unknowns. The early phospho- 
rylation of hexose indicates the glycolysis of preexisting hexose 
and sucrose. So, glycolysis begins before seeds are fully hydrated. 

Winterfat seed morphology (Booth 1988) seems to allow rela- 
tively rapid seed hydration. However, general evidence of respira- 
tion dysfunction in some imbibing seeds (Wilson and Bonner 1971, 
Nawa and Ashai 1973, Puntarulo et al. 1987) indicates that some 
aspects of seed awakening may require time, regardless of the fact 
that cell walls and cytoplasm may be fully functional, or that the 
reactions of glycolysis have begun. Winter-fat seeds imbibed at 0 to 
5’ C retained a greater seed weight and had greater post- 
germination, seed-supported growth than did seeds imbibed at 15 
to 20° C. A possible explanation is that cold temperatures sup- 
pressed inefficient respiration during imbibition. After 4 days of 
imbibition, at any temperature, respiration functioned more effi- 
ciently; but cold-imbibed seeds had retained more stored food. 
Therefore they were capable of greater seed-supported growth. 

A third possibility is that both phenomena are contributors to 
the observed effects of imbibitional temperature. Differentiating 
among these possibilities will require further investigation into the 
physiology of winterfat seed imbibition. 

Conclusions and Recommendations 
Seed imbibition is a critical process for winter fat seed. The 

conditions surrounding this process affect germination and growth. 
Oxygen concentration has little effect on the efficient use of stored 
food or (except at very low levels) on seedling vigor, but tempera- 
ture does affect the efficient use of stored food and exponentially 
affects seedling vigor. 

The results of this study enlarge upon previous findings that cold 
imbibition improves winter germination. Winterfat germination 
should be tested by imbibing d&pores at 5” C for 4 days followed 
by incubation at 15” C. Winterfat should be sown in the field in late 
fall, winter, or early spring to give the greatest probability of cold 
imbibition. An alternative sowing scheme is to imbibe diaspores at 
5’ C for 4 days before sowing them with a gel carrier onto a wet 
seedbed (Booth 1987). This method should be used only if there is a 
reasonable expectation that the soil surface will remain wet 
through the period of seedling establishment. 

The peripheral-linear morphology of the winterfat seed embryo 
is shared by other members of Chenopodiacae (i.e., Atriplex, Beta, 
Kochia, Grayia, Spinacia and others) and by related families like 
Amaranthaceae, Caryophyllaceae, and Portulacaeae (Martin 1946). 
It is probable that cold imbibition will benefit other species with 
perhipheral-linear embryo morphology that show cold tolerance 
similar to that of winterfat. 
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Abstract 

Effects of varying NaCl levels (50-400 mol/m3) on growth, ion 
accumulation, and nitrogen fractioning in Atrijdex barclayana 
were studied in a greenhouse experiment using a water culture 
method. Relative growth rate of shoots was maintained at a high 
constant level at NaCl concentrations not exceeding 200 mol/m3, 
but fell to less than half when salt concentration was increased to 
400 mol/m3. Potassium and calcium concentrations in shoots were 
unaffected by root media salinities up to a concentration of 200 
mol/mJ but declined at 400 mol/mJ. Sodium and chloride concen- 
trations in shoots demonstrated an increase with rising salinity, 
particularly when NaCl level was increased from 50 to 100 moi/mr. 
Total nitrogen concentration in leaves was relatively high (3.51- 
3.72% of dw) at salinities between 50 to 200 mol/m3 NaCl but 
decreased significantly at 400 mol/mJ NaCI. Glycinebetaine in 
leaves rose slightly when culture salinity was raised from 50 to 100 
mol/m3 NaCl and then remained constant up to an NaCl level of 
400 mol/mr. Our results indicate that A. barclayana is a highly 
salt-tolerant plant with leaves rich in nitrogen, but high salt con- 
centrations in the leaves and stems even at low salinities markedly 
reduce its potential as a fodder plant. 

Key Words: haiophyte, water culture, nonsolubie N, soluble N, 
glycinebetahre 

Many arid and semiarid regions in the world contain soils and 
water sources too saline for most of the common economic crops. 
The utilization of halophytic plants in pasture and fodder produc- 
tion in saline soils and in fodder production with saline water was 
proposed by Malcolm (1969), O’Leary (1984,1985), and Pasternak 
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et al. (1985). One candidate proposed for this purpose is Atriplex 
barcluyanu, a small perennial dioecious shrub native to the Baja 
California seashore (Wiggins 1980). OZeary examined the pro- 
ductivity of various halophytes irrigated with seawater (4.0% dis- 
solved solids) and reported that A. barcluytana exhibited high 
tolerance to repeated cuttings and produced the highest yield, 
2,336 g of dry matter/m2 per year (O’Leary 1985). Plants of A. 
barclayana grown on seawater with 3.7% dissolved solids demon- 
strated high ash content, 32% of shoot dry matter (Pastemak et al. 
1985). In a feeding trial, both weight gain and energy utilization in 
sheep fed on seawater-irrigated A. burclayana forage proved to be 
low (Arieli et al. 1989). This performance was attributed to the high 
ash content and relatively low total digestibility of the forage, and 
it was suggested that lowering the ash content would elevate the 
nutritional value of A. barcluyuna fodder. Benjamin et al. (1987) 
and Arieli et al. (1989) showed that the nitrogen of A. barcluyuna 
forage is readily available to ruminant livestock fed high-salt diets. 
However, despite the plant’s high crude protein content of up to 
20% not all the available N can be utilized. The reason appears to 
be that a high percent of the total N is in the form of soluble 
nonprotein N (NPN), which is not necessarily utilized by rumi- 
nants as a nitrogen source unless a highly digestible energy material 
is also present in the rumen during fermentation and digestion 
(Hassan and Abdel Aziz 1979, Benjamin et al. 1987). 

In light of these findings it was decided to study the performance 
of A. barclayana at different salt concentrations in the root 
medium and to attempt to describe the changes which take place in 
mineral and nitrogen fractions in the shoots, in order to find ways 
of improving their nutritional value. A second objective was to 
follow changes occurring in the betanies, soluble nitrogenous 
compounds of low molecular weight, at increasing salinity levels. 
At elevated salinities the content of these compounds increases in 
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shoots of many plant species and can account for over 20% of the 
total nitrogen content (Storey and Wyn Jones 1977, Storey et al. 
1977, Storey and Wyn Jones 1979). 

Materials and Methods 
Cuttings were prepared from female seedlings of Atriplex bar- 

cluyana grown in our introduction plot in Beer-Sheva. Semihard 
segments of shoots, 5-8 cm in length, were treated with 0.3% IBA 
and planted in vermiculite in a misted greenhouse. Temperature 
fluctuations were between 19 and 32O C. After 2 months well- 
developed rooted cuttings were transferred to 1 liter pots contain- 
ing continuously aerated half-strength Hoagland solution (Hoag- 
land and Arnon 1950). The pots were placed in a greenhouse where 
mean total daily photosynthetically active radiation (PAR) was 32 
mol/mz per day and day/night air temperatures and relative 
humidity averaged 36O C/ 19O C and 35%/60%, respectively. 

After 2 weeks, the salt concentration of the nutrient solution was 
raised by SO mol/ m3 daily so as to gradually produce treatments of 
50, 100,200, and 400 mol/ m3, highest level being reached after 8 
days. Constant volume was maintained by adding distilled water 
daily, and solutions were replaced with fresh ones once a week. The 
experiment was a completely random design with 12 plants per 
treatment. First harvest of 6 plants per treatment took place 14 
days after the end of salinization. The remaining 6 plants per 
treatment were harvested 28 days following treatment. 

Harvested shoots were separated into stems and leaves and both 
fresh and dry weights were recorded after drying at 70” C for 72 
hours. The relative growth rate (RGR) was estimated as (In ws-ln 
wl)/(ts-tl), where wz and ws and wl are the shoot dry weight (dw) at 
the end of the second and first harvest, respectively, and ts-tl is the 
time in days. Water content was expressed on a dry weight basis. 
Pulverized dried tissue was used for ion, N, and glycinebetaine 
determinations. The powder was digested in 70% HClOd and con- 
centrated HNOs (1:2 v/ v) for Na+, Kt and Cat+ determinations or 
extracted with 1% H2SG4 for Cl-. The cations were measured with 
a Coming-EEL flame photometer and Cl- was measured with a 
Buchler-Cotlove chloridometer. The micro Kjeldahl method was 
used to measure total N (crude protein) and nonsoluble N (pro- 
teins) after extracting the soluble N compounds with trichloracetic 
acid. Soluble N was calculated as the difference between total N 
and nonsoluble N. Glycinebetaine was determined according to the 
modified periodide method developed by Grieve and Gratten 
(1983). 

Data were subjected to variance analysis. When significant 
treatment differences at the 0.05 level of probability were identi- 
fied, a Duncan-Waller multiple range test was used to separate 
means (Steel and Torrie 1960). 

Since growth and ion accumulation exhibited similar trends in 
the first and last 2 weeks of the experiment, results are cited only 
for the second harvest. 

Table 1. Influence of NaCl concentrations on shoot relative growth rate 
(RGR), leaves/stems ratio and water content in A. hrekry~~ ‘lb 
values represent means for 6 plants in each treatment.’ 

Relative Growth Rate Water content 

NaCl Shoots Leaves/ Stem Leaves Stems 

(mol/ m3) W&YY) (dw/ dw) 
50 1.5oc 

-7b‘~l g d+------- 
4.68b 

100 01073a I .94a 9:67a 6SOa 
200 0.063b l.70b 9.45a 6.15a 
400 0.029~ 1.5lc 8.74b 5.05b 

lvalues within the same column followed by the same letter were not SignificaotlY 
different by the Duncan-Walk mutliple range test (f70.05). 

Results and Discussion 
Growth in terms of Relative Growth Rate (RGR) was vigorous 

at 50, 100, and 200 mol/m3 NaCl but declined markedly at 400 
mol/ m3, which is equivalent to the salinity of 80% seawater (Table 
1). These results point to a salt tolerance lower than that of A. 
lentiformis and A. occidentalis (Glenn and O’Leary 1984) but 
similar to that reported for A. spongiosa (Storey and Wyn Jones 
1979). Plants grown at 100 and 200 mol/ m3 (moderate salinity) had 
the highest leaf to stem ratio and water content (Table 1). The 
vigorous growth of leaves as compared with stems in these 2 
treatments may have been a result of improved shoot water status. 
Increased water content at moderate salt levels coupled with 
decreased water content at high levels is widespread among halo- 
phytes (Glenn and OZeary 1984, Storey and Wyn Jones 1979). 

Shoot ion concentration (dw basis) was variously affected by 
salinity (Table 2). In both leaves and stems N+ and Cl- increased 
significantly as salinity rose to 100 mol/m3 NaCl. While Nat 
exhibited only slight changes with further increases in salinity, the 
Cl- concentration showed a very distinct rise when the highest 
salinity was applied. In contrast, the levels of K+ and Cat+ dropped 
significantly in both leaves and stems at the highest salinity. The 
calculated total ion concentration in the shoots increased signifi- 
cantly from 50 to 100 mol/ m3 NaCl, thereafter rising slightly with 
increasing salinity. This was mainly due to changes in Nat and Cl- 
levels in shoots. Although Nat and Cl- concentrations obtained at 
50 mol/ m3 were relatively low, they were higher than levels deter- 
mined for nonhalophytic agricultural crops such as barley and 
wheat growing under similar or higher salinities (Greenway and 
Munns 1980, Termaat and Munns 1986). A tendency to accumu- 
late NaCl has been reported for many other halophytes and is 
associated with salt tolerance (Greenway and Munns 1980, Storey 
and Wyn Jones, 1977, Storey and Wyn Jones 1979). 

The concentration of nitrogen in the leaves in the various nitro- 
genous fractions is presented in Table 3 as a percentage of dry 
weight. Nonsoluble N decreased gradually with rising salinization 
while soluble N increased up to the moderate salinities, then 
decreased when 400 mol/mJ was applied. Soluble N amounted to 

Table 2. Influence of NaCl concentrations on ion content of leaves and stems of A. barclayona. The values represents means for 6 plants in each 
treatment.’ 

Ion concentration 

NaCl 
Na+ K+ Ca+ Cl- Total ions 

leaves stems leaves stems leaves stems leaves stems in shoot 

(mol/ ma) -- -__--__-----___-__-_-(mol/kg dw)--_-_-_---_--_--- -m-_-- 
50 3.3lc l.85b 0.93a l.lSa 1.20a I.lla 1.84d 1.44b 6.59 

100 5.34b 2.88a 0.91a I .23a l.3la 1.14a 2.25~ 2.02a 8.93 
200 5.71a 2.59a I .03a 1.20a l.l5a 0.9Oa 2.63b 2.03a 9.11 
400 5.88a 2.43a 0.82b l.lOb 0.65b 0.63b 3.67a 2.24a 9.29 

‘Values within the same column followed by the same letter were not significantly different by the Duncan-Wailer multiple range test (DO.05). 
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Table 3. Influence of NaCi concentrations on non soluble N (protein) and 
soluble N and giycinebetaine N in leaves of A. burclayanu. The values 
represent means for 6 plants in each treatment.* 

N concentration 
NaCl Nonsoluble Soluble Total Glycinebetaine 

(mol/ m3) _I-_-_- --(%/dw)-------- (% dw) 
50 2.43a 1.16b 3.6Oa 0.49b 

100 2.33a 1.39a 3.72a 0.54a 
200 2.19b 1.32a 3.51a 0.53a 
400 1.92~ 1.16b 3.08b 0.54a 

1Values within the same column followed by the same letter were not significantly 
different by the Duncan-Wailer multiple range test (PX.05). 

32.2% of total N at the lowest salt treatment and about 37.5% of 
total N at the other salinities. 

The highest total N (nonsoluble and soluble), equivalent to 
23.25% crude protein (% N X 6.25), was measured under 100 
mol/m3 NaCl. The lower figure obtained at the highest salinity, 
83% of the maximum level, reflects the drop in soluble and nonsol- 
uble N. In general the levels of total N reported are higher than 
figures demonstrated for pea hay and barley grains (Arieli et al. 
1989) but are supported by other data obtained for halophytes 
(Malcolm 1969, Pasternak 1985). 

The glycinebetaine content was 11% at salinity levels of 100,200, 
400 mol/m3 NaCl as compared with 50 mol/m’ NaCl (Table 3). 
The order of magnitude of the concentrations obtained is the same 
as reported by Storey et al. 1977 for other Atriplex species. 

The proportion of glycinebetaine N to total N increased signiti- 
cantly (KO.05) with the increase in salinity (Fig. 1). This result 

0.30 1 

0.25 

0.20 

0.15 

0.101 
0 100 200 300 400 

NaCl (mol/m3 ) 

Fig. 1. Giycinebehinc N/total N ratio in leaves ofA. barchyuna grown at 
various saiinities. 

may be explained by the stability of the glycinebetaine component 
under high salinity and the concomittant decline in the other 
soluble and nonsoluble nitrogen components. 

Conclusions 
Atriplex barcluyunu is a highly salt tolerant species capable of 

growing at salinity approaching that of seawater although at 
reduced rates. Since the plants accumulate salts at low salinities the 
feed value of A. barcluyunu irrigated with mildly saline water or 
grown on mildly saline soil may be expected to be low. The main 
contribution of A. burcluyunu fodder, particularly if grown at low 
and moderate salinities, could be its nitrogen content, which is 
relatively high. Soluble N, which is not efficiently utilized by 
ruminants, demonstrated an increase at moderate salinities, how- 
ever, this increase was not correlated with increase in glycinebetaine. 
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Abstract 

The concentrations, distribution, and longevity of tebuthiuron 
(N-[5-(l,l-dimethylethyl)-1,3,4-thiadiazol-2-yl~~,~‘-dimethy- 
lureaf and its metabolites in Utab junipers [Jun@erzu osteosperma 
(Tot-r.) Little] killed by tebuthiuron are not known, causing con- 
cern about potential residues and their release into the environ- 
ment from decaying plants or burning wood. Utah juniper trees 
killed by tebuthiuron at 3 north-central Arizona locations were 
assayed for tebuthiuron and its metabolites by gas chromato- 
graphy with flame photometric detection. Foliage, twigs, stems, 
and litter from recently killed trees averaged 13.3 f 0.4,0.4 f 0.1, 
0.4 f 0.1, and 4.0 f 6.6 mg/kg of tebuthiuron plus its metabolites, 
respectively. Dead stems averaged 0.5 f 0.4 mg/kg in sapwood, 0.1 
f 0.1 mg/kg in heartwood, and 0.4 f 0.7 mg/kg in bark, 3 to 9 
years after application. Root bark averaged 1.1 f 1.9 mg/kg, and 
root wood averaged 0.5 f 1.4 mg/kg. Although long lived, these 
small tebuthiuron residues should have little potential environ- 
mental harm if treated Utah juniper wood is used as firewood or 
fence posts. 

Key Words: herbicide residues 
Tebuthiuron (N_CS-(l,ldimethylethyl)-l,3,4-thiadiazol-2-yl]-iv,i~‘- 

dimethylurea] has been used in many places to kill Utah junipers 
[Juniperus osteosperma (Torr.) Little] (Clary et al. 1985, Johnsen 
1987). Juniper trees are major sources of firewood and fence posts 
in the western United States (Barger and Ffolliott 1972, Budy and 
Meeuwig 1987, Fox 1987). Wood cutters often avoid junipers 
uprooted by bulldozing or chaining because grit embedded in the 
bark rapidly dulls chain saws (Barger and Ffolliott 1972). Junipers 
killed by herbicides are preferred as they are standing in place, the 
bark free of grit, and can be harvested without rapidly dulling saws. 
However, very little is known about the concentrations, distribu- 
tion, or longevity of tebuthiuron residues in woody plants, causing 
concerns about potential residues and their release in the environ- 
ment from decaying plants or burning wood. 

The tebuthiuron is applied to the soil where it is absorbed by 
roots and accumulated in the top growth (Steinert and Stritzke 
1977, McNeil et al. 1984). Tebuthiuron may be leached from 
treated plants to the soil from decaying litter, roots, and stems 
(Garcia and Lee 1979, Johnsen and Morton 1989). This tebuthiu- 
ron released from dead trees and juniper fence posts might affect 
susceptible plants growing nearby. 

Tebuthiuron and its metabolites decompose at temperatures greater 
than 280’ C (Loh et al. 1978). Flaming combustion in stoves or 
fireplaces commonly reaches 800 to 1,000” C, but smoldering 
combustion may not be as hot and small amounts of the herbicide 
residue might be released in the smoke (Bush et al. 1987). Burning 
juniper wood containing 1.9 tebuthiuron or less mg/kg plus its 
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metabolites is considered safe since the small amount of residues is 
quickly oxidized during combustion (Elanco 1983). 

This study was done to determine long-term concentrations of 
tebuthiuron and its metabolites in roots, stems, foliage, and litter 
from Utah junipers killed by tebuthiuron at different locations, 
applications rates, and periods after application. 

Materials and Methods 

Systematic experimental studies of tebuthiuron residues in 
junipers were not initially part of the efficacy trials because reliable 
methods to chemically determine tebuthiuron residues were not 
available then. Also, the residue’s long-term persistence (Johnsen 
and Morton 1989, Johnsenand Morton 1991) was not anticipated. 
For this study, dead junipers on previously treated plots were 
sampled to obtain representative samples from different locations, 
soils, application rates, and years after application. 

Location 
Samples were obtained from dead Utah juniper trees at 3 north- 

central Arizona locations: Drake, Rio Verde, and Brushy Moun- 
tain. Annual rainfall means ranged from 320 mm at Drake to 380 
mm at Brushy Mountain with peak amounts falling in the summer 
and winter. Drake and Rio Verde were lower, warmer, and drier 
than Brushy Mountain. Pinyon-juniper was the dominant vegeta- 
tion at each location, and Utah juniper was the dominant tree. 

Soils at Brushy Mountain are Barkerville sandy loam, a loamy, 
mixed, mesic shallow, Udorthentic Haplustoll, a Mollisol. Soils at 
Drake are Springerville clay, a fine, montmorillontic, mesic, Typic 
Chromustert, a Vertisol and Tajo loam, a fine-loamy, mixed, 
mesic, Petrocalcic Palueustoll, a Mollisol. Soils at Rio Verde are a 
Lynx loam, a fine-loamy, mixed, mesic, Cumulic Haplustoll, a 
Mollisol, and Barketville sandy loam. 

Herbicide Treatments 
Previously established tebuthiuron efficacy trials were used. At 

Drake, tebuthiuron pellets were applied at rates equivalent to 2.2., 
4.5, and 6.7 kg a.i.1 ha in a 2.74- by 2.74-m grid pattern in April 
1975. At Rio Verde, tebuthiuron pellets were aerially broadcast at 
2.0 and 4.9 kg a.i./ha in November 1977. At Brushy Mountain 
tebuthiuron pellets were aerially broadcast at 0.9, 1.8, and 4.6 kg 
a.i./ ha in May 1979. 

Plant Collections 
Collections were made in the fall season. Utah juniper stems 

were sampled in 1982 at Brushy Mountain and Drake, in 1983 and 
1984 at all locations, and in 1986 at Brushy Mountain. Samples 
were 30-cm long sections from 7-to 20-cm diameter main stems on 
3 randomly selected standing dead trees on each plot. Stems were 
combined by date of collection for each plot; bark, sapwood, and 
heartwood were separated for assays. Also, litter under 3 randomly 
selected dead Utah junipers was sampled in 1984 and 1985 on each 
of the 1.8, 2.2, and 2.0 kg/ ha plots at Brushy Mountain, Drake, 
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Table 1. Total tebutbiuron plus metabolites detected in treated Utah juniper in North-Central Arizona at 3 to 9 years after treatment. Values for roots are 
means of roots from all soil-depth layers; values for stem sapwood and heartwood are from stem samples combined by collection date for each 
treatment. 

Year after application 
Location Rate Plant Part 3 4 5 6 7 8 9 

kal ha mg/ kg 
Brushy Mountain 0.9 Root 

Sapwood 
0.6 f 0.6 
0.3 
ND 

0.1 f 0.1 
0.2 
0.3 
0.1 f 0.1 
0.1 
ND 
0.2 f 0.2 
0.7 
ND 

0.3 f 0.5 -I 

1.8 

4.6 

1.4 f 0.6 
0.1 
0.1 
3.0 f 2.7 

0.3 
T 
ND 
0.4 f 0.3 

0.5 
ND 
0.5 

Drake 2.2 

4.5 

__ 
__ 
__ 
__ 
__ 

__ 
__ 

0.6 f 0.6 
1.0 
0.3 
0.8 f 1.2 
0.4 

0.1 f 0.3 
1.3 
0.2 
T f 0.0 
0.9 
ND 
T f 0.0 
1.1 
0.1 

0.6 f 0.8 
1.1 
0.2 
2.8 f 0.6 

6.1 

Root 
Sapwood 
Heartwood 
Root 
Sapwood 
Heartwood 
Root 
Sapwood 
Heartwood 
Root 
Sapwood 
Heartwood 
Root 
Sapwood 
Heartwood 
Root 
Sapwood 
Heartwood 
Root 

1.7 f 2.6 
0.3 

0.1 f 0.1 

Rio Verde 2.0 T f 0.0 

4.9 1.2 f 0.7 

0.1 f 0.1 3.0 f 0.5 
0.3 ND 
0.3 ND 
ND f 0.0 3.0 f 3.0 

I- = not sampled; T = less than 0. I rn@ kg; ND = neither tcbuthiuron nor its metabolitcs detected, detection limits of 0.1 mg/ kg for tebuthiuron and metabolites I and II, and 0.3 
mg/ kg for tebuthiuron and metabohtes I and II, and 0.3 mg/ kg for metabolite III. 

and Rio Verde, respectively. In addition, in 1982, foliage, twigs, 
and stems were sampled from 3 randomly selected trees killed the 
year of collection on areas adjacent to plots originally treated with 
1.8 tebuthiuron kg/ha at Brushy Mountain and 2.2 kg/ha at 
Drake. New juniper roots had been found growing in treated plots 
on which tebuthiuron was detected in soils 1 to 11 years after 
application (Johnsen and Morton 1989). 

Dead Utah juniper lateral roots were sampled in 1982,1983, and 
1984 at each location; and in 1986 at Brushy Mountain. All juniper 
roots in soil layers in depths of 0- to 7-, 7-to IS-, 15-to 30-cm, and 
thereafter at 15-cm increments down to bedrock or caliche were 
collected from 0.5- by 3.0-m trenches dug concurrently for soil 
sampling (Johnsen and Morton 1989). Roots were l- to g-cm 
diameter; smaller roots rapidly disintegrated and were not col- 
lected. Woody tissues in roots collected 6 years or more after 
applications had decayed, leaving the root-bark in tubelike chan- 
nels. Root samples were combined by depth and date for each plot, 
making 89 root samples. Forty-eight randomly selected root sam- 
ples were separated into bark and wood for assays. Plant parts 
were shredded in a hammer-mill to pass a 2-mm screen, dried in a 
forced-air drier at 60” C for 48 hours, ground to pass a 40-mesh 
screen, and stored in the dark at room temperature in sealed glass 
bottles. 

Laboratory Analyses 
Concentrations of tebuthiuron and metabolites were chemically 

determined for whole roots, root bark, root wood, stem bark, stem 
sapwood, stem heartwood, twigs, foliage, and litter. Tebuthiuron 
and its metabolites in plants were assayed using a gas chromato- 
graph equipped with a flame photometric detector (Loh et al. 
1978). Tebuthiuron was assayed separately from its metabolites. 
Metabolite I, N-[5-(1,ldimethylethyl)-l,3,4-thiadiazol-2-yl]-~- 
methylurea, and metabolite II, N-[5-(1,ldimethylethyl)-1,3,4- 
thiadiazol-2-yl]-lhydroxymethyl-N-methylurea, were assayed to- 
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gether (Loh et al. 1978). Metabolite III, N-[S-(2-hydroxyl-l,l- 
dimethylethyl)-1,3,4,-thiadiazol-2-yl]-~,~-dime~hylurea, was 
assayed separately. Tebuthiuron and metabolite standards were 
added to untreated samples and compared to unknown samples to 
quantify the amounts of tebuthiuron and its metabolites. The 
lower detection limits were 0.1 mg/ kg of tebuthiuron and metabo- 
lites I and II, and 0.3 mg/ kg of metabolite III. 

Calculations and Statistical Analysis 
Generalized concentration means for plants parts were obtained 

by averaging all data for each plant part. Whole root concentration 
means for treatments were determined by averaging values from 
whole root samples from all soil layers for each treatment. Nonpa- 
rametric methods were used to make comparisons because popula- 
tion distributions were unknown. Wilcoxon rank sum tests 
(Huntsberger and Billingsley 198 1) were made to determine differ- 
ences between matched sample pairs of plant parts. Kruskal-Wallis 
one-way analysis of variance by ranks (Montgomery 1984) was 
used to determine differences by plant parts between locations, 
applications rates by location, and year after application by 
location. 

Results and Discussions 

Except when discussing metabolites alone, tebuthiuron and 
metabolites concentrations were summed because tebuthiuron:- 
metabolites ratios varied widely, tebuthiuron metabolization rates 
are not known, and levels for tebuthiuron allowed by EPA in 
forage plans are based on total amounts of tebuthiuron and its 
phytotoxic metabolites. Widely varied tebuthiuron:metabolite ratios 
have been reported for other species (Ibarra 1984, Johnsen and 
Morton 1991). 

Stems 
Low concentrations of tebuthiuron and its metabolites were 

detected in dead Utah juniper stems 3 to 9 years after application 



(Table 1). More residues were in the sapwood than in the heart- 
wood (P<O.OS). In sapwood combined residues averaged 0.5 f 0.4 
mg/ kg (n = 16), with 1.3 mg/kg the highest concentration found, 
and 6% of the samples contained none, Four of 16 sapwood 
samples contained metabolites I and II (averaging 0.12 f 0.06 
mg/ kg), no metabolite III was detected. Heartwood residues aver- 
aged 0.1 f 0.1 mg/ kg (n = 14), with a high of 0.3 mg/ kg, and 50% of 
the samples contained none. No metabolites were found in heart- 
wood. Stem bark residues averaged 0.4 f 0.7 mg/kg (n = 16), 
similar to that of sapwood, with a high of 2.5 mg/kg, and 31% of 
the samples contained none (Table 1). Only 2 of 16 bark samples 
contained metabolites, both with metabolites I and II (0.14 and 
0.18 mg/ kg) and 1 with metabolite III (1.11 mg/ kg). The combined 
residue concentrations found in this study agree with the reported 
juniper fuelwood value of 1.9 mg/ kg (Elanco 1983). 

Concentrations of residues in the stems were higher at Drake 
than at Rio Verde or Brushy Mountain (P<O.Ol), perhaps due to 
differences in application rates and soils. Residue concentrations 
in stems did not differ with time after application at Brushy Moun- 
tain and Drake, but were not determined for Rio Verde. 

Tebuthiuron is stable (Elanco 1983); any tebuthiuron and its 
metabolites in the tree when it dies would remain until lost through 
leaching or decomposition by fire or invasive microorganisms. The 
low radial permeability of juniper wood (Choong and Fogg 1968) 
and low rainfall of semiarid pinyon-juniper rangelands indicate 
minimal leaching potential of tebuthiuron and its metabolites from 
intact juniper wood. Juniper heartwood rarely shows signs of 
decay, but sapwood contacting soil may decay in 5 to 15 years 
(Barger and Ffolliott 1972). Thus, small amounts of tebuthiuron 
residues in the sapwood of fence posts or fallen dead trees might be 
released over 5 or more years. However, residues of tebuthiuron 
and its metabolites may remain in juniper firewood or fence posts 
as long as the wood is intact. 

Sapwood constitutes from about 10 to 90% of the volume of the 
stems most likely to be harvested for firewood or fence posts 
(Howell 1940, Meagher 1940). The relative ratio of sapwood to 
heartwood varies with stem size and growth rates, being less with 
larger stems and slower growing trees. Among stems of the same 
size, stems with the most sapwood would contain the most tebuthi- 
uron and its metabolites. Even then, the residue amounts are very 
small. If we assumed that bark was lo%, sapwood 45%, and 
heartwood 45% of the wood volume, a cord of juniper firewood 
(about 2.26 rnm3, 1,160 kg oven dry) would contain an average of 
about 1.5 g of tebuthiuron plus its metabolites, most of which 
would be destroyed by a flaming fire as it burned. Thus, burning 
tebuthiuron treated juniper firewood should not be hazardous. 

Roots 
Juniper lateral roots averaged 0.8 f 1.4 mg/ kg tebuthiuron plus 

metabolites (n = 89) 3 to 9 years after applications. The highest 
concentration detected in roots was 7.2 mg/kg, and 27% of the 
samples contained no residue. Metabolites I and II were detected in 
27 of the whole root samples, averaging 1.22 f 1.69 mg/ kg, but no 
metabolite III was found. Concentrations of tebuthiuron plus its 
metabolites in roots did not differ among application rates (Table 
1). 

Root bark had significantly higher (P<O.Ol) concentrations of 
tebuthiuron plus metabolites than root wood. Root bark averaged 
1.1 f 1.9 mg/ kg residues (n = 48), the highest concentration was 2.5 
mg/ kg, and 29% of the samples contained none. Twelve of the 48 
root bark samples contained metabolites I and II (2.08 f 2.27 
mg/ kg), but not metabolite III. Root wood averaged 0.5 f 1.4 
mg/kg residues (n = 48), the highest concentration being 4.25 
mg/ kg, and 67% of the samples contained none. Nine of the 48 root 
wood samples contained metabolites I and II (2.32 f 2.34 mg/ kg) 
and 1 contained metabolite III (0.6 mg/ kg). 

An apparent increase in whole root residue concentrations with 
time at Drake and Rio Verde may be due to increased loss of root 
woody tissues from decay 6 years or more after applications (Table 
1). Such loss would increase the root barkwood ratio, thus shifting 
whole root residue concentrations higher since residue concentra- 
tions are higher in root bark than in woody tissues. Tebuthiuron 
released from decomposing juniper roots would be a small portion 
of the tebuthiuron found in soils (Johnsen and Morton 1989); 
however, herbicide remaining in the tubelike channels left after the 
root’s woody tissues decomposed could damage susceptible plants 
whose roots grow into these channels. 

Foliage and Litter 
Residues in dead foliage from trees killed the year of collection 

on areas adjacent to treated plots averaged 13.3 f 0.4 mg/ kg (n = 
3), metabolites I and II averaged 1.26 f 1.06 mg/ kg (n = 3) of this 
total. Stems bearing this recently killed foliage contained an aver- 
age of 0.4 f 0.1 mg/ kg residues (n = 5), similar to the 0.5 f 0.4 
mg/ kg residues in sapwood of stems killed several years earlier. 
Only 2 samples of the recently killed stems contained detectable 
amounts of metabolites, but only of metabolites I and II (0.02 and 
0.04 mg/ kg). 

Residues in litter under treated trees averaged 4.0 f mg/ kg (n q  
6), the highest detected was 17.2 mg/ kg. Four litter samples con- 
tained metabolites I and II (0.78 f 0.79 mg/ kg) and 2 contained 
metabolite III (3.01 and 2.03 mg/kg). 

Conclusions 
Small concentrations of tebuthiuron and its metabolites were 

found in dead roots, stems, foliage, and litter of Utah jumpers as 
long as 9 years after application. Similar concentrations were 
found in stems of trees killed the year of collection, indicating that 
tebuthiuron might be in undecayed wood indefinitely. Concentra- 
tions found in stems were similar to that reported by Elanco (1983), 
1.9 mg/ kg, which was considered safe to bum. The highest residue 
concentrations were in the foliage and litter. All residue concentra- 
tions detected were well below the 20 mg/ kg tolerance level of 
tebuthiuron plus its metabolites established for forage by the 
Environmental Protection Agency. 
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Abstract 

Brush management for improving wildlife habitat in South 
Texas is important because of the economic value of wildlife. We 
determined vegetation responses to (1) roller chopping of guajillo 
(AcaciaberIandieriBenth.)-blackbrush acacia (A. rigidulaBenth.)- 
dominated rangeland and (2) heavy dischrg of whitebrush (Aloysia 
&ioides Cham.)-dominated rangeland to improve white-tailed 
deer (Odocoileus virginianus Raf.) habitat. Canopy cover of 
vegetation was estimated seasonally during August 1988 to April 
1990. Both treatments reduced brush canopy cover, but herbace- 
ous response depended on rainfall. Mean herbaceous cover was 65 
and 136% higher on roller chopped sites than on untreated sites 
when averaged across all sampllng dates. Heavy diseing reduced 
relative canopy cover of whltebrush but increased cover of spiny 
hackberry (Celtis pallida Torr.), an important browse species. 
Forb species richness was higher on roller chopped and disced sites 
than on untreated sites, but species diversity was similar. Because 
herbaceous response to brush removal may depend on rainfall, 
other factors such as effects on browse availability and nutritional 
quality may need to be considered when plannhrg brush manage- 
ment strategies to improve white-tailed deer habitat. 

Key Words: disc, habitat, Odocoileus virginianus, roller chopper, 
white-tailed deer 
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Brush provides browse and cover for white-tailed deer (Odocoi- 
leus virginianus Raf.). Browse is a major component of deer diets 
in the western Rio Grande Plain of Texas (Arnold and Drawe 
1979, Vamer and Blankenship 1987). However, forbs compose a 
high percentage of deer diets when available (Chamrad and Box 
1968). Dense stands of brush may compete with herbaceous vege- 
tation, reducing forb production. 

Roller chopping is a relatively inexpensive brush management 
technique whereby a crawler-type tractor pulls a drum fitted with 
blades (Doerr et al. 1986). Most south Texas woody plants sprout 
prolifically after top removal (Powell and Box 1967). Regrowth 
following top removal is temporarily more accessible and more 
nutritious than browse from untreated plants (Powell and Box 
1966, Everitt 1983). Reynolds et al. (1989) reported that crude 
protein and in vitro organic matter digestibility of guajillo (Acacia 
berlandieri Benth.) leaves from regrowth was higher than that of 
untreated plants for 6 months after roller chopping. Roller chop- 
ping did not increase crude protein content or in vitro organic 
matter digestibility of blackbrush acacia (A. rigid& Benth.) 
leaves. 

Dense whitebrush (Aloysiu lycioides Cham.) communities receive 
little use by white-tailed deer relative to other plant communities 
with similar canopy cover (Steuter and Wright 1980). Reduction of 
whitebrush should enhance herbaceous forage production because 
the shrub occupies fertile soils (Scifres 1980). Discing kills white- 
brush because it is shallow rooted. Soil disturbance resulting from 
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discing rangeland may result in increased abundance of forbs 
important to wildlife (Buckner and Landers 1979, Webb and 
Guthery 1983, Nurdin and Fulbright 1988). 

We evaluated 2 management practices for improving habitat for 
white-tailed deer based on the predictions that (1) roller chopping 
of dense brush stands dominated by guajillo and blackbrush acacia 
would increase forb canopy cover, species richness, and diversity of 
herbaceous vegetation; and (2) discing of dense brush stands dom- 
inated by whitebrush would reduce canopy cover of whitebrush 
while maintaining cover of more deeply rooted browse plants and 
increasing forb canopy cover, species richness, and diversity of 
herbaceous vegetation. We determined vegetation responses to 
roller chopping and discing to test these predictions. 

Study Area 

The study was conducted on the 7,285ha La Campana Ranch in 
McMullen and Duval counties, Texas. Climate of the area is 
subtropical with hot summers and mild winters. The average 
annual temperature in Freer, Texas (35 km southwest of the study 
area), is 21.6” C, with mean January and July temperatures of 12.7 
and 28.8” C (Nat. Fibers Info. Cent. 1987). The normal frost-free 
period extends from 16 February to 11 December, with an average 
growing season of 298 days. Average annual rainfall (1959-1989) 
recorded at the ranch is 70.5 cm (J. Locke, La Campana Ranch, 
pers. comm.). Rainfall is highly variable among years and is bimo- 
da1 with peaks in May and September. Rainfall during the study 
was 55 and 47% of the annual average for 1988 and 1989, respec- 
tively; however, from January to April 1990 it was 169% of average 
(Fig. 1). 

Major brush species present on the study area included black- 
brush acacia, ceniza [Leucophyllum frutescens (Berl.) I.M. John- 
ston], guajillo, guayacan [ Porlieriu angustifoliu Engelm. (Gray)], 
lotebrush [ Zizyphus obtusifoliu (T. & G.) Gray], mesquite (Proso- 
pis glundulosu Torr.), spiny hackberry (Celtis pullidu Torr.), and 
whitebrush. Curly mesquite [ Hiluriu belungeri Steud.) Nash] and 
red grama (Boutelouu trzj7du Thurb.) were the major grasses. 

Soils at the study area were of the Hidalgo-Pettus-Olmos associ- 
ation (Soil Conserv. Serv. 1985). The Olmos soils are very gravelly 
loam, carbonitic, hyperthermic, shallow Petrocalcic Calciustolls 
and the Pettus soils are sandy clay loam, hyperthermic, shallow 
Typic Calciustols (Minzenmayer 1979). The Hidalgo soils are fine 
sandy loam (Soil Conserv. Serv. 1985). 

The estimated white-tailed deer density was 8.6 km-’ in 1988 and 
8.8 km” in 1989. Estimates were based on annual helicopter counts 
in October. Cattle stocking varied but averaged 0.08 animal unit 
ha-‘year-‘. The ranch was continuously grazed and cattle ranged 
freely among pastures. Cattle use of study sites was infrequent and 
deer browsing intensity appeared low. 

‘*- 1959.1989 average 1988 1989 1990 
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Fig. 1. Monthly rrinfall for 1988,1989, January to April 1990, and 29-year 
average (1959-1989) for La Campanr Ranch, McMullen and Duval 
counties, Texas. 

Methods 

Three separate sites, dominated by guajillo-blackbrush acacia 
and ranging from 30 to 125 ha, were roller chopped with 1 pass 
during July 1988 in a strip pattern using a 6.4-m-wide, 27,216-kg 
roller-chopper drum pulled behind a crawler tractor. The number 
of strips per site ranged from 3 to 5 and their widths totaled about 
20% of each site. An additional 20% of each site was treated in a 
similar manner during June 1989. Three separate sites dominated 
by whitebrush and ranging from 16 to 41 ha in size were disced with 
1 pass in strips during July 1988 using a 3.7-m-wide Steiger disc 
with 9 l-cm blades. Disced strips comprised about 20% of each site. 
Adjacent strips comprising an additional 20% of each site were 
disced during May 1989. 

Percent canopy cover of woody species was estimated by the 
line-intercept method along 10, 15-m transects in treated strips in 
each treated site and ten 15-m transects in the untreated portions 
(Canfield 1941). Transects were placed by stratified random sam- 
pling with a baseline (Knight 1978 in Chambers and Brown 1983). 
Percent canopy coverage and rooted frequency of herbaceous 
plants were estimated in 20 X 5O-cm quadrats placed at 5-m inter- 
vals along each transect (Daubenmire 1959). Canopy cover was 
estimated in 30 quadrats treatment-’ site-‘. Data for each site were 
collected seasonally (winter = January-March, spring = April-- 
June, summer q  July-September, and fall = October-December). 

Analysis of variance in a randomized, complete-block design 
with replicated sites as experimental units, was used to test for 
treatment effects on vegetation. Tukey’s studentized range test was 
used to separate treatment means at the 0.05 significance level. 
Forb frequencies were compared using Kruskal-Wallis tests (Bartz 
1981). Plant cover was considered as a measure of abundance to 

Table 1. Mean canopy cover (96) of blackbrush acacia, guajillo, and total brush on untreated sites (Untr) and 3 adjacent sites roller-chopped in summer 
1988 (T88) or summer 1989 (T89) on La Campana Ranch, McMullen and Duval counties, Texas, summer 1988-spring 1990. 

Blackbrush acacia Guajillo Total Brush 

Season Untr T88 T89 Untr T88 T89 Untr T88 T89 

___________________________________________%___________________________________________ 
Summer 1988 18Sa 2.8b - 49.9a 2.6b - 80.9a 8.4b - 
Fall 1988 21.3a 6.5b - 47.4a 16.2b 79.la 27.9b - 
Winter 1989 24.9a 5.8b - 38.6a 11.0b - 68.6a 18.4b 
Spring 1989 22.7a 8.Oa 

3;b 
47.la 17.6a 77.3a 29.2b 

Summer I989 16.7a 8.6ab 49.4a 14.7b 3.7b 77.0a 26.2b - 3.2c 
Fall 1989 24.4a 8.la 4.4a 47.3a 10.7b 8.0b 75.la 22.2b 15.2b 
Winter 1990 25.9a 5.2b 2.5b 44.0a 12.2b 5.7b 74.4a 21.lb lO.oc 
Spring 1990 28.7a 5.7b 1.8b 45% 17.7b 15.5b 79.4a 28.4b 22. Ic 

Means within a row and species followed by the same letter do not differ significantly (C-0.05) according to Tokey’s studentized range test. 
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Table 2. Mean shrub richness and diversity on 3 untreated sites (Untr) and 3 adjacent sites roller chopped or disced in 1988 (T88) or 1989 (T89) on La 
Campana Ranch, McMullen and Duval counties, Texas, summer 1988apring 1990. 

Roller chopped Disced 

Diversity Shrub richness Diversity Shrub richness 

Season Untr T88 T89 Untr T88 T89 Untr T88 T89 Untr T88 T89 

Summer 1988 2.5a 2.2a - 16.3a 10.3a - 1.3a 2.0a - 9.7a 6.3a - 
Fall 1988 2.4a 1.9a - 15.3a lO.Oa - 1.3a 1.3a - 8.7a 5.0a - 
Winter 1989 2% 1.6a - 13.Oa 8.7a - l.Za l.Oa - 9.3a 3.3b - 
Spring 1989 2.la 1.7a - 13.3a ll.Oa - 0.7b 1.6a - 5.7a 6.3a - 
Summer 1989 2.2a 1.9a 2.la 15.3a 12.3a 8.7a 0.6a 1.5a 1.2a 6.3a 6.Oa 3.0a 
Fall 1989 2.0a 2.Oa 1.6a 14.0a 12.3a 7.3b 0.5b 1.3a 1.7a 5.3a 7.Oa 4.0a 
Winter 1990 2% I .8a 1.7a 16.7a 12.3b 8.3b 0.5a 1.3a 1% 4.3a 5.Oa 3.3a 
Spring 1990 2.la 1.8b 1.7b 14.7a lO.Oa 10.3a 0.5a 1.4a 1.2~1 6.0a 4.7a 3.7a 

Richness and diversity means within a row and treatment practice followed by the same letter do no differ significantly (P>O.OS) according to Tnkey’s stndentized range test. 

calculate Shannon’s index (Pielou 1977) and comparisons were Both Naderman (1979) and Powell and Box (1967) described no 
made between treatments and controls at the 0.05 level. Plant increase in forb cover following roller chopping. However, Rollins 
nomenclature follows Gould (1975). (1983) found increased forb production following chaining. 

Results and Discussion 
Shrub Response to Roller Chopping 

Total brush cover was reduced by 90% and 96% immediately 
following roller chopping during summer 1988 and 1989, respec- 
tively (Table 1). Brush canopy cover increased considerably during 
the 3 months following treatment in 1988 and 1989 but remained 
lower than untreated sites during the 2 years of study. 

Diversity of woody plants, as determined by Shannon’s Index, 
was generally similar between treatments and untreated sites; how- 
ever, treatment values were lower in spring 1990 (Table 2). Ful- 
bright and Beasom (1987) reported similar results on sites 30 years 
after roller chopping. Woody species richness was similar in roller- 
chopped and untreated sites except in fall 1989 and winter 1990 
when richness was greater in untreated sites. Naderman (1979) 
reported little loss of woody species 2.5 years after roller chopping. 

Herbaceous Response to Roller Chopping 
Total grass cover was similar on roller-chopped and untreated 

sites except in summer 1989 when canopy cover was greater in the 
1988 treatment (Table 3). In comparison, Naderman (1979) 
reported both an increase and a decrease, on separate sites, of grass 
cover 2.5 years after roller chopping, whereas Box and Powell 
(1965) found no difference in grass cover 1 year following roller 
chopping, but an increase 2 years after treatment. 

Total forb canopy cover was higher on 1988 treated than 
untreated sites in summer 1989 (Table 3). Following summer 1989, 
forb cover was highest on the 1989 treated sites and greater than in 
untreated sites in winter and spring 1990, following periods of high 
rainfall. Contrasting results with regard to forb production follow- 
ing brush management have been reported in previous studies. 

In winter 1990, canopy cover of lazydaisy (Ap&nosrephus sp.), 
an important deer food (Nelle 1984), was higher on sites treated in 
1989 (3.5 f 1.2%) (Z f SD), compared to both untreated sites (0.2 
f 0.1%) and sites treated in 1988 (0.8 f 1.5%). Cover of pellitory 
(Parietariapennsylvanica Muhl.) was higher in the 1989 treatment 
(12.8 f 5.4%) and the 1988 treatment (9.6 f 6.3%) than the 
untreated (4.2 f 5.3%) in spring 1990. All other forbs had similar 
canopy cover among treatments in each season. Absolute fre- 
quency of lazydaisy and tallowweed (Plantago rhodosperma 
Dcne.) also important to deer (Nelle 1984), was greater in the 1989 
treatment compared with the untreated and 1988 treatment in 
winter 1990. Frequency of other forbs was similar on treated and 
untreated sites (data not shown). 

The highest mean forb richness for all treatments occurred in 
spring 1990 in response to above-average rainfall (Table 4). The 
1988 treatment had the highest single-season average (41 species) in 
spring 1990. The lowest average (4 species) was on sites treated in 
1988 during summer 1988, immediately following treatment. 

Herbaceous plant diversity was similar in treated and untreated 
sites, except in summer 1989 when both the 1988 and 1989 treat- 
ments had higher diversity than the untreated, and spring 1990 
when the 1988 treatment had higher diversity than the untreated 
(Table 4). The highest diversity occurred during winter and spring 
1990 when greater rainfall occurred. 

Lack of herbaceous response to treatments before winter 1990 
probably can be attributed to low rainfall. Only after adequate 
rainfall in December 1989-April 1990 were increases in total her- 
baceous canopy cover on treated sites documented. 

Shrub Response to Discing 
Total brush cover was initially reduced by an average of 89% in 

Table 3. Mean canopy cover (%) of total grass, total forbs, and total herbaceous plants on 3 untreated sites (Untr) and 3 adjacent sites roller-chopped in 
summer 1988 (T88) or summer 1989 (T89) on La Campana Ranch, MeMullen, and Duval counties, Texas, summer 1988apring 1990. 

Season Untr 

Total grass 

T88 Ta9 Untr 

Total forbs 

T88 T89 

Total herbaceous 

Untr T88 T89 

Summer 1988 
___________________________________________%__________________3_~~______~_~_____________ 

2.4a 2.Oa 
&la z 

1.2a 0.4a - - 
Fall 1988 8.5a 4.2a 6.la - 12:6a 1413a - 
Winter 1989 3.Oa 6.7a - 4.6a 8.2a - 7.7a 14.9a - 
Spring 1989 

::: 
12.3a - 4.7a 7.2a - lO.la 19.5a - 

Summer 1989 14.6a 6.3b 3.4b 8.la 2.3b 8.6b 22.7a 8.5b 
Fall 1989 1.4a 7.6a 3.6a 1.3a 2.3a 2.6a 2.7b lO.Oa 6.2ab 
Winter 1990 1.2a 4.Oa 3.3a 14.9b 24.4ab 35.6a 16.lb 28.3ab 38.9a 
Spring 1990 2.la 8.7a 3.9a 47.2~ 61.4b 72.9a 49.3b 70.la 76.8a 

Means within a row and plant class followed by the Same letter do not differ significantly (JPO.05) according to Tukey’s studentized range test. 
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Table 4. Mean forb and herbaccous plant diversity on 3 untreated sites (Untr) and 3 adjacent sites roller chopped or disced in 1988 (T88) or 1989 (T89) on 
La Campana Ranch, McMullen and Duval countlea, Texas, summer 1989aprlng 1990. 

Roller chopped Disced 

Forb richness Diversity Forb richness Diversity 

Season Untr T88 T89 Untr T88 T89 Untr T88 T89 Untr T88 T89 

Summer 1988 5a 4a - 2.Oa 2.4a - 4a la - l.7a 0.5a - 
Fall 1988 7a Ila - 2.7a 3.la - 2b 6a - 2.2a 2.4a - 
Winter 1989 l2a 13a - 3.3a 3.3a - 9a Ila - 2Sa 3.3a - 
Spring 1989 IOa l2a - 3.0a 3.4a - la 12b - 1.8b 3.5a - 
Summer 1989 7a 9a 7a 2.7b 3.la 2.9a lb 9a lb l.7a 3% l.la 
Fall 1989 5a 6a. 6a 2.5a 2.4a 2.9a 2b 6a 3b l.7a 2.7a 2.0a 
Winter 1990 28a 34a 34a 4.la 4.4a 4.3a 21a 25a 19a 3.3a 3.8a 3.la 
Spring 1990 35a 41a 38a 4.2b 4.4a 4.lb 16a 22a 15a 2.4a 3.2a 2.7a 

Richness and diversity means within a row and treatment practice followed by the same letter do not significantly (E30.05) according to Tukey’s studentized range test. 

the 1988 treatments and 98% in the 1989 treatments. Effectiveness 
of the 1989 treatments may have been increased by the use of newly 
sharpened disc blades. Total brush cover remained lower in disced 
sites than in untreated sites during the 2 years of study (Table 5). In 
strips treated in 1988, whitebrush cover increased from 0.2 f 0.1% 
immediately following treatment to 5.5 f 1.7% by spring 1990,21 
months after treatment. 

Spiny hackberry canopy cover was reduced following the 1988 
treatment (Table 5). However, spiny hackberry canopy cover was 
similar in treatments and controls during each of the last 5 sam- 
pling dates. Spiny hackberry is an invader following brush treat- 
ment (S&es et al. 1976, Drawe 1977) and may increase (Box and 
Powell 1965). Because spiny hackberry is an important wildlife 
plant (Graham 1982, Nelle 1984, Guthery 1986), its presence 
should benefit wildlife populations. 

Canopy cover of guayacan, an evergreen shrub highly preferred 
by white-tailed deer (Nelle 1984, Vamer and Blankenship 1987), 
was similar between treated and untreated sites following the 1988 
treatment, except in winter 1989 when the 1988 treatment had 
lower canopy cover (Table 5). Discing in 1989 reduced guayacan 
canopy cover during summer and fall 1989 and in winter 1990. 

Shrub diversity was similar in treated and untreated sites, except 
in spring 1989, when areas disced in 1988 had higher diversity than 
the untreated, and in fall 1989, when discing in both years increased 
diversity relative to the untreated (Table 2). Higher diversity can be 
attributed to a more even distribution of cover among brush spe- 
cies following treatment. Whitebrush comprised 92% of all brush 
canopy cover in untreated sites averaged over all seasons, whereas 
it contributed only 44 and 23% in the areas treated in 1988 and 
1989. Woody species richness was similar in disced and untreated 
sites except in winter 1989 when richness was greater in untreated 
sites. Drawe (1977) reported no change in brush composition 
following discing of a mixed brush community where pretreatment 
dominant brush species were capable of rapid reinvasions. Man- 

temayor et al. (1991) found brush species richness and diversity 
were similar on disced and untreated areas 10 years after treatment. 

Herbaceous Response to Dicing 
Total grass cover in spring 1989 was reduced by discing in 1988 

(Table 6). The 1989 discing reduced grass canopy cover in summer 
1989 and winter 1990. Forb canopy cover was greater in disced 
than untreated strips in spring and summer 1989. Webb and Guth- 
ery (1983) found similar reductions in grass cover following spring 
discing treatments, but their findings suggested that individual 
forbs may increase. In another study, l-pass discing did not 
increase annual and perennial grasses or forbs, but annual forb 
cover increased following the greater soil disturbance of 3-pass 
discing (Nurdin and Fulbright 1988). Drawe (1977) recorded a 
5-fold increase in herbaceous production following stack and dis- 
cing treatments. 

In winter 1990, canopy cover of southern pepperweed (Lepi- 
dium austrinum Small) was greater in the 1989 treatment (8.4 f 
3.6%) than in untreated sites (2.1 f 3.0%) and the 1988 treatment 
(0.3 f 0.1%). However, canopy cover of lazydaisy and tallowweed 
was higher on the untreated than in the 1989 treatment, but similar 
to the 1988 treatment (data not shown). In spring 1990, canopy 
cover of lazydaisy (29.6 f 5.3%) and southern pepperweed (22.2 f 
3.7%) was higher in the 1988 treatment than both the untreated 
(11.1 f 2.3 and 3.4 f 3.6%, respectively) and 1989 treatment (5.7 f 
4.6 and 6.4 f 4.1%, respectively). Absolute frequency of forbs was 
similar between treated and untreated sites (data not shown), 
except in winter 1990 when absolute frequency of southern pep- 
perweed as greater in the 1989 treatment (8.4 f 1.5%) compared to 
the untreated (2.1 f 3.8%). 

The greatest mean forb richness occurred in winter 1990 (Table 
4). Richness of forbs was highest on sites treated in 1988 (25 
species) in winter 1990. Lowest richness (1 species) occurred in 
untreated sites in spring and summer 1989, and in each treated site 

Table 5. Mean canopy cover (%) of spiny hackberry, wbitebrush, guayacan, and total brush on 3 untreatedsites(Untr) and 3 adjacent sites disced in spring 
1988 (T88) and spdng 1989 (T89) on La Campanr Ranch, McMullen and Duval counties, Texas, summer 19%8_spring 1990. 

Spiny ha&berry Whitebrush Guayacan Total brush 

Season Untr T88 T89 Untr Ts8 T89 Untr T88 T89 Untr T88 T89 

___~__~_______~__~_~_~~~~~~~~~~~~-~~-~- 
Summer 1988 3.9a 0.6b - 56.6a 

____%______‘________________6b9a____;9b_________ 
0.2a - 2.5a O.la - - 

Fall 1988 6.4a 2.9a - 66.2a 3.5a - 4.2a O.la - 76. la 8:3b - 
Winter 1989 3.7a 2.6b - 58.3a 3.2a - 3.3a O.Ob - 70.4a 6.5b - 
Spring 1989 2.8a 3.9a - 73.4a 3.9b - 2.4a O.la - 77.0a 9.lb - 
Summer 1989 2.5a 5.7a 0.2a 75.5a 2.8b O.lb 2.3a O.lb O.lb 79% 9.9b 0.5c 
Fall 1989 1% 5.3a 0.5a 80.la 5.4b 0.2b 3.la 0.2b 0.2b 82.8a 11.6b 1.4c 
Winter 1990 0.8a 3.4a 0.3a 68.la 6.8b 0.3b 2.4a O.lb O.lb 70.8a 8.6b 1.2b 
Spring 1990 1.7a 3.Oa 0.8a 85.2a 5.5b 0.7b l.6a O.Oa O.la 86.8a lO.Ob 2.lc 

Means within a row and species followed by the same letter do not significantly (C-0.05) according to Tukey’s studentized range test. 
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Table 6. Mean canopy cover (96) of total grass, total forbs, and total herbaceous plants on 3 untreated sites (Untr) ami 3 adjacent sites disced in spring 1988 
(T88) or spring 1989 (T89) on La Campana Ranch, McMullen and Duval counties, Texas, summer 1988-spring 1990. 

Total grass Total forbs Total herbaceous 
Season Untr T88 T89 Untr T88 T89 Untr T88 T89 

___________________________________________%____________-_-__-_-_-_____________________ 
Summer 1988 8.Oa OSa - 1.3a O.Oa - 9.3a OSa - 
Fall 1988 12.2a 5.0a - 1.6a 4.la - 13.8a 9.la - 
Winter 1989 12.6a 5.2a - 23.0a 9.7a - 35.6a 14.9b - 
Spring 1989 14.9a 6.8b - 0.9b 8.8a - 15.8a 15Sa 
Summer 1989 17.8a 8.lab 0.3b 0.2b 6.3a OSa 18.0a 14.4ab O<b 
Fall 1989 4.3a 4.4a 0.4a 2.8a 3.5a 0.9a 7.la 7.9a 1.3b 
Winter 1990 3.8a 3.7a 0.2b 70.0a 67.la 25.7b 73.7a 70.8a 25.91, 
Spring 1990 7.3a 3.8a 2.la 79.la 103.6a 62.2a 86.4a 107.4a 64.3a 

Means within a row and plant class followed by the same letter do not significantly (130.05) according to Tukey’s studentized range test. 

immediately following treatment. Forb richness was higher in the 
1988 treatment than the untreated in fall 1988, and spring, summer, 
and fall 1989. 

Poor total herbaceous response in the present study can proba- 
bly be attributed to lack of rainfall. Grass and forb canopy cover 
after each year of discing reached similar levels as the untreated 
only after above-average rainfall in early spring 1990, as observed 
after roller chopping. These findings agree with those of Scifres 
and Polk (1974), that increases in herbaceous vegetation following 
brush canopy removal may occur only in “wet” years. 

Roller chopping dense brush stands dominated by guajillo and 
blackbrush acacia increased canopy cover of forbs preferred by 
white-tailed deer when rainfall was adequate. In contrast to our 
predictions, discingdid not increase total herbaceous plant canopy 
cover. Lack of increase in herbaceous cover probably resulted 
because of low rainfall and considerable soil disturbance which left 
few residual plants. Response of herbaceous plants was only 
recorded for 2 years following treatment and increases in herbace- 
ous cover may occur in the future because brush canopy cover 
remained much lower in treated than in untreated areas. 

Because herbaceous response to brush removal treatments may 
depend greatly on rainfall, factors other than brush response may 
need to be considered when planning brush management strate- 
gies. Applying top-removal strategies, such as roller chopping, to 
dense guajillo-blackbrush acacia sites can increase availability and 
nutritional quality (Box and Powell 1965, Powell and Box 1966, 
Everitt 1983) of woody plants for browsing herbivores. Heavy 
discing of dense whitebrush sites can reduce whitebrush, which has 
little value as browse for white-tailed deer (Nelle 1984), while 
maintaining cover of important browse plants such as spiny 
hackberry. 
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Abstract 

Seed dormancy typically limits stand establishment of Indian 
ricegrass [Oryzopsis hymenoides (Roem. and Schult.) Ricker]. 
The mechanical and physiological mechanisms that contribute to 
dormancy must both be overcome before germination. Our objec- 
tive was to study potential interactions between the breaking of 
mechanical dormancy and breaking of physiological dormancy. 
Germination of 13 seedlots of ‘Nezpar’, ‘Paloma’, and PI 478833, 
ranging in age from 4 to 19 years and in viability from 67 to 96%, 
was tested. Seed was scarifted with an air-gun scarifier to reduce 
mechanical dormancy approximately 2 l/2 years before testing, or 
left unscarified. Over 77% of seeds remained intact following scari- 
fication. Seed was moved from 50 C to room temperature 1 year 
before testing to reduce physiological dormancy, or left refriger- 
ated. Seed was also prechilled for 3 weeks at 50 C to reduce 
physiological dormancy, or left nonprechilled. Germination was 
determined after 2-week and Iweek 150 C germination periods for 
prechilled and nonprechilled treatments, respectively. Scarifica- 
tion improved germination of undamaged seed in 12 of the 13 
seedlots from 9.5 to 29.7%. Prechilling improved germination of 10 
of the 13 seedlots from 8.0 to 22.8% Room-temperature storage 
improved germination of 5 seedlots from 4.9 to 12.8% In 9 seedlots 
prechilling improved germination of scarified seed 13.1% less than 
unscarified seed. In 4 seedlots room-temperature storage improved 
germination of scarified seed 6.5% less than unscarified seed. 
Depending on the vigor of the seedlot, such effects may be related 
to a greater reduction of either physiological dormancy or viability 
in scarified seed than in unscarified seed. 

Key Words: embryo dormancy, mechanical dormancy, Nezpar, 
Paloma, physiological dormancy, seed coat dormancy 
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Indian ricegrass [Oryzopsis hymenoides (Roem. and Schult.) 
Ricker], an important species for revegetation of western USA 
rangelands, typically exhibits high levels of seed dormancy. Early 
research (Huntamer 1934) indicated that mechanical and physio- 
logical mechanisms are involved. Seed dormancy is an important 
cause of the poor stand establishment that has limited use of this 
species. Mechanical dormancy, resulting from the exclusion of Or 
by the indurate lemma and palea (Toole 1940) is more persistent 
than physiological dormancy (McDonald 1976). Physiological 
dormancy decreases over time, but storage at low humidity and 
temperature slows the process (Robertson 1976, McDonald and 
Khan 1977). Physiological dormancy is of less concern when fall 
seeding is practiced, as is common in the Intermountain region, 
because it can be broken by cool, moist field conditions (Stevens 
and Meyer 1990). A better understanding of the relationship 
between mechanical and physiological mechanisms may lead to 
improved procedures for breaking seed dormancy. 

Physiological dormancy has been reduced by aging seed (Rogler 
1960), fall planting (Fendall 1966), prechilling (Huntamer 1934, 
Toole 1940, Clark and Bass 1970), and application of growth 
regulators such as kinetin and gibberellic acid (Clark and Bass 
1970, McDonald 1976, Young et al. 1985). Mechanical dormancy 
has been reduced by mechanical and acid scarification, but scarifi- 
cation increases germination at the expense of seed quality. Early 
workers (Huntamer 1934, Stoddart and Wilkinson 1938) elimi- 
nated mechanical dormancy by manually dissecting the lemma and 
palea, but more recently mechanical scarification has been em- 
ployed. Zemetra et al. (1983) treated 3 seedlots with a tumbler 
scarifier, a Forsberg Line scarifier, and a rubbing machine and 
evaluated field emergence in a November-planted trial in western 
Colorado. The rubbing machine increased emergence of 1 seedlot 
from 15.0 to 23.770, but otherwise scarification did not improve 
emergence. Scarification with an air-gun scarifier gave better ger- 
mination with less seed damage than a Forsberg Model 2 Hul- 
ler/ Scarifier or Quaker Oats Experimental Impact Dehuller (Grif- 
fith and Booth 1988). Adjustment of combine harvesters to crack 
the lemma and palea has also been used to mechanically scarify 
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seed (Robertson 1976). Extensive research has been conducted on 
acid scarification (Stoddard and Wilkinson 1938, Plummer and 
Frischknecht 1952, McDonald 1976, Young et al. 1985). Seed 
damage during acid scarification can probably be reduced by 
adjusting length of treatment to seed size (Stoddart and Wilkinson 
1938) or to lemma thickness (Zemetra and Cuany 1984). 

While germination of naked seed is considerably higher than 
seed with lemma and palea intact (Young and Evans 1984, Jones et 
al. 1988), naked seed are susceptible to fungal and bacterial disease. 
The disease resistance conferred by the lemma and palea has been 
attributed to phenolic compounds (M.B. McDonald, Jr., pers. 
comm.). McDonald (1976) successfully controlled disease in the 
laboratory with 40% maneb (manganese ethylenebisdithiocar- 
bamate) applied as a dust or slurry. Poor field establishment of 
acid-scarified seed despite dusting was attributed to deterioration 
of the lemma and palea over winter (Zemetra et al. 1983). Lemmas 
and paleas of intact mechanically scarified seed may be more 
persistent over winter than those of acid-scarified seed. This sug- 
gests a possible advantage of mechanical over acid scarification for 
field establishment. 

Toole (1940) concluded acid scarification reduced physiological 
dormancy as well as mechanical dormancy because some scarified 
seedlots exhibited enhanced germination despite persistent lem- 
mas and paleas. Griffith and Booth (1988) suggested loss of dor- 
mancy in recently harvested seed could be accelerated by scarifica- 
tion before storage. Shaw (1976) found that prechilling more 
effectively broke dormancy of naked seed than intact seed. These 
results suggest that breaking mechanical dormancy may accelerate 
the loss of physiological dormancy. To understand the impact of 
scarification on subsequent levels of physiological dormancy we 
measured germination response in 13 seedlots to mechanical scari- 
fication, prechilling, and room-temperature storage. 

Materials and Methods 
Seedlots of Nezpar (4), Paloma (5), and PI 478833 (4) were 

obtained spring 1987 from USDA-SCS Plant Materials Centers in 
Aberdeen, Ida.; Los Lunas, N.M.; and Bridger, Mont., respec- 
tively. All 3 genotypes are increases of populations collected from 

native sites. Nezpar (White Bird, Ida.) seedlots, designated ‘NZ’, 
were produced in 1980, 1983, 1985, and 1986 at Aberdeen and 
stored at 20° C and 40% relative humidity. Paloma (Florence, 
Colo.) seedlots, designated ‘PA’, were produced in 1971, 1973, 
1980/ 1981 (bulk), 1982, and 1984and stored at Los Lunasat 15’ C 
and 30% relative humidity. PI 478833 (Yellowstone Co., Mont.) 
lots, designated ‘PI’, were produced in 1977/1978 (bulk), 1980, 
1981, and 1982 and stored at Bridger in a barn without temperature 
or humidity control. 

After seed was obtained, it was cleaned with a South Dakota 
seed blower, alcohol-separated (Stoddart and Wilkinson 1938), 
and refrigerated at 5’ C until scarification. Each seedlot was 
divided into 4 equal samples. Two samples were scarified with an 
air-gun scarifier (Booth and Griffith 1984) on 17 July 1987 and 2 
others were left unscarified. The scarifier was lined with 24grade 
sanding cloth and operated at an air pressure of 345 kPa (50 psi) for 
15 s per sample. After scarification samples were recleaned with the 
seed blower. To assess seed damage from scarification, the cleaned 
sample was subsampled and approximately 3 g was separated into 
components of intact, naked, and damaged seed. The terms 
“intact” and “naked” refer to the presence and absence of the 
lemma and palea, respectively. Damaged seeds were split or 
chipped in addition to being naked. 

After post-scarification cleaning, the seed was refrigerated until 
28 March 1989 when 2 of the 4 samples of each seedlot, 1 scarified 
and 1 unscarified, were placed at room temperature for approxi- 
mately 1 year until germination testing began. The 2 remaining 
samples were kept refrigerated. Thus for each of 13 seedlots we 
generated 4 sublots: unscarified/ refrigerated storage, unscari- 
tied/ room-temperature storage, scarified/ refrigerated storage, and 
scarified/ room-temperature storage. In addition, sublots were 
nonprechilled or prechilled before germination as described below. 
Thus 8 treatments were applied in a 2 X 2 X 2 factorial (2 levels each 
of scarification, prechilling, and storage temperature) to the 13 
seedlots. 

Germination boxes were filled with 250 g sand, planted with 100 
intact seed of a sublot using a vacuum seed head, covered with a 
blue blotter, and watered with 60 ml tapwater. This created a soil 

Table 1. Germination of 8 scarification (SC), prechill (PC), end room-temperature storage (RTS) treatments, contrasts between treatments, end viability 
of 4 Nezpu seedlots. 

1980 1983 1985 1986 
Treatment 
SC PC RTS 

-%- Treatment 
SC PC RTS 

-%- Treatment 
SC PC RTS 

Treatment 
SC PC RTS 

-%- 

SC PC RTS 
SC PC 
SC 
SC RTS 

PC RTS 
PC 

RTS 

Contrast1 
SC 
PC 
RTS 
SC x PC 
SC X RTS 
PC/ SC 
RTS/ SC 

Tz* 

44 
40 
37 
36 

32** 
15** 
12’. 
13** 
13.’ 
ns 
ns 

91 

SC RTS 24 
SC PC 24 
SC PC RTS 21 
SC 17 

PC 7 
PC RTS 6 

RTS 3 

SC PC RTS 
SC PC 

RTS 

PC RTS 
RTS 

PC 

16** 26** 
6** 1 I** 

ns 14’. 
ns ns 
ns 3+ 

6+ 19** 
7+ 11* 

91 96 

52 SC RTS 
48 SC PC 
41 
30 
28 
18 
14 
4 

SC PC RTS 
SC 

PC RTS 
PC 

RTS 

34 
29 

z 
6 
5 
4 
2 

23** 
ns 
ns 
ns 
ns 
ns 

9+ 

93 

+***Signi!kant at P<O.lO, 0.05, and 0.01, rcspcctively. 
IContrasts describing the increase (+) or decrease (-) of germination by SC, PC, and RTS relative to unscarificd, nonprechilled, refrigcratcd seed, by PC (SC XPC) or RTS (SC X 
RTS) of scarified seed relative to unscaritied seed, and PC (PC/SC) or RTS (RTS/SC) of scarified seed relative to scarified, nonprechilled, refrigerated seed. 
2Tetrazolium viability. 
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matric potential of approximately -0.17 MPa (R.W. Brown, pen. 
comm.), which is in the desirable range for field-collected soil 
(Blank and Young 1990). Four boxes (replications) were planted 
for each treatment for each seedlot. Nonprechilled treatments were 
germinated at 15’ C with a 9-hour photoperiod and germination 
was recorded after 3 weeks. Prechilled treatments were placed in a 
dark 5“ C refrigerator for 3 weeks and then transferred to a 15O C 
germination chamber with a 9-hour photoperiod. Counts were 
made 2 weeks later, instead of 3 weeks, as for the nonprechilled 
treatments, because water imbibition was previously accomplished 
during prechilling. Testing of Nezpar, PI 478833, and Paloma lots 
began 12 Feb., 15 Feb., and 30 Mar. 1990, respectively. Tetrazo- 
lium viability was determined by the Utah state seed laboratory. 
Salt Lake City, on 200~seed samples of unscaritied, nonprechilled, 
refrigerated seed. 

Seed of Nezpar, Paloma, and PI 478833 was produced at Provi- 
dence, Utah, to compare seed dormancy of these 3 genotypes when 
produced in a common environment. Seed was harvested from 
replicated plots 15 Sep. 1989 and stored at room temperature until 
germination tests began 26 Feb. 1990. Prechill and nonprechill 
treatments were applied to 4 boxes (replications) as above for each 
genotype. Counts for nonprechilled boxes were made at 5 weeks. 
Counts for prechilled boxes were also made at 5 weeks (2 weeks 
after a 3-week prechill). 

All data were transformed with an arcsine transformation prior 
to analysis, but reported means were calculated for untransformed 
data. Responses to scarification, prechilling, and room-temperature 
storage relative to the unscarified, nonprechilled, refrigerated con- 
trol were evaluated with single degree-of-freedom contrasts. Con- 
trasts were also used to evaluate the relative impact of prechilling 
and room-temperature storage on scarified vs. unscarified seed and 
on scarified seed alone. Means were separated in both experiments 
with the Bayes L.S.D. at k ratio = 100 (Smith 1978). 

Results and Discussion 
Mechanical damage by the air-gun scarifier was similar to that of 

Griffith and Booth’s (1988) once-treated seed. Approximately 78% 
(SD = 10%) of the seed remained intact and approximately 7% (SD 

= 4%) were damaged. The remaining 16% (SD = 7%) were naked. 
Tetrazolium viability ranged from 67 to 96%, with only PA 

1980/81, PA 1982, and PI 1977/78 less than 85%. Germination of 
seedlots by treatment ranged from 1 to 52% for Nezpar (Table l), 5 
to 44% for Paloma (Table 2), and 4 to 38% for PI 478833 (Table 3). 
When seed was unscarilied and nonprechilled, older seedlots 
generally germinated best (Table 5). Rogler (1960) found that 
germination increased through 6 years of storage across 50 strains 
of Indian ricegrass, then declined as decreases in viability exceeded 
decreases in dormancy. The difference between germination and 
viability is considered to be dormancy remaining after any particu- 
lar seed treatment plus seed mortality resulting from the germina- 
tion test itself (Ebener 1988). The former should be more important 
in newer seedlots than older seedlots and the latter more important 
in older seedlots than newer seedlots of Indian ricegrass. 

For valid comparison of seed dormancy among genotypes, seed 
must be produced in a common environment. In the Providence 
experiment, germination of prechilled seed was 39,25, and 14% for 
Paloma, Nezpar, and PI 478833, respectively, each significantly 
different (k ratio = 100). Germination without prechill was less than 
1% for all 3 genotypes, demonstrating the high physiological dor- 
mancy typical of new seed. 

Scarification (SC contrast) significantly increased germination 
of 12 of the 13 seedlots from an average of 9.5 to 29.770, indicating 
that mechanical dormancy was inhibiting germination of those 
seedlots. The oldest seedlots, e.g., PA 1971, PA 1973, and PI 
1977/78, showed the least response to scarification. McDonald 
and Khan (1977) and Young et al. (1985) also found that old seed 
required less acid scarification than new seed. 

Either prechilling (PC contrast) or room-temperature storage 
(RTS contrast), practices which reduce physiological dormancy, 
effectively increased germination of 10 seedlots. The importance of 
physiological dormancy in these 10 lots, ranging from 5 to 12 years 
old when tested, seems to contradict McDonald’s (1987) assertion 
that physiological dormancy does not persist in seed older than 1 
year. All seedlots responsive to room-temperature storage were 
also responsive to prechilling, but 5 seedlots responsive to prechill- 
ing were nonresponsive to room-temperature storage. Physiologi- 

Table 2. Germination of 8 scarificntion (SC), preci~iii (PC), end room-temperhue storage (RTS) treatments, contrests between treatments, end viebiiity 
of 5 Paiomn seedlots. 

1971 1973 1980/81 1982 1984 

Treatment % - Treatment __ _- __ % - Treatment __ % - Treatment __ % - Treatment %-- 
SC PC RTS SC PC RTS SC PC RTS SC PC RTS SC PC RTS 

SC RTS 44 PC 39 SC PC 36 SC RTS 33 SC ST RTS 44 
SC 41 PC RTS 34 PC RTS 35 SC PC RTS 32 SC ST 43 

PC 40 SC RTS 34 PC 34 SC PC 31 ST RTS 34 
PC RTS 

:; 
SC 33 SC PC RTS 32 SC 27 SC 34 

SC PC RTS 32 SC 30 PC 25 SC RTS 33 
RTS 35 SC PC RTS 32 SC RTS 30 PC RTS 23 ST 28 

32 RTS 29 17 RTS 13 RTS ii 
SC PC 31 SC PC 28 RTS 16 11 5 

Contrast1 
SC 9+ ns 13** 16** 28** 
PC ns ns i7** i4** 23** 
RTS ns ns ns ns 6** 
SCXPC 17. ns 11* 10* 14” 
SC X RTS 
PC/SC -1: 

ns ns ns 6* 
ns 7+ ns 9* 

RTS/ SC ns ns ns ns ns 
Tz* 90 85 80 67 92 

+~***Siinificant at PCO.10, 0.05, and 0.01, respectively. 
lContrasts describing the increase (+) or decrease (-) of germination by SC, PC, and RTS relative to unscaritied, nonprcchille$, refrigemted seed, by qC(SC X PC) or RTS (SC 
X RTS) of scarified seed relative to unscarificd seed, and PC (PC/SC) or RTS (RTS/SC) of scarified seed relative to Scanfied, nonprechtlld, rtfngcratd seed. 
2Tetrazolium viability. 
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Table 3. Germination of 8 scarification (SC), prechill (PC), and room-temperature storage (RTS) treatments, contrasts between treatments, and viabiiity 
of 4 PI 478833 seedlots. 

1977178 1980 1981 1982 
Treatment -%- Treatment -%- Treatment -%-- Treatment -%- 
SC PC RTS SC PC RTS SC PC RTS SC PC RTS 

PC 34 SC PC 38 SC PC 32 SC PC RTS 31 
SC 32 SC PC RTS 33 SC PC RTS 31 SC PC 27 
SC RTS 29 SC 32 SC 26 PC RTS 25 

PC RTS 28 SC RTS 28 SC RTS 25 SC RTS 24 
RTS 24 PC RTS 21 PC RTS 23 SC 23 

SC PC 23 PC 21 PC 19 PC 22 
SC PC RTS 22 RTS 7 RTS 4 RTS 8 

20 7 7 4 

Contra& 
SC 13** 25** 22** 20** 
PC 14** i4** is** 19** 
RTS 

,“,** 
ns 3* 5* 

SCXPC 8* 9* is** 
SC X RTS ns ns 4+ ns 
PC/ SC -9* ns 7* ns 
RTS/ SC ns ns ns ns 

Tz2 71 96 92 85 

+****Significant at P<O.lO, 0.05, and 0.01, respectively. 
Contrasts describing the increase (+) or decrease (-) of germination by SC, PC, and RTS relative to onscarified, nonprechilled, refrigerated seed, by PC (SC X PC) or RTS (SC 
X RTS) of scarified seed relative to unscarified seed, and PC (PC/SC) or RTS (RTS/SC) of scarified seed relative to scarified, nonprechilled, refrigerated seed. 
ZTetrazolium viability. 

cal dormancy was broken more effectively by prechilling than by 1 
year of room-temperature storage. 

We included storage temperature as a variable based on results 
of Griffith and Booth (1988). They found that germination at 20” C 
of a newly harvested seedlot scarified with the Quaker Oats Impact 
Dehuller increased from 10.4 to 20.7% after 2 years storage at 5’ C. 
However, germination of their unscarified control did not increase 
after storage. In contrast, germination of a 6-year-old seedlot 
increased more after storage when unscarified, from 4.8 to 23.7%, 
than when scarified, from 29.6 to 42.0%. The difference between 
the response of the 2 seedlots to scarification over time was attrib- 
uted to “differential aging” in storage, i.e., aging reduced primarily 
viability in the older seedlot but primarily dormancy in the newer 
seedlot. Regardless of whether this interpretation is correct, both 
seedlots germinated best when scarified prior to storage. Addition- 
ally, both seedlots increased germination following the 2-year 5’ C 
storage period more when scarified than unscarified. On the basis 
of their results, Griffith and Booth (1988) suggested scarification of 
new seed before storage to increase germination. Although they 

did not interpret their results in terms of mechanical and physiolog- 
ical dormancy, their results suggest that disruption of mechanical 
dormancy in new seed facilitates loss of physiological dormancy. If 
so, scarification followed by storage would probably be most 
effective in new seedlots because both physiological dormancy and 
viability are high. 

Prechilling improved germination significantly less for scarified 
seed than unscarified seed (SC X PC contrast) in 9 seedlots by 
13.1%, while the contrast in the remaining 4 seedlots was nonsignif- 
icant. The effect of room-temperature storage was lower for scari- 
fied seed (SC X RTS contrast) for 4 seedlots, while not significantly 
different for the remaining 9 seedlots. Again, prechilling had a 
greater impact than 1 year of room-temperature storage. 

Two alternative hypotheses can explain these interactions (SC X 
PC, SC X RTS contrasts) between the breaking of mechanical 
dormancy and the breaking of physiological dormancy, expressed 
here as a smaller response of scarified seed to prechilling and 
room-temperature storage. First, the smaller response of scarified 
seed could be a result of a greater loss of physiological dormancy in 

Table 4. Effect of scarification and prechilling on germination of 13 seediots of Nezpu (NZ), Paioma (PA), and PI 478833 (PI). Means are calculated over 
refrigerated and room-temperature storage treatments. 

--------------------Unscarified--------____________ ______________________S~rifi~_____________________ 

--------NonDrechilied________ --------Prechiiied---__-_ ______--Non~rec~iied------_- -- - - - -- Prechilled _ _ _ _ _ _ _ _ 

Seedlot 

PA 1971 
PA 1973 
PI 1977178 
PA 1980/81 
PA 1982 
NZ 1980 
NZ 1985 
PA 1984 
PI 1980 
PI 1982 
PI 1981 
NZ 1986 
NZ 1983 

--%--- Seedlot __ %--- Seediot 

34 a PA 1971 39 a PA 1971 
31 a PA 1973 37 ab NZ 1980 
22b PA 1980/81 34 abc NZ 1985 
16~ PI 1977178 31 bc PA 1984 
12 d PA 1984 31 c PA 1973 
11 de PA 1982 24d PI 1977178 
ii de PI 1982 23 d PI 1980 
8 def PI 1981 21 d PA 1980/81 
7 ef NZ 1985 21 d PA 1982 
6 f8 PI 1980 21 d NZ 1986 
5 f8 NZ 1980 21 d PI 1982 
3 iih NZ 1983 6e PI 1981 
2h NZ 1986 6e NZ 1983 

___ %--- Seedlot 

43 a NZ 1985 
37 b PA 1984 
35 bc NZ 1980 
33 bc PI 1980 
33 bc PA 1971 
30 cd PA i980/81 
30 c4l PI 1981 
30 cd PA 1982 
30 cd PA 1973 
30 cd PI 1982 
24 e NZ 1986 
23 de PI 1977178 
21 e NZ 1983 

___%___ 
50a 
43 b 
42 b 
35 c 
34c 
34cd 
32 cde 
32 cde 
30 cde 
29 de 
28 e 
23 f 
22f 

‘Means within a column followed by different letters signiticantly different by Bayes L.S.D. at k ratio = 100. 
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scarified seed during storage as suggested by Griffith and Booth 
(1988) for their newly harvested seedlot. If scarification facilitated 
loss of physiological dormancy during storage, this should be 
reflected in a lessened response of scarified seed to prechilling as we 
observed. This may explain why Shaw (1976) found that a 2-week 
prechill increased germination of naked seed from 50.7 to 80.7% 
after 14 days, while intact seeds did not germinate with or without 
prechilling. Prechilling overcame dormancy in recently dehulled 
naked seed but not in intact seed. 

spring planting because of improved moisture conditions, germi- 
nation following prechilling is probably the most critical informa- 
tion for the buyer. Unfortunately, until the problems of monetary 
compensation, consumer demand, and appropriate labelling are 
corrected, commercial seed will not be scarified and the success of 
Indian ricegrass revegetation efforts will remain low. 
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Abstract 

The effects of late fall grazing, application of picloram (4 amino- 
3,5,6-trichloro-2-pyridinecarboxylic acid), and seeding on the rein- 
festation by knapweed (Cenlourea d@su Lam.) were investigated 
on a knapweed-infested grassland range in southern British 
Columbia. The seeding treatments were an unseeded control, 
created wheatgrass (Agropyron cristatum L.), Russian wildrye 
(Psati?yros&~c~ys junceus (Fisch.)Nevski)), ‘Drylander’ alfalfa 
(Medicago s&vu L.), and a rangeland seed mix. The spraying 
treatment was applied (0.56 kg a.i. per ha.) to only the unseeded 
control, Russian wildrye, and created wheatgrass treatments. Re- 
establishment of knapweed and establishment of seeded and indi- 
genous species were observed over 4 years. Knapweed cover never 
exceeded 10% on sprayed plots hut ranged from 35% to 60% on 
unsprayed plots. Knapweed cover was greater on unsprayed 
grazed plots and re-establishment was more rapid on sprayed 
grazed plots than on ungrazed ones. Seeding produced little differ- 
ence in knapweed cover but crested wheatgrass and rangeland mix 
(which contained crested wheatgrass) had the lowest coverage of 
knapweed on unsprayed plots. Russian wildrye did not establish 
and this failure plus the disturbance created by seeding provided 
ideal conditions for a surge of knapweed growth. No differences in 
knapweed cover were detected among seeding treatments on 
sprayed plots. It is concluded that spraying is far more important 
than seeding for controlling knapweed, and grazing pressure must 
be carefully controlled to prolong the effects of treatment. 

Key Words: Centuureu dilfusu, picloram, weed control, alfalfa, 
crested wheatgrass, Russian wildrye 

Since their introduction to British Columbia in the late 1800s the 
knapweeds (Cenfuureu spp.), particularly diffuse (C. dgfusa Lam.) 
and spotted knapweed (C. maculosa Lam.) have invaded vast areas 
of grassland and open forested rangelands. By 1972 the infestation, 
estimated at 30,000 ha, was negatively affecting all users of the 
range resource including recreationists, wildlife, and cattle ranchers 
(Harris and Cranston 1979). Presently the grassland and many of 
the open forest rangelands in the Boundary Forest District are 
infested to some degree with knapweed. A coordinated effort has 
been under way since the 1970s to contain the knapweed infesta- 
tion and prevent further losses. Included in these efforts are 
attempts to reclaim or rehabilitate critical rangelands that have 
become infested. 

When infestation by knapweeds occurs forage production losses 
are usually severe and often rehabilitation of rangelands is essential 
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for the continued operation of a cattle ranch or maintenance of 
critical wildlife habitat. Rehabilitation methods have included cul- 
tivating, seeding, and irrigating arable land or using herbicides 
such as 4 amino-3,5,6-trichloro-2-pyridinecarboxylic acid (piclo- 
ram) on rugged rangelands. Seeding of dryland grass and legume 
species is often done independently or in conjunction with herbi- 
cide treatment. Rehabilitation objectives include changing the 
vegetation to a more preferred mix and preventing re-infestation 
by knapweed for as long as possible. 

Certain treatments including the seeding of certain species may 
have been more effective than others in rehabilitating sites and 
preventing or suppressing invasion by knapweeds (Berube and 
Myers 1982). Management, particularly grazing management of 
cattle, may also affect the degree and length of knapweed control, 
although studies of the effect of grazing have not been reported. 
The objective of this study was to assess the independent and 
combined impacts of seeding, spraying, and grazing treatments on 
knapweed cover on an important grassland range in the Boundary 
Forest District. 

Materials and Methods 

The study was conducted on a Crown-owned grassland range 
east of Grand Forks, British Columbia (latitude 49 0 5, longitude 
118 17). Elevation is 550 m ASL, and there is a slight south aspect. 
The site is within the dry, hot subzone of the Ponderosa Pine 
Bunchgrass biogeoclimatic zone (Farley 1979). Soils on the site are 
Republic gravelly sandy loam, and are in the Orthic Black sub- 
group. They are moderately well to rapidly drained (Sprout and 
Kelly 1964). Average precipitation is 447 mm, with 324 mm falling 
as rain, and the remainder as snow. 

The area is heavily infested with diffuse knapweed. Undisturbed 
native range is dominated by: diffuse knapweed, 30-60% cover; 
Kentucky bluegrass (Pea pratensis L.), lo-20% cover; needle- 
grasses (Szipa spp.), 10-l 5% cover; and cheatgrass (Bromus recto- 
rum L.), O-20% cover. 

The study was conducted in 2 adjacent areas, 1 on each side of 
Highway 3. The area to the north of the highway was grazed 
annually by cattle from 1 Sept. to 30 Nov. at a stocking rate of 4.5 
ha/AUM; the area to the south of the highway was ungrazed. The 
area also supports large numbers of mule and whitetail deer (Odo- 
coileus hemionus hemionus Raf. and Odocoileus virginianus och- 
rourus Bailey, respectively). 

Each of the 2 study areas covered 0.3 ha, and was divided into 4 
blocks. Each block consisted of 5 plots of 5 m X 30 m, each of 
which was further subdivided into 2 equal-sized sub-plots. Each 
seeding and spraying treatment was applied once in each block. 
Randomization was carried out in assigning the 5 seeding treat- 
ments to main plots and the 2 herbicide treatments (sprayed, 
unsprayed) to sub-plots. 
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A picloram spray (4 amino-3,5,6, trichloro-2-pyridinecarboxylic 
acid) was applied on 10 May 1984 by handgun at the rate of 0.56 kg 
active ingredient per hectare. Weather conditions at the time of 
application were clear and warm with winds of 5-8 km per hour. 
Plots that were to be seeded to alfalfa or rangeland mix were not 
sprayed as the herbicide is phytotoxic to the legume component. 

Seeding operations were conducted 4 Oct. 1984. Prior to seed- 
ing, old vegetation was removed using a tractor-mounted rotary 
mower. The seedbed was prepared using a rotovator mounted on a 
72 horsepower tractor. Plots were broadcast-seeded at approxi- 
mately 30 kg per ha, and rolled with a water-filled drum roller. 

Seeding treatments were as follows: (1) Crested wheatgrass 
(Agropyron cristatum L.); (2) Russian wildrye (Psarhyrostachys 
junceus (Fish)Nevski)); (3) ‘Drylander’ alfalfa (Medicago s&vu 
L.); (4) Rangeland seed mix: 12.5% white sweetclover (Melil0ru.r 
ulbu Medic.), 12.5% ‘rambler’ alfalfa, 12.5% intermediate wheat- 
grass (A. intermedium Host), 25% smooth brome (Bromus inermis 
Leyss.), and 37.5% crested wheatgrass; and (5) unseeded (control). 

Foliar cover of all vegetation was measured during early July in 
1985,1986, and 1988. In each plot, a permanent 10-m transect was 
established with stations at l-m intervals. Foliar cover for each 
species was recorded using a 6-point ‘Daubenmire’ scale and mea- 
sured using a 15 cm X 30-cm plot frame placed at the stations 
(Daubenmire 1959). The same transects and stations were moni- 
tored in each year of data collection. 

Statistically, the experiment was a 2 X 5 X 2 factorial (2 grazing, 
5 seeded, and 2 herbicide treatments) with 4 combinations missing 
(the unsprayed legume plots). Within grazing treatment, design 
was a randomized complete block with split plots. The 5 seeding 
treatments were in the main plots, and herbicide treatment in 
sub-plots. For each year and plot, the average percent foliar cover 
of each species was determined using the midpoints of the cover 
range scale. Analysis of variance for repeated measures in time was 
performed using the SAS program GLM (SAS 1985). The raw 
data were not transformed prior to analyses as variances were 
homogeneous. Time was analyzed using the polynomial option. 
Differences among seeding treatments were examined using Dun- 
can’s new multiple range test at the 0.05 significance level. 

Results and Discussion 
Changes in foliar cover are reported only for knapweed and the 

primary forage species on the site, namely the species present in the 
seed mixtures and the indigenous forage grasses (cheatgrass, Ken- 
tucky bluegrass, and needlegrass). Other species were observed too 
sporadically to be amenable to analysis or were not considered to 
be important forages. 

Table 1. Effect of picloram and grazing on average foliar cover (%) of 
knapweed at Grand Forks. B.C. 

Picloram Grazina 1985 
Year 
1986 1988 

______________ qo______________ 
A. Control (native range) plots 
No Yes 65.5 52.6 59.4 
No No 51.9 29.1 32.8 
Yes Yes 5.9 4.5 6.4 
Yes No 0.0 0.9 0.0 
Standard errors: unsprayed 7.92 sprayed 3.08 

B. All plots 
No Yes 52.3 55.1 57.2 
No No 36.2 43.6 39.5 
Yes Yes 0.4 2.7 8.4 
Yes No 0.4 0.8 0.3 
Standard errors: unsprayed 3.54 sprayed 1.38 

separated only by a road, all the differences attributed to grazing 
must be viewed with caution until they can be demonstrated in a 
variety of locations. If these results are confirmed, it is anticipated 
that grazing effects will be more dramatic on sites where grazing 
occurs earlier in the growing season, or where grazing pressure is 
greater. 

When no picloram was applied, there was an interaction 
between seeding and years @<O.Ol) though the pattern was 
unclear (Table 2). Crested wheatgrass and rangeland mix (which 

Table 2. Effect of picloram and seeding on average foliar cover (%) of 
knapweed at Grand Forks, B.C. 

Treatment 

A. Unsprayed plots 
Native range 
Alfalfa 
Russian wildrye 
Crested wheatgrass 
Rangeland mix 
Standard error 

B. Sprayed plots 
Native range 
Russian wildrye 
Crested wheatgrass 
Standard error 

Year 

1985’ 1986 1988 

______________%______________ 
58.7a 40.8b 46.1ab 
46.2ab 54.8ab 52. lab 
45.6ab 62.0a 61.9a 
35.7b 38.lb 38.5b 
35.0b 5l.lab 43.3ab 
5.59 

O.Oa 2.4a 7.Oa 
0.5a 1.9a 2.9a 
0.7a 0.9a 3.3a 
1.69 

Knnpweed 
Cover of knapweed was greatly reduced by the application of 

picloram (Table 1). Coverage ranged from 35% to more than 60% 
on unsprayed plots but never exceeded 10% on sprayed plots. This 
difference in knapweed cover resulted in a significant @<O.Ol) 
3-way interaction among years, seeding, and spraying and was 
reflected in a different variance for the sprayed and unsprayed 
plots. In order to understand the relationships involved, and to 
account for the different variances, additional statistical analyses 
were carried out separately for the data from the sprayed and 
unsprayed treatments. 

When no picloram was applied, there was more knapweed on 
grazed than on ungrazed plots (p<O.O5). This difference did not 
change over time and may reflect the effect of grazing prior to the 
initiation of the experiment. After spraying, there was a year by 
grazing interaction (p<O.Ol) with knapweed reestablishing more 
rapidly on grazed than on ungrazed plots (Table 1). This finding is 
surprising in light of the fact that grazing occurred only late in the 
growing season. Although the grazed and ungrazed areas were 

‘Within year and herbicide treatment means followed by same letter are not signi& 
cantly different at the 0.05 level. 

contained crested wheatgrass) tended to have the lowest knapweed 
cover. After 4 years, Russian wildrye, which had still not estab- 
lished, had a significantly greater coverage of knapweed than 
crested wheatgrass alone. The lack of establishment by the Russian 
wildrye, combined with the disturbance created by seeding, pro- 
vided ideal conditions for a surge of knapweed growth. After 
spraying, there were no differences in knapweed cover among 
seeding treatments or interactions of seeding with years or grazing. 
These observations are consistent with those of Berube and Myers 
(1982) who found that 9 years after seeding, the knapweed density 
was greater in an area seeded to Russian wildrye than in an area 
seeded to crested wheatgrass. 

It was apparent from these results that seeding of these sites 
without the added benefit of an application of herbicide did not 
effectively reduce the knapweed population. Even the most com- 
petitive species, crested wheatgrass, when seeded without herbicide 
spraying resulted in a knapweed cover approaching that of 

JOURNAL OF RANGE MANAGEMENT 45(2), March 1992 181 



Table 3. Effect of piclonm and seeding on average foiiar cover ($) of 3 indigenous species at Grand Forks, B.C. 
I 

Cheatgrass’ Kentucky bluegrass Needlegrass 
Treatment 1985 1986 1988 1985 1986 1988 1985 1986 1988 

A. Unsprayed _________________________---___--------- %________________________________________ 
Native range 0.7b 3.2b 14.5c4i 15.lb 10.7a 12.3b 10.8bc ll.lb 12.3b 
Alfalfa 5.8ab 14.7b 18.3cd 3.3b 4.4a 6.6b 2.5~ 4.4b 2.5b 
Russian wildrye 3.6ab 4.3b 25.8bc 4.7b 3.la 3.4c 5.2bc 2.9b 3.3b 
Crested wheatgrass 2.6ab 2.7b 8.9d 4.3b 4.6a 2.6b 1.3c 3.7b l.lb 
Rangeland mix 8.8ab 9.lb 16.9cd 2.7b 5.4a 2.lb 2.X 6.4b 5.lb 

B. Sprayed 
Native range 3.7ab 12.7b 35.2b 31.2a 20.3a 28.la 34.4a 37.9a 38.6a 
Russian wildrye 15.4a 31.8a 50.5a 3.7b 11.3a 11.5b 18.2b 27.9a 29.la 
Crested wheatgrass 3.5ab 11.3b 16.2cd 3.3b 7.8a 3.3b 4.8bc 6.5b 2.4b 
Standard error 4.25 5.35 4.87 

‘For each species and year, means followed by same letter are not signiticantly different at the 0.05 level. 

untreated control. The disturbance created by seeding when not 
accompanied by spraying provided ideal conditions for the re- 
establishment of high levels of knapweed cover, particularly where 
species were seeded that did not provide rapid establishment of 
competitive vegetation. 

Seeded Species 
When crested wheatgrass was seeded alone, it established well 

and its coverage increased over the time of the study. After spray- 
ing picloram, crested wheatgrass provided, on average, a 58.1% 
coverage while without picloram the coverage was 30.0% (SE 
2.68%). The coverage of crested wheatgrass was 12% higher when 
the land was grazed than when it was ungrazed. There were no 
significant interactions among years after seeding, grazing, and 
spraying. Crested wheatgrass provided an average of 10% coverage 
(SE 2.68%) on plots seeded with rangeland mix, with no significant 
difference between grazed and ungrazed areas. 

Alfalfa was present in the rangeland mix as well as being seeded 
alone. It produced an average cover of 1.4% in the plots seeded to 
rangeland mix and 3.5% (SE 2.3%) in the alfalfa-seeded plots. 
Alfalfa cover never exceeded 15% on any plot and there was no 
significant relationship with grazing and time after seeding. 

Smooth brome provided 17% of the total number of seeds in the 
rangeland mix and intermediate wheatgrass contributed 7%. How- 
ever, smooth brome provided an average cover of 5.7% (SE 1.5%) 
and intermediate wheatgrass provided an average of 3.4% (SE 
1.4%). No coverage of more than 10% was observed in any plot for 
either of these species. Intermediate wheatgrass coverage was unre- 
lated to grazing or time after planting. A significant time by grazing 
interaction was observed for smooth brome. This was accounted 
for by an unusually high response of 8.5% in grazed areas in 1988 
but little difference between grazed and ungrazed areas in the 
earlier years. The reason for this single high value is unclear. 

Russian wildrye did not establish on any of the plots to which it 
was seeded. The greatest observed cover was 10% within 1 individ- 
ual plot frame. In 1985, a few seedlings were discovered on sprayed 
plots but these showed epinasty, suggesting herbicide damage. 
However, there was no significant establishment even on unsprayed 
plots. 

Indigenous Species 
The cover of cheatgrass varied substantially over the period of 

the study. There were significant interactions (p<O.Ol) of grazing, 
seeding, and spraying with time after initial treatment. The cover- 
age of cheatgrass increased over time but was consistently twice as 
high in grazed as in ungrazed areas. Coverage was higher in 
sprayed than in unsprayed plots. By 1988, the greatest coverage 
was achieved in sprayed plots which were either unseeded or seeded 
with Russian wildrye (Table 3). These were the plots which had 
been disturbed but in which competitive species had not established. 
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Kentucky bluegrass is a dominant species on this site. This is 
common on ranges in this area which have been grazed heavily in 
the past. There were no significant interactions for this species and 
no detectable effects of grazing and spraying. There were sign& 
cant differences among the seeding treatments. In 1985 and 1988, 
the cover of Kentucky bluegrass was higher on native range plots 
which had been sprayed with picloram than after other seeding 
treatments (Table 3). 

Cover of needlegrass did not change significantly over time, but 
was affected by grazing, seeding, and spraying, with statistically 
significant interactions between spraying and grazing and between 
spraying and seeding. Average coverages after spraying were 
31.6% and 12.8% (SE 2.5%) on grazed and ungrazed land, respec- 
tively, while without spraying the coverages were 5.9% and 4.1% 
(SE 1.9%), respectively. By 1986 the coverage of needlegrass was 
higher in sprayed areas seeded to Russian wildrye or left as native 
range than after other seeding treatments (Table 3). No differences 
were detected among the remaining seeding treatments. 

Management Implications 

After spraying on native range, the combined cover of desirable 
forages, in particular Kentucky bluegrass and needlegrasses, was 
approximately 65%. After spraying and seeding to crested wheat- 
grass, the combined coverage of crested wheatgrass, Kentucky 
bluegrass, and needlegrass was approximately the same. There- 
fore, it is concluded from this study that little apparent advantage 
was achieved by seeding, either alone or in combination with 
spraying, and that spraying appears to have been the most effective 
treatment for reducing the cover of knapweed and increasing the 
cover of desirable forage species. Since this experiment was carried 
out in a single location, the conclusions must be viewed with 
caution. Further experimentation will be required in other loca- 
tions to establish whether the results obtained here are of wide 
application. 
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Abstract 

The concept of market interdependence is defined in this paper 
as the innuence that public market quantity allocations and pricing 
decisions have on observed quantity and price in private markets. 
The existence of market interdependence violates an implicit 
assumption of minimal public market innuence when comparable 
private market prices are used to appraise resource value in public 
markets. Under interdependence, the comparable market approach 
becomes inappropriate for determining a fair market value in 
federal resource markets because government actions have the 
potential to affect observed prices in private markets. In this 
research, a case study of the Malheur National Wildlife Refuge 
(MNWR) is used to empirically estimate the existence of federal/- 
private forage market interdependence. Statistical inferences from 
econometric modeling show strong support for interdependence 
between the MNWR grazing program and the alfalfa hay market 
in Hamey County, Ore. The results of this case study can be 
applied to federal grazing lands managed by BLM and FS for 
grazing fee policy recommendations. 

Key Words: fair market value, federal grazing, market value 
appraisal, Malheur National Wildlife Refuge 

What should be the price of domestic livestock forage produced 
and consumed on federal lands? Public law provides an initial, 
deceptively simple, answer to that question. The Federal Land 
Policy and Management Act of 1976 requires that users of public 
land resources pay a”fair market value”(FMV) for these resources 
unless otherwise prescribed by statute. For federal forage resour- 
ces, FMV was established by a pricing formula in the Public 
Rangelands Improvement (PRIA) Act of 1977. 

With expiration of the PRIA formula in 1985, an appraisal of 
federal forage value was completed using a comparable market 
approach to determine FMV (Tittman and Brownell 1984). Under 
this approach, an operational definition of FMV is the price at 
which a private good or service provided by the federal government 
would be exchanged under competitive conditions. Thus, a com- 
parable market approach extrapolates FMV for federal forage 
resources from observed private market prices of similar forage 
resources exchanged under competitive conditions. 

Two major problems have been associated with the comparable 
market approach to establish livestock grazing fees on BLM and 
FS administered lands. They are: (1) dissimilar goods (forages) and 
use rights (terms and conditions of lease arrangements) provided 
by federal compared with private grazing leases; and (2) interde- 
pendence between federal and private forage markets. The first 
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problem has been substantiated through documentation of higher, 
nonfee livestock grazing costs on BLM and FS lands (Torell, et al. 
1986, Obermiller and Lambert 1984, Nielsen and Workman 1971, 
Roberts 1967). Ramifications of these cost differentials have been 
widely researched and discussed (Nielsen et al. 1985, USDI/ USDA 
1977). These ramifications have influenced federal grazing fee 
recommendations to Congress (USDI/USDA 1986). 

Contrary to the abundant research on comparability problems, 
interdependence has been acknowledged in federal grazing fee 
literature but ignored as a research topic (Obermiller 1984). 
Although Quigley and Taylor (1983) identified market interde- 
pendence as the most damaging theoretical criticism of compar- 
able market approaches for establishing of federal grazing fees, 
empirical effects of federal forage pricing and quantity allocations 
on private forage market prices and quantities have not been 
previously investigated. The objective of this research is to investi- 
gate the concept of market interdependence in a manner that can 
be applied to public land livestock grazing under BLM and FS 
management. 

What Does Forage Market Interdependence Imply? 
Research investigations relevant to federal/ private market 

interdependence have been done for timber (Buongiorno et al. 
1985, Clawson 1985, Adams 1974, Frazier 1967) and recreation 
(Reiling 1976). In this research, market interdependence is defined 
as the influence that quantity allocations and/ or pricing of private 
goods provided by the public sector have on observed quantity and 
price in private markets. When market interdependence exists, 
changes in quantity or price of public sector goods give rise to price 
and quantity changes in private markets. For instance, federal/- 
private forage market interdependence implies that substantial 
increases in federal grazing fees would change observed private 
forage market prices and quantities. 

The existence of market interdependence is important in federal 
forage pricing for 2 reasons: (1) economic welfare implications of 
federal forage pricing; and (2) validity of assumptions underlying 
appraisal of federal forage market value with private forage market 
data. Theoretical welfare models of how market interdependence 
affects both first and second best pricing of federal forage are 
outlined in Collins (1988). For purposes of this paper, the impor- 
tance of market interdependence is best illustrated in terms of its 
impact on appraisal of federal forage market values. 

Appraisal is a defensible estimate of value given a set of underly- 
ing assumptions (Boyce and Kinnard 1984). However, the exist- 
ence of market interdependence results in a violation of an implicit 
assumption of appraisal theory. That is, use of market value 
appraisal technique assumes that when an appraised resource is 
offered for exchange in the marketplace, it exerts minimal influ- 
ence on observed exchange values from which market value is 
estimated. While modern appraisal techniques do not address 
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violations of this implicit assumption (Boyce and Kinnard 1984, 
American Institute of Real Estate Appraisers 1983, Suter 1974, 
Murray 1969), an example of a violation is where publicly provided 
resources (like federal forage) affect exchange value in private 
markets which have been used to establish resource value by the 
public sector (FMV of federal forage). Because appraisal tech- 
niques generally assume zero influence, the existence of market 
interdependence would seriously compromise the use of compara- 
ble market approaches for public resource value appraisal. 

The comparable market approach utilized by Tittman and 
Brownell made an assumption that zero influence exists between 
federal forage resources and private forage prices. However, the 
existence of federal/private forage market interdependence would 
violate this assumption. In the 11 Western states, the magnitude of 
BLM and FS managed lands is large enough to conceivably influ- 
ence private forage markets. Nonfederal rangeland leasing over 
this entire region is about 42 million ha (Tittman and Brownell 
1984) compared with 108 million ha of BLM and FS leased public 
rangeland (U.S. General Accounting Office 1988). Even with pri- 
vate rangelands generally being more productive, BLM and FS 
resources represent a substantial portion of forage leased in the 
western United States. At state and county levels, federal range- 
land resources can represent even greater proportions. Examples 
are the state of Nevada and Harney County, Ore., where 82 and 
73% of land are managed primarily by the BLM and FS (Fairfax 
and Yale 1987, Valde 1973). 

If market interdependence does exist between federal forage 
resources and private forage markets, the quantity of forage pro- 
vided by the federal government would influence observed private 
forage market quantities and prices. In this research, the connec- 
tion between federal forage resources and private markets is postu- 
lated to stem from management adjustments taken by federal 
grazing permittee ranch operations in response to federal forage 
quantity changes. As 1 example, increased demand in the private 
grazing lease market would occur if federal grazing permittees 

and price of each transaction are controlled by 1 party. On the 
MNWR, refuge administrators determine quantity and price for 
each permit. Coordinated actions among all permits are necessary 
to obtain a magnitude of change in the federal market that is 
needed to evaluate interdependence influences with quantitative 
models and statistical inferences. On the refuge, coordinated 
action took place when the majority of permits sustained forage 
quantity reductions which were not going to be restored in the 
future. 

The third condition implies that an aggregation of permittee 
responses to federal market reductions would be of sufficient mag- 
nitude to affect a private market. For Harney County, the refuge 
provided slightly more forage (127,000 animal unit months 
(AUMs) based on cow/ calf pairs) than alfalfa hay (approximately 
112,000 AUMs) prior to permit reductions. Thus, this federal 
market was of substantial size relative to the private market prior 
to permit reductions. 

Case Study Area 
The MNWR was established in 1908 as a preserve and breeding 

ground for native birds (Fig. 1). Since the 193Os, livestock grazing 

responded to cutbacks in federal forage by replacing this seasonal 
forage supply with private grazing leases in an attempt to maintain 
herd size. In this case, federal forage quantity decisions would be 
transferred into private markets via an aggregate seasonal forage 
demand shift. For empiricai estimation, the magnitude of interde- 
pendence influence depends upon how a majority of permittees 
respond to livestock grazing reductions on federal lands. 

The Existence of Forage Market Interdependence: A Case 
Study 

This research is a test for the existence of federal/ private forage 
market interdependence. The livestock grazing program on the 
Malheur National Wildlife Refuge (MNWR) and the alfalfa hay 
market in Harney County, Ore., are used as a case study example. 
The null hypothesis of this research is: market interdependence 
does not exist between the MNWR grazing program and the 
Hamey County alfalfa hay market. 

To empirically test for federal/ private market interdependence, 
3 conditions are necessary: (1) the federal and private markets must 
be separate markets; (2) coordinated price and/ or quantity deci- 
sions must occur in the federal market; and (3) federal market size 
must be substantial when compared to the private market. 

Under the first condition, buyers must not be able to move freely 
between federal and private markets for if they could, these 
markets could be aggregated into one. On the refuge, forage buyers 
have restricted access to this market based on permit requirements 
similar to those for BLM and FS grazing programs. With refuge 
and private forage markets being separate, refuge forage reduc- 
tions can influence private forage markets by forcing permit 
holders to enter these markets to maintain herd size. 

The second condition is one of monopoly power where quantity 
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Fig. 1. Location of Malheur National Wildlife Refuge and Harney 
County, Oregon. 

on the refuge has been an authorized management tool to remove 
excess forage growth from flood irrigated pastures. Most livestock 
grazing use occurs in the form of rake-bunch grazing where forage 
is harvested on irrigated pastures in late summer, bunched in piles, 
and grazed from October through January. 

Permitted grazing use on the refuge varied between 110 and 120 
thousand AUMs during the 1960s and early 1970s (Fig. 2). During 
this period, refuge forage provided a significant quantity of live- 
stock forage in Harney County-between 25 and 30% of total 
November to March cattle forage requirements. Beginning in 1973, 
2 events led to substantial reductions in livestock grazing on the 
refuge: (1) a change in MNWR management resulted in a de- 
emphasis of grazing as a management tool; and (2) a predator 
control ban on U.S. Fish and Wildlife land created the need to 
increase ground nesting cover for birds such as mallards, gadwalls, 
cinnamon teal, and redheads. 

Reductions were achieved by cutting permitted AUMs on exist- 
ing permits and cancelling permits when ranch operations were 
sold or the owner passed away. Permitted use finally stabilized at 
about 40,000 AUMs in the mid-1980s (Fig. 2). When the policy of 
livestock forage reductions ended in 1981, permitted use had been 
reduced by roughly 70% from the 1973 level. This substantial 
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Fig. 2. Actual use AUMs from the Malheur National Wildlife 
Refuge Grazing and Hay Program, 1960-1987. 

reduction in a federal forage market provides an ideal case study to 
test for market interdependence between federal and private forage 
markets. 

Methods 

Since the refuge provides late fall and early winter forage to 
permittee ranch operations, 2 private forage markets in Hamey 
County are possible candidates for market interdependence: (1) 
forage land lease; and (2) hay. Based on a 1988 survey of refuge 
permittee responses to forage reductions, the hay market was 
identified as the primary private forage market affected by refuge 
grazing program changes. 

This survey involved about half of the ranch operations using 
refuge forage during 1972. The results indicated that out of 25 
ranch operators who responded to permit changes, 13 did so with 
hay purchases or hayland improvements to replace some or all of 
their refuge permit. Only 4 ranch operators leased additional for- 
age land in response to permit changes. Specifically, for the alfalfa 
hay market, survey respondents developed over 400 ha of private 
hayland and purchased an additional 1,500 metric-tons annually. 
Based on Harney County alfalfa hay yields between 1974-79, these 
1,500 metric-tons of hay purchases represent annual production 
equivalent to 240 ha of hayland. From the 25,000 AUM reduction 
experienced by survey participants as a group, an additional 640 ha 
(1,600 acres) of private alfalfa hayland were utilized to replace 
refuge forage. 

To empirically estimate market interdependence, 2 influences of 
refuge forage reductions are hypothesized for the Harney County 
alfalfa hay market. These influences are: (1) increases in develop- 
ment of alfalfa hay acreage either by permittees to replace lost 
forage or by other hay producers in anticipation of hay prices 
increases; and (2) real price increases created by permittee hay 
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purchases to replace reductions in refuge forage. Modeling of these 
influences draws from prior econometric research on alfalfa hay 
markets (Blake and Clevenger 1984, Myer and Yanagida 1984, 
Konyar and Knapp 1986). 

To estimate the magnitude of federal/private forage market 
interdependence, a system of equations is formulated to link hay 
production and price influences: 

HAAt = 
Ht = 

HPt = 

where: 

HAAt = 

EOAA, = 

f(EOAA1; Z,.: RFt,; Dl), 
f(HAi Tt*HAt; Wt), 
f(ORHPt; Ht; Ct; RF+I) 

(1) 
(2) 
(3) 

RFt q  

Dl = 

H, q  
HA, q  

Wt q  

Tt*HAt = 

HPt q  

ORHPt = 

changes in Hamey County alfalfa hay hectares between 
the past year and current year (t); 
changes in Eastern Oregon alfalfa hay hectares exclud- 
ing Hamey County, between the past year and current 
year (t); 
changes in refuge forage quantity from the previous 
year’s total, summation of 2 lagged years in (1) and by 
1 year in (3); 
dummy variable for Malheur and Hamey Lakes flood 
impact; 
quantity of alfalfa hay produced in Hamey County; 
Hamey County alfalfa hay hectares; 
weather variable to reflect annual changes in climatic 
conditions, measured by average temperature (in C) 
during the growing season (April through August); 
multiplicative variable of time trend times Hamey 
County alfalfa hay hectares; 
alfalfa hay prices in Hamey County, adjusted to 1986 
values by the Gross National Product deflator; 
alfalfa hay prices for the state of Oregon, exclusive of 
Harney County, adjusted to 1986 values by the Gross 
National Product deflator; 

Ht = quantity of alfalfa hay produced in Hamey County; 
Ct = number of cattle (cows and calves) in Hamey County 

as of January 1. 

From the 2 influences of refuge forage reductions, RF variables 
are postulated to have negative coefficients in (1) and (3). The 
number of RF lags in each equation was estimated with an experi- 
mental approach to econometric modeling (Koutsoyiannis 1977). 
These lags are the result of 2 factors: (1) most permittee operations 
had multiple responses to refuge permit forage reductions which 
would tend to delay alfalfa hay purchases and/or alfalfa hay 
development (other responses included cutbacks and yearling 
numbers or a drawdown of existing hay stocks); and (2) alfalfa 
hayland development would be delayed by large capital require- 
ments and climatic riskiness of this development in Hamey County 
(Gomm 1979). 

The existence of federal/ private forage market interdependence 
is established by 2 statistical inferences from RF coefficients: (1) a 
significant difference from zero and (2) a significant structural 
change associated with the refuge reduction policy. Statistical 
significance for both tests would reject the null hypothesis and 
demonstrate that market interdependence exists between the 
MNWR grazing program and the Hamey County alfalfa hay 
market. 

RF variables are postulated to be negatively correlated with 
HAA and HP only after the 1973 implementation of a refuge policy 
to permanently reduce livestock forage. Refuge forage quantity 
changes prior to 1973 are hypothesized to have no influence on the 
alfalfa hay market due to the temporary nature of these quantity 
fluctuations. 

To account for the hypothesized negative impact of RF variables 
after 1973, estimation of RF coefficients is done with RF variables 
in blockdiagonal form (Johnston 1984). In this format, RF vari- 



ables are converted into 2 variables: (1) one with refuge forage 
quantity changes prior to 1974 and then zeroes afterwards (RSSW- 
7s); and (2) the other with zeroes to 1973 and refuge forage quantity 
changes starting in 1974 (RF1974-ss). 

For the first statistical inference, a one-tailed Student’s r-test is 
used to determine statistical differences from zero for RRmr-es. A 
structural change between RFleso-n and RF~s,4-ss coefficients is 
evaluated with a F-statistic based on a hypothesis that RF coeff- 
cients are equal in both time periods (Johnston 1984). Rejection of 
this hypothesis with a statistically significant F-statistic implies a 
substantial change in RF coefficients between periods. 

As further evidence of market interdependence, the compatibil- 
ity between survey results and econometric estimation is evaluated. 
From the permittee survey, an estimated 26 ha of additional pri- 
vate alfalfa hayland were developed per 1,000 AUMs of refuge 
forage reduction. Using this result, linear restriction testing is done 
on RF1974-86 coefficient in (1). A statistically insignificant F- 
statistic implies the 2 estimates are compatible. 

For the other explanatory variables in (l), EOAA is hypothe- 
sized to be positively correlated with HAA. EOAA is used as a 
proxy variable to account for changing alfalfa hay price expecta- 
tions and economic growth under an asSumption of uniform price 
expectations and economic growth over all counties in eastern 
Oregon. Dl is used to explain the dramatic drop in Hamey County 
alfalfa hay acreage due to flooding of Harney and Malheur Lakes. 
This flooding began in 1982 with hayland remaining submerged 
through 1988. Thus, Dl is a dummy variable with a value of 1 in 
1983. 

The independent variable HA in (2) is linked to the dependent 
variable in (1) by an identity of HAt = HAI- + HAAt. In (2), HA is 
expected to be positively correlated with Harney County alfalfa 
hay production (H). Based on Oury (1965), the variable T*HA is 
used to reflect increasing technology (as measured by time trend) 
on per hectare yield of alfalfa hay. A weather variable accounts for 
annual temperature fluctuations because most hayland alfalfa is 
irrigated in Hamey County. 

In (3), H acts as an independent variable to explain alfalfa hay 
prices in Harney County (HP). Following Myer and Yanagida 
(1984), H is assumed to be predetermined in the short-run (i.e., hay 
production does not change in response to prices during the grow- 
ing season). With this assumption, the H variable becomes a mea- 

sure of stock rather than demand and HP can be estimated as a 
function of H (Heiden 1977). Following standard market theory, H 
is postulated to have a negative influence on price. With alfalfa hay 
being a livestock production input, C is used to account for shifts in 
final product demand and is expected to have a positive influence 
on price (Myer and Yanagida 1984). The ORHP variable repres- 
ents a proxy variable for economic impacts on alfalfa hay prices 
outside of Hamey County (such as energy price increases and 
agricultural price inflation). 

Linear relationships are assumed among variables. An assump- 
tion of linearity is justified by the well established hypothesis 
testing techniques for regression coefficients in small samples 
(Judge et al. 1982). Initially, variable coefficients are estimated 
with ordinary least squares on each equation. If error terms are 
uncorrelated between equations, then this system of equations is a 
recursive system which is correctly estimated with ordinary least 
squares 1 equation at a time. Two tests, Breusch-Pagan Lagran- 
gian Multiplier and likelihood ratio, are used to test the hypothesis 
that the error term covariance matrix is diagonal, i.e., no correla- 
tion between error terms. 

Data from 1958 to 1986 are used in ordinary least squares 
estimation. Information on refuge forage quantities come from 
MNWR records. The Office of Economic Information at Oregon 
State University provided data on Harney County alfalfa hay 
market and cattle numbers, Eastern Oregon alfalfa hay acreages, 
and Oregon alfalfa hay prices. 

Results 
Ordinary least squares estimation of variable coefficients for 

each equation are shown in Table 1. Based on error terms from 
these equations, both Breusch-Pagan Lagrangian Multiplier test 
(x2s q  2.297) and the likelihood ratio test (x23 = 3.161) did not reject 
the null hypothesis of a diagonal error term covariance matrix. 
Thus, ordinary least squares estimation of each equation is 
appropriate. 

Strong statistical support for market interdependence between 
the refuge grazing program and the Harney County alfalfa hay 
market is evident in Table 1. RSnr-es coefficients are negative and 
statistically different from zero in both (1) and (3). Prior to the 
reduction policy, RFlm-7s coefficients are, as expected, not statis- 
tically different from zero. 

For structural change, RF coefficients in (1) have a statistically 

Table 1. Ordinary least squares estimation of regression coefficients for equations (l)-(3), 1960-1986. 

Equation [l] 
HAA = 0.126 + 0.023 EOAA + 0.011 RFlw-73 

(0.105)’ (0.022) (0.0105) 
N = 27 Adjusted R2 q  0.573 

HAA: Hamey Co. alfalfa hay hectare changes 
EOAA: Eastern Oregon alfalfa hay hectare changes 

Equation [2] 
H = 9.605 + 8.786 HA - 0.011 [T*HA] 

(14.681) (1.239)** (0.034) 
N q  27 Adjusted R* q  0.978 

H: Harney Co. alfalfa hay production 
HA: Harney Co. alfalfa hay hectares 

Equation r31 
HP = 23.218 

f 15.3371 
+ 0.863 ORHP 
f0.0871** 

- 0.217 H 
co.o731** 

$~=27’ . ‘Adjusted R2 = 0.8;7 
HP: Harney Co. alfalfa hay prices 
ORHP: Oregon alfalfa hay prices 

- 0.028 Rl%~d-ss - 2.564 Dl 
(0.008)** (0.468)+* 

F,* = 9.712 
RF: changes in refuge forage, two lags 
Dl: flood dummy variable 

- 2.183 W 
(0.913)’ 
FsS = 386.266 
[T*HA]: technology variable times HA 
W: average monthly temperature, April-August 

- 0.046 C + 0.056 RFIw-7s - 0.389 RF~wd-.ss 
(0.178) (0.160) (0.21 l)* 
Fs21 = 32.107 

C: Harney Co. cattle numbers 
RF: changes in refuge forage, one Lag 

‘Standard error of estimated regression coefficient. 
*Regression coefficient is statistically different from zero at 5% level, one-tail test for RF~s-wc+s. 

**Regression coefficient is statistically different from zero at 1% level, one-tail teSt for RFawss. 
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Table 2. Re-estimation of Regression Coeffkients due to violations of Ordinary Least Squme AsPunWo- 

Equation [2] 

H=l.O97 
(13.276)’ 

Equation [3] 

HP = 19.769 
(7.381)* 

Violation: First order Autocorrelation 
Violation: Multicollinearity 

+ 8.428 HA 
(0.391)** - ;u38%; 

N = 27 Adjusted R* = 0.981 
H: Harney Co. alfalfa hay production 

HA: Harney Co. alfalfa hay hectares 

Violation: Multicollinearity 

+ 0.852 ORHP - 0.228 H 
(0.075) (0.055)** 

N = 27 Adjusted R2 = 0.863 

HP: Harney Co. alfalfa hay prices 
ORHP: Oregon alfalfa hay prices 

Correction: Cochrane-Orcutt Iterative Process, rho = 0.426 
Correction: Drop [T*HA] variable 

Fz* = 258.552 
W: average monthly temperature, April-August 

T*HA: technology variable times HA 

Correction: Drop C variable 

+ 0.059 RFxao-7s -0.39 1 RF~4-86 
(0.156) (0.206)’ 
Fdp q  41.894 

RF: changes in refuge forage, one Lag 
C: Hamey Co. cattle numbers 

lStandard error of estimated regression coefficient. 
*Regression coeffkient is statistically different from zero at 5% level, one-tail test for RF~wrw 

**Regression coefficient is statistically different from zero at 1% level, one-tail test for RFIw-M. 

significant F-statistic (Fiss = 6.970) at a 5% level. Based on this 
result, the estimated coefficient for RFra74-as is statistically differ- 
ent from RFieso-,s. Thus, both statistical inferences from RF coef- 
ficients in (1) reject the null hypothesis and are highly supportive of 
market interdependence. 

In (3), a F-statistic for structural change in RF coefficients is not 
statistically significant (Fizz q  0.957). Statistical inferences from 
RF coefficients in (3) do not reject the null hypothesis, but did 
show partial support for the refuge grazing program having a 
direct effect on prices in the Harney County alfalfa hay market 
based on the RFr~+ss coefficient being statistically different from 
zero. 

rest of eastern Oregon. Also, with statistical significance. of coeffi- 
cients for HA in (2) and H in (3), the influence of RFrg4-86 on HAA 
can be indirectly linked to HP. This linkage is: reductions in refuge 
forage result in a lagged increase of alfalfa hay hectares in Harney 
County, which increases alfalfa hay production, thereby creating a 
negative impact on alfalfa hay price. 

RF1~4-as coefficient estimates in Table 1 imply that for each 
1,000 AUM reduction in refuge forage: (a) Hamey County alfalfa 
hay acreage increases by 56 ha (lagged over 2 years); and (b) real 
alfalfa hay prices increase by about $0.39 per metric-ton (lagged 1 
year). For example, (1) and (3) suggest that the Harney County 
alfalfa hay market experienced an increase of 1,120 ha of alfalfa 
hayland development and about an $8 per metric-ton increase in 
real alfalfa hay price in 1978 based on an actual decrease of 20,008 
AUMs of refuge forage between 1976 and 1977 (see Fig. 2). 

Due to the use of nonexperimental data, testing is done for 
violations of ordinary least squares assumptions. Violations are 
evaluated with: (1) an exact Durbin-Watson (D-W) test for posi- 
tive autocorrelation (Judge et al. 1982); (2) regressions of squared 
residual terms (e*) on independent and predicted dependent varia- 
bles and plotting of e* against y for heteroskedasticity; (3) evidence 
for multicollinearity comes from a correlation matrix of variables 
and follows recommendations on condition indexes computed 
from eigenvalues in principal components analysis from Belsley et 
al. (1980). 

Testing for a linear restriction on the RFr974-.ss coefficient in (1) 
provided evidence that survey information and econometric esti- 
mation are compatible. With RFrar4-~3~ equal to a minus 0.013, a 
F-statistic for this restriction is: F1_zl = 3.676. This F-statistic does 
not reject a null hypothesis of no difference (Fr,ar,.~r, = 4.32) between 
the 2 estimates of market interdependence influence on Harney 
County alfalfa hay acres. 

When translated into a cumulative influence over the refuge 
reduction policy (from 1973 to 1981), Harney County alfalfa hay 
increases are estimated to be approximately 4,600 and 2,100 ha for 
econometric modeling and survey results, respectively. The total 
change in Harney County alfalfa hayland between 1973 to 1982 
(prior to Malheur and Hamey Lakes flooding) was 6,030 ha. Based 
on these estimates, the influence of refuge forage reductions 
accounted for about I/ 3 to 213 of the total change in alfalfa 
hectares. While these estimates probably serve as lower and upper 
bounds for the true influence, they show that refuge forage reduc- 
tions did have a substantial influence on hectares of Harney 
County alfalfa hay. 

There are no major problems with violations in equation (1). In 
(2), a Durbin-Watson statistic of 1.283 shows the presence of 
positive first-order autocorrelation of error terms. In addition, 
multicollinearity is a problem in (2) based on a condition index 
from principal components analysis of 183.7, much larger than the 
problem level suggested by Johnston (1984). These violations are 
adjusted for by a Cochrane-Orcutt iterative procedure (Johnston 
1984) and dropping of the T*HA variable because it is strongly 
correlated with HA (Table 2). For (3), multicollinearity is present 
among independent variables (condition index of 19). Regression 
coefficients in (3) are reestimated by dropping the C variable 
which is correlated with OR and H (Table 2). With corrections for 
violations, the results of Table 2 do not change statistical inferences 
of market interdependence from Table 1. 

Discussion and Conclusions 
The need to conduct research on federal/ private forage market 

interdependence is the result, in part, of comparable market 
approaches being used to appraise and price federal forage resour- 
ces. All major federal grazing programs (BLM, FS, and U.S. Fish 
and Wildlife Service) presently use data from private forage 
markets to value public land livestock grazing and establish graz- 
ing fees. 

Coefficient estimates of 3 other explanatory variables in Table 1 
are relevant to market interdependence. The EOAA coefficient in 
(1) is not statistically different from zero. Lack of statistical signifi- 
cance for EOAA shows that variations in HAA are explained by 
RF1974-as rather than following alfalfa hayland development in the 

It has been suggested that the comparable market approach is a 
constructive way of interpreting FMV only when the federal 
government’s presence in the market is nominal (Gulley 1983-84). 
Comparable markets are constructive in this situation because 
competitive market forces are allowed to determine value without 
government influence. However, existence of market interdepend- 
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ence shows that federal government presence cannot be considered 
nominal. In this research, statistical inferences from econometric 
modeling showed strong support for existence of market interde- 
pendence in a case study example of the Malheur National Wildlife 
Refuge grazing program and the Harney County alfalfa hay 
market. 

Existence of market interdependence is evidence that an implicit 
appraisal assumption used in a comparable market approach has 
been violated. In the case study, by offering an appraised resource 
(refuge forage) for exchange in a federal market, a statistically 
significant influence was exerted on an exchange value (Hamey 
County alfalfa hay prices) from which the appraised resource could 
be valued. Thus, a comparable market approach employing pri- 
vate alfalfa hay market data is not an appropriate valuation tech- 
nique for FMV because federal government actions have influ- 
enced observed prices in this market. 

Case study results suggest that market interdependence should 
be of concern in establishment of federal grazing fees policy. A 
federal/ private market size ratio of 1.13 was present prior to the 
MNWR reduction policy. For BLM and FS grazing programs, 
there are 108 million ha of BLM/FS leases in the western U.S. 
compared to about 42 million ha of nonfederal leased grazing land. 
Even with greater forage productivity of private land, this size ratio 
for BLM/FS grazing programs and private land grazing leases 
strongly implies existence of market interdependence given that 
interdependence is found in Harney County with a federal/private 
ratio equal to 1.13. 

From a public policy standpoint, use of comparable market 
approaches in the presence of market interdependence would have 
particularly undesirable consequences when large changes are 
proposed in federal market quantity and/ or price. In these instan- 
ces, federal market changes would lead to substantial changes in 
private market prices. Thus, there would be a noticeable change in 
the same prices from which federal resource value was obtained via 
the comparable market approach. 

Given existence of federal/ private forage market interdepend- 
ence, there is an alternative valuation technique for federal forage 
whose assumptions are not violated by market interdependence. 
Obermiller (1984) suggests utilizing a ranch operation budgeting 
approach to determine net returns to permit ownership. By using 
this technique, only dam from federal forage markets are employed 
to value forage, thereby eliminating use of private forage market 
data. 
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Abstract 

Studies weti made at 2 rangeland areas in south Texas to mea- 
sure canopy cover and distribution with an airborne laser profiler. 
In a comparison of laser and ground measurements of canopy 
cover on the same eighteen 30.5-m segments at the Yturria area, 
laser measurements of canopy cover ranged from 1 to 89% and 
were correlated significantly (P = 0.89) with ground measurements 
(1 to 88%) on the same eighteen 30.5-m segments. Comparisons of 
laser measurements of canopy cover for 500- and 940-m segments 
with an average of three 30.5-m ground measurements of canopy 
cover made within these segments were also significantly corre- 
lated (P = 0.95). Topography, vegetation height, and spatial distri- 
bution of canopy cover for 6- to 7-km flightlines were also mea- 
sured with the laser profiler. Airborne laser measurements of land 
surface features can provide quick and accurate measurements of 
canopy cover and distribution for large areas of rangeland. Accu- 
rate and timely data on the amount and distribution of plant cover 
are valuable for understandhrg vegetation characteristics, improv- 
ing estimates of infiltration, erosion, and evapotranspiration for 
rangeland areas, and making decisions for managing rangeland 
vegetation. 

tions with short winters and warm temperatures throughout the 
year. The average growing season exceeds 325 days (Hatch et al. 
1990). 

The La Joya area is 6 km north of the Rio Grande River, about 
140 km inland from the Gulf of Mexico in Hidalgo County, Texas. 
Average annual precipitation is 49 cm. The flightline at the La Joya 
area crossed 2 range sites, one a sandy loam and the other a red 
sandy loam. Soil of the sandy loam site is a Brennan fine sandy 
loam whereas that on the red sandy loam site is a Delmita- 
Randado soil complex (Jacobs 1981). The Brennan series is a 
member of the fine-loamy, mixed, hyperthermic family of Aridic 
Haplustalfs. The Delmita series is a member of the fine-loamy, 
mixed, hyperthermic family of Petrocalcic Palenstalfs, and the 
Randado series is a member of the loamy, mixed, hyperthermic, 
shallow family of Petrocalcic Ustollic Paleargids. 

Key Words: remote sensing, landscape, shrubs, brush, evapo- 
transpiration 

Rangelands cover almost half the earth’s surface (Williams et al. 
1968). Much of this rangeland occurs in arid and semiarid regions 
(Branson et al. 1981) and varies widely in canopy height, distribu- 
tion, and cover (Tueller 1982). Kinds and amounts of vegetation 
cover have long been recognized as important factors affecting 
infiltration, erosion, and evapotranspiration (Gifford 1984). Data 
on the distribution of canopy cover and its change in time and 
space can be used for understanding, modeling, and managing 
infiltration, erosion, evapotranspiration, and plant growth for 
rangeland areas. 

Honey mesquite (Prosopis glundulosu Torr.) is the dominant 
woody species at the La Joya site. Other woody species include 
lime pricklyash (Zunthoxylumfiguru [L] Sarg.), bluewood (Con- 
duliu hookeri M.C. Johnst.), blackbrush acacia (Acacia rigidulu 
Benth.), desert hackberry (Celtis pullidu Tort+.), and cenizo (teu- 
cophyflum j’rutescens [Berl.] I.M. Johnst.). Pricklypear cactus 
(Opuntiu lindheimeri Engelm.) is also present along with a variety 
of warm-season grasses and forbs. The vegetation community 
along the flightline was relatively uniform, varying primarily in 
density and height. Although the area is used for cattle grazing, 
there have been no major management efforts to control shrubs. 

Current methods for measuring canopy cover typically incorpo- 
rate ground measurements with line-intercept or line-transect 
methods (Canfield 1941, Eberhardt 1978). These methods are 
labor intensive and can be somewhat subjective in their applica- 
tion. Our purpose is to describe an alternative method using an 
airborne laser profiler to measure canopy height, cover, and spatial 
distribution on large areas of rangelands quickly and efficiently. 

The Yturria area in Willacy County, Texas, is about 100 km 
northeast of the La Joya area and is about 35 km inland from the 
Gulf of Mexico. Average annual precipitation is 68 cm. The area is 
a sandy loam range site composed of a Detina fine-sandy loam soil. 
The Defina series is a member of the fine-sandy loam, mixed 
hyperthermic family of Aquic Paleustalfs. In contrast to the La 
Joya area, intensive management efforts to control woody vegeta- 
tion at the Yturria area have led to a shrub-cluster type of vegeta- 
tion comprised of dense stands of brush interspersed with large 
open areas. Brush stands are dominated by large honey mesquite 
trees (6 to 8-m) in the overstory with desert hackberry, bluewood, 
and lime pricklyash in the understory. Open areas are dominated 
by brush regrowth l- to 3-m tall or false broomweed (Ericumeriu 
uustrotexunu M.C. Johnst.), a subshrub usually less than l-m tall. 
Several species of warm-season grasses and forbs are found 
throughout. 

Study Area Methods and Materials 
The study was conducted on 2 rangeland areas in the South 

Texas Plains vegetation region. The climate is mild at both loca- 

Robert Parry of the Hydrology Laboratory and Mario Alaniz of the Remote 
Sensing Unit assisted in the collection and analyses of the data. 

Manuscript accepted 22 July 1991. 

A laser profiler mounted in a small twin engine aircraft was used 
to measure the distance between the aircraft and the landscape 
surface as defined by any object (i.e., soil, rock, vegetation, man- 
made structure) reflecting the laser pulse (Ritchie and Jackson 
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Fig. 1. Laser profiles of landscape surface for representative flightline 
segments at the La Joyn (A), Hidalgo County, Texas, 28 June 1989 and 
Yturria (B), Willacy County, Texas, 24 July 1990 using averages of 
consecutive sets of 8 laser measurements. Inset in A shows non-averaged 
data from 8,192 laser measurements corrected to depict the approximate 
elevation. 

1989). The aircraft flew at an altitude of about 150-m and at a speed 
of 60-m per second. The laser was a pulsed gallium-arsenide diode 
laser, transmitting and receiving signals at a wavelength of 0.904 
pm. The laser operated at 4,000 pulses per second. Under these 
operating parameters, a vertical distance measurement from the 
aircraft to landscape surface occurred at 1 S-cm intervals along the 
flightline. The laser is designed to have a vertical recording accu- 
racy of 5-cm on a single measurement. 

Data collected by the laser were recorded digitally on a portable 
personal computer and stored on a fixed disk along with data from 
a gyroscope and an accelerometer which were used to correct the 
laser data for aircraft motion. A video camera, borehole-sited with 
the laser, recorded a visual image of the flightline. The video record 
was annotated with consecutive numbers and clock time every 
1 / 60th of a second. The video frame number was recorded simul- 
taneously with the digital laser data to allow precise location of the 
laser data and the video data. 

Elevation was calculated for each laser measurement based on 
known elevations along the flightlines. Ground surface elevation 
was defined as the minimum elevations along a laser flightline 
segment. These minimum values were determined by calculating a 
moving minimum elevation for 21 laser measurements; some man- 
ual editing of these minimum elevations was required in areas of 
dense vegetation cover. It was assumed that these minimum eleva- 
tions represented ground surface while anything above the min- 
imum was vegetation. The height of vegetation was determined by 
subtracting the minimum measurements from the actual laser mea- 
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Fig. 2. Laser profile of vegetation heights for the same flightlines in Figure 
1. Vegetation height was calculated as the difference between minimum 
ground elevation and the landscape surface. 

surements at a measurement point. 
Canopy cover was determined by height category by counting 

the number of laser measurements in a height category and divid- 
ing by the total number of laser measurements for a line segment. 
Canopy heights were determined by 0.5-m height increments and 
then combined to determine the canopy cover for heights greater 
than 0.5-m and greater than 1.0-m used in these analyses. 

Spatial distribution of percent canopy cover along the flightlines 
was calculated for canopy heights greater than 0.5-m by determin- 
ing the percent canopy cover for the first 30.5-m of a flightline 
segment, incrementing 1 laser measurement and calculating can- 
opy cover for the next 30.5 m. This gave an integrated average for 
the canopy cover along the flightline for 30.5-m increments. A 
moving standard deviation of the canopy heights was calculated in 
the same manner for 30.5-m intervals to determine the roughness 
of the landscape surface. 

Two flightlines about 6,500- long and less than 20-m apart were 
flown at the Yturria area on 24 July 1990. Along the 2 flightlines, 
laser data and ground measurement for eighteen 30.5-m segments 
were analyzed and used for direct comparison of laser and ground 
measurements for the same sites. Canopy cover was also deter- 
mined for six 500-m segments on each flightline by averaging 8 
consecutive laser measurements. Three ground measurements of 
cover were made in each of the six 500-m segments and averaged to 
estimate ground cover for each of the 6 segments. 

A single flightline 6,580-m long was flow at the La Joya area on 
28 June 1989. Seven segments, each 940-m long, were analyzed by 
averaging 8 consecutive laser measurements to determine cover for 
these segments. Three ground measurements of cover were made in 
each of the seven 940-m segments and averaged to estimate ground 
cover for each of the 7 segments. 
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Fig. 3. Standard deviations of the laser measurements for 30.5-m incre- 
ments for La Joya (A), Hidalgo County, Term, 28 June 1989 and Yturria 
(B), Willacy County, Texas, 24 July 1990 calculated from the data shown 
in Figures 2A and 2B, respectively. 

The line-intercept method (Canfield 1941, Eberhardt 1978) was 
used to make ground measurements of canopy cover for 30.5-m 
segments along the flightlines. Measurements of canopy cover 
were made for canopies intercepting the line transects at heights 
greater than 0.5-m and greater than 1.0-m. The video recorded 
during the laser flights was used to locate ground measurement 
sites as close as possible to the flightlines. 

Results and Discussion 
Variable ground surface topography and the presence of objects 

above the ground surface are evident in the laser data (Fig. 1). The 
3 protrusions in the inset (Fig. 1A) were identified as shrubs or 
small trees in the video image obtained concurrently with the laser 
measurements. Vegetation height (Fig. 2) was calculated as the 
distance above the minimum ground elevation on the laser seg- 
ments. Individual shrubs were represented by individual spikes in 
the profile, while clumps of shrubs (more common at the Yturria 
area) were represented by aggregates of spikes whose minima did 
not reach the ground. 

The height variation in the canopy (Table 1) is shown by the 
distribution of cover by 0.5-m height increments for three 30.5-m 
laser segments along the 2 flightlines measured with the laser 
profiler at Yturria. Most of the measurements were between 0.0 to 
0.5-m although canopy heights up to 7.5-m were encountered. 
These data are typical of total flightlines and the variability in the 
vegetation heights at Yturria and La Joya. 

A distribution of ground and canopy roughness along the flight- 
lines was measured by the standard deviation of canopy heights 
(Fig. 3) for 30.5-m segments. Standard deviations of 5 to 6-cm were 
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Fig. 4. Spatial distribution of canopy cover for 30.5-m increments for 
vegetation greater than 0.5-m tall for La Joya (A), Hidalgo County, 
Texas, 28 June 1989 and Yturria (B), Willacy County, Texas, 24 July 
1990. Cover was calculated from data shown in Figures 2A and ZB, 
respectively. 

Table 1. Laser measurements of percent canopy cover by height (m) for 2 
flightlines at the Yturria area, Willacy County, Texas, 24 July 1990. Each 
site represents a 30.5-m segment along the fligbtlme at about the same 
location. 

Height 
Canopy Cover 

Flightline 1 Flightline 2 
4A 4B 4c 4A 4B 4c 

04 - _________%_________ _________%__________ 
0.0-0s 81.6 90.2 43.4 86.7 95.5 27.3 
OS-l.0 5.9 8.5 1.4 3.8 4.3 1.5 
1.0-1.5 7.3 1.3 1.5 4.8 0.2 2.0 
1.5-2.0 5.2 1.8 4.6 3.7 
2.0-2s 3.0 0.1 9.6 
2.5-3.0 1.3 15.0 
3.0-3.5 0.8 11.1 
3.5-4.0 3.0 7.6 
4.04.5 7.1 7.6 
4.5-5.0 17.1 4.5 
5.0-5.5 11.8 7.6 
5.5-6.0 2.1 2.5 
6.0-6.5 3.0 
6.5-7.0 2.6 
7.0-7.5 0.3 

measured between clumps of vegetation in both study areas with 
standard deviations greater than l-m in shrub-dominated areas. 
Such measurements of landscape roughness may provide valuable 
data on aerodynamic roughness of the landscape needed for mak- 
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Table 2. Comparison of percent canopy cover measured using the line 
transect method and laser profiler at the Yturrla area, Willacy County, 
Texas, 24 July 1990. Both laser and ground measurements are for 30.5-m 
transects at about the same lo&on on the ground. 

2 100 

d so- 
- A YTURRIARANGELAND 

Segment 
Plants > 0.5-m Tall Plants > 1.0-m Tall 

GR’ FL I* FL23 GR FL 1 FL2 
__________ yo__ _______ _________ ye__________ 

IA 2.0 5.6 3.3 2.0 1.9 0.8 
1B 1.8 7.2 7.8 2.3 1.8 2.5 
1C 12.4 13.1 10.1 11.6 3.9 
2A 56.1 61.3 56.6 54.8 5s.: 47.3 
2B 20.1 21.8 22.1 3.2 2:1 7.0 
2c 52.2 48.7 42.5 52.2 47.3 39.1 
3A 45.3 63.7 49.0 45.3 61.4 45.0 
3B 39.3 42.7 44.9 39.3 40.7 43.1 
3c 29.2 29.7 24.4 18.7 22.0 11.5 
4A 17.7 18.4 13.3 17.7 12.6 9.5 
4B 6.1 9.8 4.5 1.3 1.3 0.2 
4c 63.7 56.6 72.7 57.4 55.2 71.2 
5A 79.5 83.6 89.1 79.5 83.5 88.3 
5B 55.8 61.3 48.6 55.8 60.6 46.0 
5c 53.6 46.3 54.7 52.8 45.8 54.1 
6A 79.7 73.7 66.0 79.7 71.0 63.7 
6B 87.8 79.5 72.2 87.8 78.5 64.8 
6C 45.5 69.3 70.9 45.5 68.3 70.5 

1Ground-Data from line intercept method. 
‘FL I-Data from laser flightline 1. 
‘FL 2-Data from laser flightline 2. 

RMSE = 9.25 

B LA JOYA RANGELAND 
AVG. OF 3 GROUND MEASUREME 

0 20 40 60 60 1 

ing estimates of evapotranspiration in rangeland areas. Further 
research is needed to determine the usefulness of this roughness 
data. 

- YTURRIA RANGELAND 
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Canopy cover also varied in spatial distribution within and 
between the 2 areas (Fig. 4). The patterns of spatial distribution of 
canopy cover along the flightlines are unique. The difficulty in 
locating sample sites that will give typical cover measurements with 
the line-intercept or transect method for short segments is illus- 
trated by these patterns. Canopy cover ranged from 0 to 90% along 
the 500-m segments and was dependent on where a 30.5-m segment 
started. Further analyses are necessary to relate spatial patterns 
measured with the laser profiler to plant community and ecological 
characteristics. 

0 20 
COV:: (%) FIELL%ATA 

80 100 

At the Yturria area, canopy cover greater than 0.5-m tall mea- 
sured with the laser ranged from 3.3 to 89.1% as compared to 2 to 
87.8% for the eighteen 30.5-m ground measurements at the same 
sites (Table 2). The range was from 0.2 to 88.3% for laser measure- 
ments and 1.3 to 87.8% for ground measurements for canopy cover 
greater than l-m tall at the same sites. The laser measurements 
compared well with the cover measured on the ground made at the 
same sites at the Yturria area (Fig. 5A). When the greater than 
0.5-and 1.0-m data were combined, the coefficient of determina- 
tion (1-2) was 0.89 for the linear relationship between laser and 
ground measurements of cover for the same 30.5-m segments. The 
data points were uniformly distributed around a 1: 1 line (Fig. SA). 
Thus the laser profiler method was measuring canopy cover similar 
to that measured on the ground by the line-transect method. 

For longer segments, laser-measured canopy cover at the La 
Joya area for vegetation cover greater than 0.5-m tall ranged from 
17.9 to 41.9% for the seven 940-m laser segments and was 23.9% for 
the 6,580-m flightline (Table 3). For canopy greater than l-m tall, 
the canopy cover ranged from 3.7 to 29.7% for the 7 laser segments 
and was 15.7% for the entire flightlme. The range for the average 
for 3 ground measurements on each of the 7 segments was 19.4 to 
43.5% for canopy greater than 0.5 m and 4.2 to 33.8% for canopy 
greater than 1.0 m. Again similar patterns were measured with the 
laser and ground data. 

Fig. 5. Comparison of the relationship between ground and laser mea- 
surements of canopy cover greater than 0.5-m and 1.0-m tall. Data are 
shown for the Yturria area (A), Willacy County, Texas, 24 July 1990 
comparing individuai laser and ground cover measurements for the same 
30.5-m segments, the La Joya area (B), Hidalgo County, Texas, t8 June 
1989 for an average of 3 ground measurements with 940-m laser segment, 
and for both areas(C) with an average of 3 ground measurements with 
940-m and 500-m line segments. 

The ground and laser measurements of canopy cover at the La 
Joya area were compared. The averaged ground measurements 
were higher than the laser measurements for the canopy cover 
greater than both 0.5-m and l-m. The coefficient of determination 
(r*) was greater than 0.95 for the relationship between ground and 
laser measurements for the La Joya area (Fig. SB). However, the 
ground and laser measurements of canopy cover differed (DO.05) 
when compared with a paired t-test. This difference was probably 
due to the comparison between an average of three 30.5-m ground 
measurements and cover measurements for 940-m laser segments. 

The cover measurements calculated from the 940-m segments 
from the La Joya area (Table 3) and 500-m segments from the 
Yturria area (Table 4) with the average of 3 ground measurements 
for each of these segments were compared and a coefficient of 
determination (r*) of 0.98 was calculated for the combined data set 
(Fig. SC). 

Since similar patterns were measured with the ground and laser 
measurements for the same 30.5-m segments at the Yturria area 
(Fig. 5A), differences between these ground and laser measure- 
ments of canopy cover at the same site are probably due to the 
comparison of 30.5-m ground and laser segments that are not at 
exactly the same line transect. The differences between averaged 
ground measurements and laser measurements for longer segments 
(Figs. 5B and SC) would be due to the comparison of an average 
measurement for three 30.5-m ground segments with longer laser 
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Table 3. Comparison of percent canopy cover measured using the line Table 4. Comparison of percent canopy cover measured using the line 
transect method and iaser method at La Joyr range area, Hidxigo transect method and iaser method at Yturria range area, Wiiiacy County, 
County, Texas, 28 June 1989. Each iaser segment is 948-m long, whiie Texas, 24 July 1990. Each Iaser segment is 588-m long, while ground 
ground measurements are the average of three 38.5-m ground measure- measurements are the average of three 38.5-m ground measurements 
ments using the line transect method along each 948-m segment. using the line transect method along each 588-m segment. 

Segment Plants > 0.5-m Tall 
Ground’ Laser2 

Plants > 1.0-m Tall 
Ground Laser 

1 
2 
3 
4 
5 
6 
7 

All’ 

,________%_________ _________ yo_______ 
20.5 18.4 16.3 16.0 
21.3 20.8 15.4 15.2 
23.3 19.6 17.1 16.2 
24.6 20.3 16.8 9.2 
19.4 11.9 4.2 3.1 
34.0 30.3 24.3 22.4 
43.5 41.9 33.8 29.7 
26.1 23.9 18.3 15.7 

1Ground--Canopy cover is the average of 3 measurements using line transect method. 
Xaser-Data from laser flightline. 
‘All-Represent the canopy cover for the 6,580-m flightline. 

segments. However, ground measurement of the canopy cover on 
NO- or 940-m transects would be too time consuming and costly; 
thus a comparison could only be made between averages and the 
longer laser segments. The cluster of data around the 1: 1 line (Figs. 
SA, SB, and 5C) shows that the ground transects and the laser 
transects are measuring similar patterns. The difference between 
the 2 methods was probably due to the inability to locate the 
ground measurements and the flightline on exactly the same 
transects. 

Conclusion 
Estimates of patterns and density of canopy cover measured 

with an airborne laser and line-transect ground measurements at 
the same sites were similar and significantly correlated, thus an 
airborne laser is a potential technique to measure canopy cover of 
large areas of rangelands quickly and quantitatively. Spatial pat- 
terns and patchiness of vegetation height, cover, and roughness can 
also be determined. Such data are time-consuming and expensive 
to collect with conventional methods for equivalent-sized areas 
and could be impossible to collect in certain cases due to the 
inaccessibility of some rangeland areas. Data on the amount and 
distribution of plant canopy cover will be valuable for understand- 
ing vegetation patterns and characteristics, improving estimates of 
infiltration, erosion, and evapotranspiration for rangeland areas, 
and making decisions about managing woody vegetation. 

Site Ground’ FL 12 FL 23 

_____________________%__________________-_- 
Canopy Cover for Plants X.5-m Tall 

: 42.8 1.4 43.9 8.7 40.4 7.1 

3 37.9 45.4 39.4 
4 29.2 28.3 30.2 
5 63.0 63.7 64.1 
6 71.0 16.4 69.7 

ALL4 41.9 44.4 41.8 

Canopy Cover for Plants >l.O-m Tall 
1 5.3 3.0 2.4 
2 36.7 36.2 33.2 
3 34.4 41.4 33.2 
4 25.5 23.0 27.0 
5 62.7 63.3 62.8 
6 71.0 72.6 66.3 

ALL 39.3 39.9 31.5 

‘Ground-Canopy cover is the average of 3 measurements using line transect method. 
2FL I-Data from laser flightline 1. 
‘FL 2-Data from laser flightline 2. 
‘ALL-Represent the canopy cover for the 6,500-m flightline. 
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Abstract 

Mortality of shadscale (Atriplex conferfgolia [Torr. & Frem.] 
Wats.) was severe in Great Basin valley bottoms between 1983 and 
1988. Puddle Valley, Utah, just west of the Great Salt Lake, typifies 
areas of extensive shrub loss in which density decreased from over 
12,000 ha” to less than 200 ha-l. We analyzed vegetation along a 
radial transect established in the bottom of Puddle Valley ln 1987. 
Mortality was greatest at the lowest elevations where shrubs were 
initially most dense. These sites occurred where soil moisture, 
fine-textured soils, and bulk density were greatest of all sites evalu- 
ated. Soil was most saline at the margins of the valley bottom. 
Higher densities of live shadscale occurred where slopes are 
greater, soil is more droughty, and soil moisture was lower during 
the 3 years of data collection. The die-off “front”continued about 5 
km to the west of the valley center in 1989. Refugia of live shadscale 
populations were found where soil salinities were higher. Popula- 
tion dynamics of annuals, including summer-cypress (Koch&~ sco- 
puria [L.] Schrader), cheatgrass (Eromus tectorwn L.), and halo- 
geton (Halogeton glomerutus [Bieb.] C.A. Mey.) were highly 
variable between 1987 and 1989. 

Key Words: shadscale, die-off, environmental conditions, popula- 
tion biology, Great Basin 

Shrub mortality in plant communities occupying Pleistocene 
lake bottoms of the Great Basin has been severe since 1983 (Nelson 
et al. 1989). Die-off has occurred in a number of valleys in Utah to 
an extent which has necessitated a reduction in livestock grazing or 
has eliminated it completely. A site of extensive shrub loss is 
Puddle Valley, located between the Great Sale Lake and Great Salt 
Desert in northwestern Utah. Investigations at this site are the 
subject of this paper. 

Among the causes suggested for recent outbreaks in Utah are: (a) 
elevated salinities caused by saltwater intrusion from high levels of 
the Great Salt Lake, (b) transient soil waterlogging generated by 
above-average precipitation during 1982-84, (c) extended periods 
of cold and snow-cover during the winter of 1983, (d) summer 
drouth in 1984 and 1985, and (e) aggravation of environmental 
stresses by stocking practices. 

During previous episodes of shrub die-off in the Great Basin and 
other areas of the West, damage has been linked to weather 
extremes (Nelson and Tieman 1983). Cold damage to creosote 
bush (Larrea divaricata [DC.] Cov.), screwbean (Prosopispubes- 
tens Bent.), and honey mesquite (Prosopis glundulosu Torr.) 
occurred after a cold period in southern Utah (Cottam 1937). 
Bitterbrush (Purshiu tridentutu [Pursh] DC.) was damaged in 
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northern Utah by extremely cold weather following warm periods 
(Jensen and Umess 1979). Four-wing saltbush (Atriplex cunescens 
[Pursh.] Nutt.) (Van Epps 1975) and Vasey sagebrush (Artemisiu 
tridentutu ssp. vuseyunu [Rydb.] J. Boivin) (Hanson et al. 1982) 
have also been reported to have suffered damage from heavy snow 
or severe cold. Drought has been implicated in severe reductions of 
shadscale which occurred in 1933-34, 194243, 1971-72, and 
1976-77 (Blaisdell and Holmgren 1984). Viscid rabbitbrush (C&y- 
sothumnus viscidzj7orus[Hook.] Nutt.) populations were impacted 
during a drought in the 1950’s (Ellison 1960). 

Fungal association with dieback has been reported. Damage to 
big sagebrush (Artemisiu tridentutu Nutt.), described as a sage- 
brush wilt disease of unknown origin, was recorded by Nelson and 
Krebill(l981) at a university field station in Ephraim, Ut. Snow- 
mold fungus damage to big sagebrush was reported in Wyoming, 
Colorado, and Utah (Hess et al. 1985). 

Insect predation has caused specific instances of shrub loss. 
Infestations of the sagebrush defoliator (Arogu websteri Clarke) 
were found in populations of sagebrush and rabbitbrush near the 
Utah-Idaho border (Hsiao 1984). Grasshopper (Hesperotettix vir- 
idis Scudder) and beetle (Crossidiuspulchellus LeConte) impacts 
on threadleaf snakeweed (Gutierreziu microcephulu [DC.] Gray) 
were investigated in 1980 (Parker 1985). Effects of a leaf-feeding 
beetle (Trirhubdu pilosu LeConte) on big sagebrush in British 
Columbia were reported in 1960 (Pringle 1960). Snout moth dam- 
age to shadscale has been reported in Idaho (Hutchings 1952, 
Sharp and Sanders 1978). 

Laboratory and greenhouse experiments have linked shrub mor- 
tality to elevated salinities (Goodman and Caldwell 1971, Good- 
man 1973, Stutz 1975) and flooding and low concentrations of 
oxygen in the root zone (Lunt et al. 1973, Drew 1983). Accounts of 
shrub loss resulting from ephemeral soil saturation at various sites 
have been published (USDA 1937, Ganskopp 1986). 

Many recent episodes of die-off in western Utah have begun in 
valley bottoms and upland depressions, especially those in which 
ephemeral ponds are found. The latest die-off occurred after a 
period of high precipitation (Nelson et al. 1989). Such conditions 
implicate a hydrologic or soil factor in the initiation of mortality in 
shrub communities which are subsequently subjected to massive 
losses. The spread of mortality is hypothesized to be radial, with 
shrub mortality proceeding contagiously and centrifugally. 

This study investigated several aspects of shrub mortality, 
including: (1) vegetation dynamics in the Puddle Valley die-off 
area using field data collected in 1987,1988, and 1989; (2) progress 
of the advancing die-off front during that period; (3) seedling 
establishment and growth within the die-off area; (4) the relation- 
ship of mortality and vegetation structure to environmental (prim- 
arily soil) variables; and (5) the relationship between environmen- 
tal variables and the demographics of shrubs. 
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Methods 

Site Description 
Puddle Valley is small (32 km by 12 km), northward trending, 

and partially drained (drainage out of the valley is by groundwater) 
(Snyder 1963). It is between the Great Salt Lake and the Great 
Lake Salt Lake Desert in northwestern Utah (41° OO’N Lat., 112” 
55’W Long.). It is dry, sparsely populated, and used partly as a 
military reservation and partly as a winter range for sheep and 
cattle. Annual precipitation ranges from 150 mm to 300 mm, and 
potential evapotranspiration is as high as 1,500 mm per year 
(Eakin et al. 1976). In the 3 years prior to data collection for this 
study, annual rainfall totals at the nearest measuring station in 
Tooele, Utah, 75 km to the SE were: 423 mm (1987), 375 mm 
(1988), and 483 mm (1989). There is almost no overland runoff and 
little groundwater recharge. Water in sand and gravel aquifers 
contains 2,000 mg/l of dissolved solids in the shallowest water- 
bearing strata and the concentration increases with depth. Sub- 
surface water movement is to the north, into the Great Salt Lake 
Desert (Price and Bolke 1970). 

Soils in the valley bottom and surrounding alluvial fans are very 
silty at the surface with poor drainage and low permeability. There 
is appreciable sodium, and a duripan may form in addition to 
saline and clay horizons (Soil Conservation Service, Soil Survey of 
Tooele County, unpublished). 

Vegetation is dominated by shadscale (Atriplex confertifolia 
(Torr. & Frem.) Wats.), greasewood (Sarcobatus vermiculatus 
(Hook.) Torr. in Emory), and cheatgrass (Bromus tectorum (L.)). 

Sampling Plots 
A 5,750 m long permanent transect, established across the bot- 

tom and side hills of Puddle Valley in 1987, bisected a circular area 
in which extensive shrub mortality had occurred. A rectangular 
plot (8 X 20 m) subdivided into ten 4 X 4-m quadrats was located at 
each of 27 stations along the transect. Data from each of the 16-m2 
quadrats were combined for the 160 m* plot. 

Stations 1-21 encompass most of the environmental variation 
within the die-off area. Plots at stations 1-21 (in the valley bottom) 
are 250 m apart. Plots 22-27 (on the hillside) are 3.2 km to the 
northwest of the other plots and are located along a 250-m segment 
that passes through what, in 1987, was a die-off front or ecotone 
between healthy and dying shadscale. The total transect was 
divided into 2 sections to allow the upper section to cross the 
die-off front, but vegetation cover and composition differences in 
the area between the 2 segments do not seem to be great. Station 21 
at the upper end of the valley section of the transect was subse- 
quently placed by vegetation classification analysis into the same 
community as most of the stations in the hillside section of the 
transect (see following section on Community Structure). The 
most pronounced differences in vegetation occurred in concentric 
zones at the bottom of the valley (stations 1-21). 

Cover Values for Dead Shrubs 
In order to take into account the recent presence of dead shad- 

scale in the classification of vegetation data, synthetic cover values 
were calculated to estimate its cover when living. This was achieved 
by plotting the number of stems of healthy, live shadscale against 
measured cover values in all quadrats, in plots located in both 
healthy and die-off areas. Dead stems were then assigned a syn- 
thetic cover value based upon the regression equation y = 2.87x - 
0.12, where y is the percent cover and x is the number of stems per 
plot (r* = 0.94). The cover value obtained with this equation was 
multiplied by 0.80 to make it more conservative (Ebdon 1985). This 
conversion was performed so that if the synthetic cover values were 
over-estimated by the regression equation, they would not assume 
a greater importance in the classification algorithm than actual 
measured values of shrubs which were alive. Dead shadscale cover 

values were then entered into TWINSPAN (Hill 1979) classifica- 
tion analysis as one entity and live shadscale cover values as 
another. This allowed measurement and comparison of prior live 
cover and current live cover. Before die-off, shadscale density 
varied appreciably across the valley because of environmental 
differences or competition. A potential relationship between prior 
density and mortality was considered to be a possibility. 

Community Structure 
Vegetation classification of all 27 plots was performed using 

TWINSPAN. Cover data were obtained in the late summer and 
early fall (September, October) of 1987, 1988, and 1989. In addi- 
tion to the synthetic values for cover of dead shrubs, percent cover 
of live shrubs was obtained with a modified line-intercept method, 
and cover of nonshrubby species was visually estimated using the 
octave scale (Gauch 1984, p. 212-213). The octave scale is a 0 to 9 
scale, with 0% cover = 0,O to I/ 2% cover = 1, > l/ 2% to 1% cover = 
2, > 1% to 2% cover = 3, >20/, to 4% cover = 4, >4% to 8% cover = 5, 
>8% to 16% cover = 6, > 16% to 32% cover q  7, >32% to 64% cover 
= 8, and >64% cover = 9. In the line-intercept method, the distance 
covered by each shrub species along 3 parallel tapes, spaced evenly 
across a 4 X4-m quadrat, was recorded. Cover was calculated as a 
percentage of the total tape distance. Ten of the 4 X m quadrats 
were averaged to obtain the plot value. 

Vegetation data from 27 plots for each of 3 years were combined 
into a single data set prior to classification. This permitted tracking 
of potential successional changes of plots from membership in one 
community type to another. All cover estimates were entered as 
octave values. 

Environmental Variables 
At each of the 27 plots, the following environmental information 

was obtained: (1) elevation (from differential leveling); (2) slope; 
(3) gravimetric soil moisture, both beneath shrubs and within 
shrub interspaces (Gardner 1986); (4) soil bulk density beneath 
shrubs and within shrub interspaces (Blake and Hartge 1986); (5) 
infiltration rates beneath shrubs and within shrub interspaces 
(using a IO-cm ID double ring infiltrometer, rate recorded after 45 
minutes); (6) soil texture from grab samples (soil samples from 
below crust to 30 cm depth were aggregated) (Gee and Bauder 
1986); and (7) electrical conductivity (electrical conductivity mea- 
surements between O-30 cm were averaged). Conductivity values 
were measured with a YSI model 32 conductivity meter, using 
aqueous extracts of saturated soil paste from each sample (Rhoades 
1982); values were converted to salt concentrations in mg liter“ of 
extract. All measurements were made in September and October 
1989. Gravimetric soil moisture measurements were obtained dur- 
ing September 1989, at each plot. Systematic soil moisture moni- 
toring was carried out using gravimetric as well as neutron back- 
scatter measurements from 6 valley bottom and 6 hillside arrays 
starting in 1987. These measurements indicated that the 1989 soil 
moisture measurements are representative of the end-of-summer 
period, when soil moisture is at its lowest levels. 

Population Variables 
In addition to environmental variables at each of the 27 plots, 

the densities of live and dead shadscale shrubs and live seedlings, 
and the densities of live Gardner saltbrush (Atriplex gardneri 
[Moq.] D. Dietr.) mature shrubs and seedlings were measured in 
1987, 1988, and 1989. 

Numerical Analysis 
After the 1989 field season, a data set comprised of values from 

27 plots was compiled. Variables included community membership 
of each plot in 1987,1988, and 1989, from TWINSPAN. In addi- 
tion, environmental and population variables described in the 
previous section were used. Densities of shads&e and Gardner 
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saltbush, of the shrubby species at the site, were specifically 
selected for measurement because shadscale was the species suffer- 
ing mortality and Gardner saltbush was a palatable species with 
potential for replacing shadscale in some areas. Values for popula- 
tion variables measured over 3 years were pooled after first testing 
for homogeneity of variance. Two locational variables were used: 
radial distance from the center of the lowest part of the valley and 
radial zone. The radial zone divided the distance from the center of 
the valley into 5 zones (zones l-4 were O-3,000 m; zone 5 was 
5,000-6,000 m). The zones represented increasing radial distance 
from the center of the valley. 

ANOVA and subsequent painvise analysis of community types 
were performed in order to determine how the environment and 
plant population responses varied between communities. ANOVA 
was performed twice, first using vegetation community member- 
ship as the class variable, and again with radial zone as the class 
variable. When the ANOVA showed that a significant relationship 
existed, pairwise comparisons were made using Duncan’s multiple 
range test (a = 0.05). Correlations were performed on the data set, 
excluding class variables. 

Results and Discussion 
Vegetation Analysis 

TWINSPAN classified plots from the combined 1987,1988, and 
1989 data sets, based upon species presence and cover. The result- 
ingcommunity membership for the 27 plots was compared over the 
3 years to assess successional change, gross shrub mortality, and 
shrub regeneration. Five community types were designated using 
TWINSPAN classification. 

The TWINSPAN algorithm uses a species-stand matrix and 
divides all stands (plots) into smaller and smaller groupings. The 
first division separated communities designated as 1,2, and 3 from 
communities 4 and 5. The former grouping (1,2, and 3) contained 
all plots with Gardner saltbush and most with gray molly (Kochia 
umeriuma Wats.), summer-cypress (Kochiu scopuriu (L.) Schrader), 
and greasewood, and had the higher densities of dead shadscale. 
The latter grouping contained the plots with the greater coverage 
of live shadscale and halogeton (Hulogeron glomerutus (Bieb.) 
C.A. Mey.). Subsequent division resulted in the following 5 com- 
munity types: 

Community 1. Dominated by high coverage (20-30%) of Gardner 
saltbush and large numbers ~4,000 ha-‘) of dead shadscale 
shrubs. Located on the east end of the transect. 

Community 2. High coverage of summer-cypress and cheat- 
grass (30~60%), with the highest density of dead shadscale shrubs 
(>9,000 ha’). Primarily at the lowest elevations in the valley. 

Community 3. Plots in which greasewood is dominant, with 
scattered live and dead shadscale shrubs. Annuals such as summer- 
cypress and cheatgrass are sub-dominants. This community type 
has a patchy distribution in the valley bottom and is concentrated 
on the western edge of the flat bottom. 

Community 4. Dominated by live shadscale, mostly on the 
hillside at the west end of the transect. 

Community 5. Dominated by halogeton. Seems to occur behind 
the advancing front of shadscale die-off. Mostly on the hillside at 
the west end of the transect. This community type did not occur in 
the 1988 data set because of low survival rates for halogeton and 
other annuals; 1988 had lower than average rainfall totals at the 
nearest recording station. 

Vegetation Composition Shifts, 1987-1989 
Figure 1 shows community affinities along the transect for each 

of the 3 years. Membership in community 1, dominated by 
Gardner saltbush, was stable over the 3-year period. Membership 
in community 2 showed a striking change from 1987 to 1988, 
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Fig. 1. Community membership of vegetation plots 1-27 for 1987,1988, 
end 1989. Dominant species for each community arc: 1) Gardner salt- 
bush, 2) dead shadscale, summer-cypress, 3) geesewood, summer- 
cypress, 4) live shadscek, 5) hslogeton. 

shifting from membership of contiguous plots 6 through 17 in 1987 
to a patchy affiliation of these plots with community 2 and com- 
munity 3 (dominated by greasewood). The shift was not due to 
changes in the cover or presence of the dominant greasewood, but 
to a large decrease in the cover of the annuals summer-cypress and 
cheatgrass in 1988. In 1989, cover for these annuals had increased. 
Community 4 is characterized by dominance of live shadscale; it 
occurs primarily on the west end of the transect, especially at the 
hillside site. Community 5 occurs when there is high cover of 
halogeton, and halogeton seems to appear in areas where shadscale 
shrubs have recently died. In 1987, halogetondominated commun- 
ity 5 occurred at one plot (22), just behind the die-off front. In 1988, 
halogeton cover was very low, as was cover for other annuals. In 
1989,3 of the plots at the hillside site (22,23,24), and 3 in the lower 
transect (15,16,17) were assigned to community 5 by TWINSPAN. 

Relationship of Plant Community Types, Environmentrl Condi- 
tions and Shrub Populations 

The classification of plots into communities using TWINSPAN 
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Table 1. Mean values of environmentni and popuiation variables for TWINSPAN-derived plant community typea. Row values which are not significantly 
different (a = 0.05, Duncan’s multiple range teat) have the same superscript. Dead shadscale density and percent of shrdscaie aiive are the averaged 
vaiues for 1987,1988, and 1989. Ail other variables are the result of one-time measurements. 

Location 

Dominant Form 

Dead Shadscale (ha-‘) 
Percent of Shadscale 
Alive 
Moisture Under 
Shrubs (%) 
Moisture Between 
Shrubs (%) 
Bulk Density Under 
Shrubs (g cm-s) 

Plant Community Types 
1 2 3 4 5 

East end of transect Valley bottom West slope next to West hillside West end of 
bottom die-off front transect 

Gardner saltbush Dead shadscale Greasewood Live Halogeton 
Live summer-cypress Summer-cypress Live shadscale 

4590A8 9790* 289Oa 2i80B 379Oa 
i1.4B 16.1s 37.3AB 63.7* 29.4” 

7.9” 8.3*s 8.9* 4.6’ 6.3” 

6.3* 6.9* 5.2*a 3.6B 3.8B 

1.19* i.15*a l.ilm 1.00~ 0.96’ 

Soil Salinity at 30 cm 
(mg 1-l) 
Elevation 

(m) 
Slope 

(m/m) 
Sand in Soil 

(%) 

3918* i 527*’ 1884fi 952B 384B 

132iB 1317a 1318’ 1341* 1344* 

0.005a 0.001c O.OOIC 0.009* 0.009* 

30* 116 2B 35* 60* 

assumes that there are underlying environmental differences between 
different community types and that plants are integrating these 
differences and responding. There may also be underlying histori- 
cal differences between communities, e.g., differences resulting 
from events such as fire, flooding, disease, grazing, priority of 
establishment, etc. The current mortality is another source of 
differences in vegetation structure in the valley. An underlying 
environmental factor may also have contributed to the outbreak of 
episodes of mortality or conversely may result in greater resistance 
to die-off among shrubs. 

Generalizations may be made about environmental reiation- 
ships in Puddle Valley: at higher elevations, slopes are greater and 
there is a greater proportion of coarse-grained soil. Where soil 
salinity is higher, soil bulk density is also higher, and infiltration 
rates are lower. 

Plant Environments 
When correlations between environmental and demographic 

variables are assessed, dead shadscale is negatively correlated with 
slope and elevation; the greatest densities of dead shrubs are in the 
flat valley bottom. Where slopes are minimal, the clay content of 
soils is greater, and soil moisture under shrubs and between shrubs 
is greater (Table 1). Live shrubs are found more often on sandier 
sites where soil water retention capacity is less, and on slopes, 
where residence time for surface runoff is short. 

Evaluation of the relationship between the percentage of live 
shadscale and soil salinity in exclusively valley-bottom sites shows 
a definite positive correlation. Sites of higher salinity (>l,OOO 
mg 1“) have greater rates of survival (30-45% live) than do sur- 
rounding plots (r q  0.82, P<O.OOl). 

Seedlings of shadscale are found where there are live plants (r = 
0.8 1, P<O.OOl) and dead plants (r = 0.45, PCO.05). There is also a 
correlation between soil salinity and the presence of seedlings of 
both shadscale (r = 0.45, P<O.OS) and Gardner saltbush (r = 0.42 
PX.O5), possibly because the elevated salinities are eliminating 
competition from annuals such as summer-cypress and cheatgrass. 
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Conditions within Community Type 
Of those environmental conditions measured at all 27 plots, 

several showed significant (cu q  0.05) differences when an analysis 
of variance was performed on the data set with plant community as 
the class variable (Table 1). Thii indicated that plant communities 
were different in respect to the particular environmental variable 
being tested. Environmental variables showing significant differ- 
ences between communities were: soil moisture under shrubs, soil 
moisture within shrub interspaces, soil bulk density under shrubs, 
elevation, slope of terrain, mean soil salinity in the top 30 cm, and 
soil texture. Does a relationship between environmental condi- 
tions and shadscale mortality exist? TWINSPAN community 
structure reflects die-off because it was generated using both the 
cover values for live shrubs and artificial cover values for dead 
shrubs. Therefore, relationships between environmental condi- 
tions, spatial distribution and community types will show condi- 
tions under which die-off has been most intense, where it was 
probably initiated, and where, if at all, it has been avoided by 
shadscale populations. 

Both soil moisture under shrubs and soil moisture within inters- 
paces between shrubs were greatest in the valley bottom communi- 
ties (2,3) and less in the hillside community (4) at the west end of 
the transect. Community 4 had the highest percentage of live 
shrubs and so plant uptake must account for some of the decrease 
in soil moisture, but percentage of fines in the soil is higher in the 
valley bottom, so moisture retention capacity of those soils is also 
higher. 

Soil bulk density under shrubs is highest in community 1 on the 
east end of the transect where soil salinity is also quite high. Bulk 
density is lowest in soils on the hillside at the west end of the 
transect. Soil salinity is substantially higher in the first 5 plots on 
the east end of the transect (comprising community l), and lowest 
on the hillside plots to the west; it is intermediate in the valley 
bottom (communities 2,3). Salinity differences along the transect 
may be due to differential deposition by flowing water and air- 
borne transport (sensu Dobrowoiski et al. 1990). Soils are sandy on 



the west end of the transect and slopes are steepest. Therefore, 
water does not pond. Rainfall or snowmelt will pond and slowly 
infiltrate in the valley bottom. High salinities on the east end of the 
transect may be the result of airborne transport of salt from the soil 
surface in the valley bottom by prevailing winds which move from 
west to east (Dobrowloski et al. 1990). 

The number of dead shadscale stems is greatest in community 2 
in the valley bottom and lowest in community 4 on the hillside to 
the west. A similar relationship occurs when the percentage of live 
shadscale cover is the variable. Both communities 1 and 2 have low 
percentage of live shadscale. Shadscale seedlings show no signifi- 
cant association with any plant community, although seedlings 
correlate highly with both mature live and dead shadscale shrubs. 
Gardner saltbush seedlings are found only where live mature 
shrubs are, which is in community 1. 

Distance from the Valley Center 
When the radial distance from the center of the valley bottom to 

a plot is entered as a variable in the correlation matrix, the greatest 
correlation between population variables and the radius are for the 
percentage of live shadscale (r = 0.60, P<O.OOl), and the density of 
dead shadscale (r = -0.60, P<O.OOl). ANOVA and Duncan’s mul- 
tiple range test ((u = 0.05) with radial zone as the class variable show 
the zone closest to the center (O-700 m) with significantly higher 
numbers of dead shadscale (mean = 12,160 ha-‘) than zones more 
distal. The most distant radial zone (S,OOO-7,000 m) retains a 
significantly higher percentage of live shadscale (60%) than do the 
two zones (O-700 m, 701-1,400 m) closest to the center (17% and 
9%, respectively). 

Progress of Die-Off Front 
Comparison of the numbers of live shadscale shrubs at stations 

22-27 in 1987, 1988, and 1989 indicates that there is a trend of 
decreasing numbers of live shrubs over the 3-year period and that 
the die-off is continuing. The numbers of live shadscale ha-‘, from 
plot 22 (behind the die-off front in 1987) to plot 27 (outside the 
die-off front in 1987) are presented in Figure 2. The substantial loss 
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Fig. 2. Live shadscale densities (shrubs ha-‘) in plots 22-27 for the years 
1987,1988, and 1989. Die-off front was advancing from plot 22 toward 
plot 27. Plots are 50 m apart. Standard errors are shown within bars of 
histogram. 

of live shrubs between 1988 and 1989 in plot 27 indicates that this 
entire section of the transect is now within the die-off front. 

The analysis indicates that the current die-off of shadscale was 
initiated at lower elevations in Puddle Valley and has spread up the 

sides of the valley. The valley bottom is associated with higher soil 
moisture and finer grained soils, with low slopes and potential 
ponding of snowmelt, rainfall, and runoff water in the spring. 
Higher densities of live shadscale are found where slopes are 
greater, soil is more droughty, and soil moisture content is lower. 
Dead shrub densities are not generally correlated with soil salinity. 
There are, however, refugia along the transect where the percen- 
tage of shadscale shrubs which are alive is higher than in the 
surrounding die-off. All of these sites have elevated soil salinities 
(>l,OOO mg 1-l). Both shadscale and Gardner saltbush seedling 
growth is positively correlated with soil salinity, possibly because 
competing annual herbs are suppressed by elevated salinities. The 
die-off front has advanced through the short transect established 
across the live-dead ecotone in 1987, and shadscale shrubs are 
continuing to die. There has been no reestablishment of mature 
communities dominated by healthy shadscale within the die-off 
zone, although seedling growth is vigorous where densities of live 
or dead shadscale are high. The apparent release of resources in the 
valley bottom after the death of large numbers of shrubs has 
allowed annuals to dominate some areas, but year-to-year fluctua- 
tion of cover and dominance for annuals has been considerable. 
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Abstract 

Degree-day accumulation is commonly used to predict crop 
development and harvest dates. Relationships between degree-day 
accumulation and phenological development of range forage 
grasses have received less attention. This research tested the hypo- 
theses that leaf development by big bluestem [Andropogon gerur- 
&Vitman] and little bluestem [Scfiac~yrium scopuriuu~ (Michx.) 
Nash] is related to degree-day accumulation and that these rela- 
tionships are stable over environments and years within environ- 
ments. Study environments included native prairie, a space- 
planted garden, and a growth chamber. Individual tillers of big and 
little bluestem were permanently marked and fully developed 
leaves were counted once or twice weekly over 3 growing seasons 
and 1 growth chamber trial. Quadratic regression models accounted 
for 94 to 99% of the observed variation in leaf development for all 
species-environment-year combinations. Regression models were 
significantly different (p= 0.05) among environments and between 
years within environments. Lack of model stability over years was 
a result of high variation in total leaves produced per tiller relative 
to annual variation in degree-day accumulation. The simple lndo 
pendent variable, day of year, predicted leaf development equally 
as well as degree-day accumulation. 

Key Words: growing degree-days, temperature, phenology, mor- 
phological development, Andiopogon gerard6 Vitman, Schizach- 
yrium scopadum (Michx.) Nash 

Temperature plays an important role in governing the rate of 
plant development. Degree-day accumulation has long been used 
to predict the initiation of plant growth in the spring or the onset of 
flowering (Wang 1960). In agriculture, temperature indices have 
been used to predict crop development, classify species and hybrids 
as to maturity date, and evaluate climates for crop suitability 
(Russelle et al. 1984). 

Research on temperature effects on the growth and development 
of grasses has concentrated on cultivated crop species while little 
emphasis has been placed on range forage grasses. In the northern 
Great Plains, phenological development of grasses is strongly 
related to degree-day accumulation but, within species, does not 
appear to be affected by soil moisture, soil fertility, or grazing 
intensity (Frank et al. 1985, Frank and Hofmann 1989, Frank and 
Ries 1990). Temperature indices have also been used to predict 
forage yields when soil moisture is not limiting (George et al. 1988). 
Further development of temperature-plant phenology relation- 
ships would be useful in refining grazing management under inten- 
sive conditions when livestock movement is dependent on the rate 
of plant growth and would also be valuable in constructing forage 
production models. 
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This research tested 2 hypotheses. First, leaf development of big 
bluestem [Andropogon gerurdii Vitman] and little bluestem 
[ Schizachyrium scoparium (Michx.) Nash], 2 dominant species of 
the tallgrass prairie, is related to degree-day accumulation. Second, 
the relationship between leaf development and degree-day accum- 
ulation is relatively constant among environments and years within 
environments. 

Study Area and Methods 

The study was conducted in 3 different environments including 2 
field sites and a growth chamber. Both field sites were on the 
Oklahoma State University Stillwater Research Station, Still- 
water, Okla. (36” N, 97’ W). The climate is continental with an 
average frost-free growing period of 204 days extending from April 
to October. Average precipitation is 831 mm with 65% falling as 
rain from May to October. Mean temperature is lS” C with aver- 
age minimum and maximum temperatures ranging from -4.Y’ C in 
January to 34O C in August (Myers 1982). 

The first site was tallgrass prairie in high seral condition, domi- 
nated by little bluestem and big bluestem. The soil was a Renfrow 
silt loam (fine, mixed, thermic Udertic Paleustoll) classified as a 
Claypan Prairie range site. The second site was a space-planted 
garden containing big bluestem, little bluestem, and sideoats 
grama [ Bouteloua curtipendula (Michx.) Torr.]. A repeating grid 
pattern was used for planting such that individuals of each species 
were surrounded by 3 individuals of I of the other species in a 
triangular pattern on 0.3-m centers. The garden was planted I year 
prior to initiation of the experiment. Plant materials used in the 
garden were collected from native prairie approximately IO-km 
southwest of the prairie site used in this study. The soil at the 
garden was a Norge loam (fine-silty, mixed, thermic Udic Paleustoll). 

The growth chamber experiment was conducted in a Conviron 
Model PGW36 walk-in growth chamber. Growth conditions were 
12 hour days and nights with 300 C-20° C day-night temperatures 
throughout the experiment. Light intensity was 225 PE m‘2s-1 at 
canopy level and was supplied by a mixture of incandescent and 
fluorescent sources. Experimental material consisted of plants of 
big and little bluestem propagated vegetatively from tillers or 
rhizomes or from seed collected from both the prairie and garden 
sites. Pots contained a mixture of peat, vermiculite, and sand (1:3:4 
ratio) and were watered 3 times weekly throughout the study 
period. Pots were lS-cm in diameter and 2O-cm tall. 

Individual tillers of big and little bluestem were permanently 
marked with colored wire rings at’the field sites in early to mid 
April as soon as emerging tillers could be positively identified by 
species. All tillers were on separate plants. Fifty tillers of each 
species were marked at each site in 1985. Fifty tillers were also 
marked in the prairie in 1986 and 1987, but sample size was reduced 
to 30 in the garden because tiller mortality during the measurement 
period was less at the garden site. Tiller height was measured twice 
weekly in 1985 and 1986 and once weekly in 1987. Sampling was 
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terminated in mid to late July when inflorescences were exserted on 
25% of the marked tillers. The number of fully developed leaves 
each tiller produced since growth initiation were counted at each 
sample date. Fully developed leaves were defined as leaves with a 
visible collar. Similar measurements were taken twice weekly in the 
growth chamber. Sample size in the growth chamber experiment 
ranged from 32 to 37. 

Degree-day accumulation was measured with an Omnidata 
Model TA-51-P Biophenometer housed in a standard slatted 
weather instrument shelter. Air temperature was sensed at lo- 
minute intervals and an updated degree-day accumulation was 
calculated and stored electronically. A base temperature of 0” C 
was used for the calculations. Total degreeday accumulation 
(from the date of first tiller marking) was read each day tiller 
measurements were made. 

Statistical analysis consisted of fitting quadratic regression 
models for each combination of species, environment, and year. 
Models were of the general form 

y=bo+bl*x+&*xz 

where y = predicted value of dependent variable, x q  value of 
independent variable, and bo, bi, br = regression coefficients. The 
dependent variable was leaf number. Tiller means within sampling 
date were used as observations. Independent variables were 
degree-day accumulation and day of year. All models were stand- 
ardized by starting the accumulations when 2 full leaves were 
present. Pair-wise comparisons of regression models were made 
for various treatment combinations using the methods of Neter 
and Wasserman (1974). Comparisons of major interest were 
between years within species and environment and between propa- 
gation methods within species in the growth chamber. 

Results 
Environmental Conditions 

Precipitation was average to above average in 3 years of study 
(Table 1). Above-average total precipitation in 1985 and 1987 was 

Table 1. Precipitation received at Stillwater, Okla., 1985-1987. Average is 
based on 87 years. 

Year 

1984-85 
1985-86 
1986-87 
Average 

November-March April-July Total 
----___------______ cm-_____----____-_-- 

47.8 40.3 88.1 
16.3 40.5 56.8 
43.0 43.8 86.8 
20.2 38.4 58.6 

largely a result of above-average precipitation in the November- 
March period. Growing season precipitation was about average 
for the entire period. Variation in degree-day accumulation was 
not large over years (Fig. 1). Degree-day accumulation was most 
rapid in 1987 and least rapid in 1986. 

Regression Models 
Quadratic regressions were generally good descriptors of the 

observed data as typified by big bluestem at the prairie site in 1985 
(Fig. 2). The regression models accounted for at least 94% of the 
observed variation in leaf number for all species-location-year 
combinations (Tables 2,3, and 4). 

Prairie Site 
There was little visual difference in growth responses between 

years for big bluestem at the prairie site (Fig. 3). Variability in 
growth response among years was greater for little bluestem as leaf 
production per tiller declined over years (Fig. 4). The reason for 
this decline is not known. 
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Fig. 1. Degree-day accumulation at Stillwater, Okla., 1985-87, and 87- 

year average. 
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Fig. 2. Actual and predicted values for number of leaves per tiller for big 
bluestem at the prairie, Stillwater, Okla., 1985. 

Table 2. Regression statistics for models relating leaf number and degree- 
day accumulation for big bluestem at 2 field sites. 

Location Year N R* MSE’ bo 

Prairie 1985 32 0.99 0.117 
1986 31 0.99 0.050 
1987 14 0.98 0.133 

Pooled 77 0.97 0.167 
Garden 1985 29 0.99 0.272 

1986 32 0.99 0.060 
1987 16 0.98 0.133 

Pooled 77 0.73 5.688 
lMcan square error of regression model. 
2All regression coeffkients are significant at P = 0.05. 

2.002 4.95 -7.12 
2.00 5.40 -10.54 
2.00 4.21 -5.85 
2.04 4.85 -7.52 
2.00 10.17 -10.76 
2.00 6.29 -7.84 
2.00 6.54 -17.11 
1.80 8.78 -16.46 

Regression models for all years were different from each other 
for both big and little bluestem (p = 0.05) and pooling the regres- 
sion models over years was not appropriate. Regression coeffi- 
cients and error variances both differed significantly among years. 
The pooled regression model still accounted for 97% of the 
observed variability for big bluestem (Table 2) and for practical 
purposes a pooled model might be acceptable for use. 

Garden Site 
Growth responses were not constant over years at the garden 

site. Leaf production per tiller declined dramatically from 1985 to 
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Fig. 3. Predicted values for number of leaves per tiller for big bluestem at 
(a) tbe prairie and (b) the garden, Stillwater, Okla., 1985-1987. 

1987 for both species (Figs. 3 and 4). As with the prairie site, 
regression models were significantly different for all years. Pooled 
regression models accounted for only 73 and 5 1% of the observed 
variation for big and little bluestem, respectively, compared to 94 
to 99% of the variation for individual years (Table 2 and 3). The 
recently established plants had clearly not reached equilibrium 
with their environment in the spaced planting. White (1985) 
reported that seeded grass stands often reach maximum produc- 
tion the second or third year after establishment and then produc- 

Table 3. Regression statistics for models relating leaf number and degree- 
day accumulation for little bluestem at 2 field sites. 

Location Year N R* MSE’ ba ( 1%) 

Prairie 

Garden 

1985 33 0.98 0.103 2.002 3.91 4.15 
1986 31 0.99 0.020 2.00 3.74 -5.71 
1987 16 0.98 0.063 2.00 3.46 -6.47 

Pooled 80 0.93 0.293 2.12 3.33 -3.12 
1985 29 0.98 0.343 2.00 8.39 -10.47 
1986 31 0.98 0.097 2.00 2.90 - 
1987 I5 0.94 0.101 2.00 4.91 -14.66 

Pooled 75 0.51 6.242 1.62 6.88 -14.50 

1Mean square error of regression model. 
2All regression coefficients are significant at P= 0.05 except for bs at the Garden site in 
1986. 
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500 2,: 

Fig. 4. Predicted values for number of leaves per tiller for little bluestem at 
(a) tbe prairie and (b) the garden, Stillwater, Okla., 1985-1987. 

tion declines over the next 3 to 4 years. 
The variability of leaf number per tiller was much greater over 

years than the variability in growing degree-day accumulation. The 
coefficient of variation over years for final leaf number was 12 and 
21% for big and little bluestem at the prairie site and 41 and 48% for 
these 2 species at the garden site. In comparison, the coefficient of 
variation for degree-day accumulation at the termination of each 
year’s data collection was only 1.4%. This does not mean degree- 
day accumulation cannot be used to predict leaf appearance but 
small changes in degree-day accumulation would cause large 
changes in predicted leaf appearance. Degreeday accumulation 
was a more consistent predictor of flowering than of leaf appearance. 

The use of day of year was as good a predictor of plant develop- 
ment as degree-day accumulation. The average amount of varia- 
tion accounted for by the regression models for all species- 
location-year combinations was 98% for both day of year and 
degree-day accumulation. Models using day of year as the inde- 
pendent variable also could not be pooled over years because error 
variances and regression coefficients were significantly different (p 
= 0.05). However, pooled models using day of year accounted for as 
much variance as pooled models using degree-day accumulation. 

Growth Chamber Experiment 
Leaf numbers of both species were much greater under con- 

trolled conditions than at the field sites (Figs. 5 and 6). Regression 
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Fig. 5. Predicted values for number of leaves per tiller for big bluestem Fig. 6. Predicted velues for number of leaves per tiller for little bluestem 
collected from (a) the prairie and (b) the garden when grown in the collected from (a) the prairie and (b) the garden when grown in the 
growth chamber. The curves marked field are the pooled regression growth chamber. The curves marked field are the pooled regression 
models over years from the field. models over years from the field site. 

coefficients and error variances both differed significantly (P = 
0.05) between sites and also between propagation methods for 
plant materials from the same site. Rate of leaf development was 
more rapid in the growth chamber than in the field. Higher total 
leaf production would be expected in the growth chamber than in 
the field sites because water was not limiting. It was not expected 
that leaf development would be more rapid in the growth chamber, 
at least not in the early stages of growth when soil water was 
adequate at the field sites. However, leaf development was more 
rapid in the growth chamber throughout the experiment. Plants 

started from seed developed leaves slightly faster than plants 
started from vegetative materials in all 3 comparisons (Figs. 5 and l 

6). Growth chamber relationships may have little relevance to 
plants growing in resource-limited environments under competi- 
tion with other plants. Extrapolation of growth chamber results to 
field environments was clearly unwarranted in this study. 

Discussion 
Degree-day accumulation was closely related to rate of leaf 

development of big and little bluestem. However, the relationship 

Table 4. Regression statistics for models relrting led number end degree-day accumulation in the growth chamber. 

Species Source N R* MSE’ ba (1%) &) 

Big bluestem Prairie Rhizome 34 0.99 1.525 2.002 6.38 -2.95 
Seed 37 0.99 0.270 2.00 9.75 -13.11 

Garden Rhizome 33 0.99 0.409 2.00 10.67 -5.07 
Little bluestem Prairie Tiller 32 0.99 0.226 2.00 7.51 -5.59 

Seed 35 0.97 0.552 2.00 10.32 -18.34 
Garden Tiller 32 0.98 0.152 2.00 7.99 -9.79 

Seed 35 0.98 0.371 2.00 9.36 -16.31 
‘Mean square error of regression model. 
*All regression coefficients are significant at P = 0.05. 
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was inconsistent among years and environments, even though 
precipitation amounts were favorable during the study. Because 
degree-day accumulation varied relatively little over years, the 
number of leaves produced per tiller was the variable controlling 
the relationship from one year to the next. Frank et al. (1985) and 
Frank and Ries (1990) reported no differences in regression rela- 
tionships over years and little or no change in leaf number between 
years. Frank and Ries (1990) also found varying soil moisture and 
fertility treatments did not affect the dependence of leaf develop- 
ment on degree-day accumulation. However, western wheatgrass 
(Agropyron smithii Rydb.) developed almost twice as rapidly in 
monoculture as when growing in a native grassland (Frank and 
Hofmann 1989). Davidson and Campbell (1983) and Bauer et al. 
(1984) both reported that moisture and fertility treatments did not 
alter the relationship between degree-day accumulation and leaf 
appearance for spring wheat. One important difference in these 
comparisons is that the genetic material in the previous studies 
(named varieties) was much more homogeneous than in this inves- 
tigation. When genetic content was not as tightly controlled, year- 
to-year variability increased (Frank and Hofmann 1989). 

Degree-day accumulation appeared to merely mark the passage 
of time. Using day of year as the independent variable simplified 
calculations but gave equally useful predictions. Other environ- 
mental variables such as soil water, plant competition, genetic 
composition, and grazing may be stronger determining factors in 
plant development than degree-day accumulation. More work will 
be required to quantify the affect of these variables before degree- 
day accumulation will be a useful predictor of plant development 
for big and little bluestem. 
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Abstract 

Intact seeds (caryopses) of Indian ricegrass [Oryzopsis I?yme- 
noidcs (R. & S.) Ricker] are generally reported to exhibit poor 
germination. The cultivar Nezpar was evaluated to determine if 
substrate matric potential and substrate physiochemical properties 
influence germination. Matric potentials ranged from 0 to -1.5 
MPa. Substrate variables included: 2 kinds of germination paper, 
the A horizon of a dune sand, and a commercial washed silica sand. 
Seeds of Indian ricegrass had low germination (<S%) with an 
oversaturated substrate. Germination increased significantly 
(pIO.05) between -0.005 and -0.10 MPa tension (30 to 70944, then 
decreased at more negative matric potentials. As compared with 
paper substrates, the dune sand showed significantly greater 
(pIO.05) germhution at matric potentials more negative than 
-0.30 MPa. Standard germination screening procedures, espe 
cially at high water contents, do not adequately predict the maxi- 
mum germination characteristics of Indian ricegrass; thus, sub- 
strate matric potential is a critical variable to control in germination 
tests. Moreover, physiochemical differences among common labor- 
atory germhu&ion substrates may lead to significantly different 
germiuation responses. Microscopic examination of cross-sections 
of caryopses suggests the mechanism for reduced seed germination 
at saturated and oversaturated conditions may be the presence of a 
void between the lemma and palea which, when water-filled, 
retards oxygen diffusion to the embryo. 

Indian ricegrass (Oryzopsis hymenoides) is a component of 
rangeland plant communities from Manitoba to British Columbia, 
south to Texas, California, and northern Mexico (Hitchcock 
1950). It is often the dominant herbaceous species over vast areas in 
the driest portions of the temperate deserts of the far western 
United States (Robertson 1976). This bunchgrass reaches its great- 
est development on areas of sand-textured soils (Young et al. 
1983). In arid areas, Indian ricegrass is often the only grass adapted 
to sand-and coarse-silt-textured spoils from mining and milling 
operations. 

Use of Indian ricegrass in revegetation has long been hampered 
by high seed costs associated with harvesting losses due to seed 
shattering (Jones 1990) and seed dormancy (Huntamer 1934). 
Dormancy was attributed to both indurate lemmas and paleas and 
embryo dormancy. The nature of seed dormancy for the species 
was first described by Huntamer (1934) and has been subject to 
numerous studies since then (e.g., McDonald and Khan 1977). For 
several decades, it was considered necessary to scarify seeds of 
Indian ricegrass before planting (Stoddart and Wilkinson 1938, 
Plummer and Frischknecht 1952, Zemetra et al. 1983, Young et al. 
1985). The potential of damage to Indian ricegrass from acid 
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scarification was noted by Stoddart and Wilkinson (1938) and 
McDonald and Khan (1983). 

Natural establishment of Indian ricegrass plants has been asso- 
ciated with the collection and seed caching activities of heteromyid 
rodents (McAdoo et al. 1983). Rodents frequently remove the 
lemma and palea before caching the seeds, effectively removing 
one form of dormancy. The embryo dormancy of Indian ricegrass 
has been demonstrated to decrease over time and old seeds have 
higher germination than younger lots (Robertson 1976). Embryo 
dormancy can also be overcome with prechill and application of 
gibberellin (e.g., Young and Evans 1984). 

Our purpose was to measure the influence of substrate character- 
istics and matric potential on the germination of seeds of Indian 
ricegrass and to evaluate if one form of dormancy could be released 
through substrate-matric potential manipulations. 

Materials and Methods 

Seeds of Indian ricegrass cv. Nezpar (Booth et al. 1980) were 
obtained from a commercial seed lot and used in all experiments. 
The company estimated seed viability to be 99% by the tetrazolium 
method. Four replications of 25 seeds, arranged in a randomized 
block design, were used. Seeds were incubated in the dark at 22” C. 
The age of seed was 32 months at the beginning of the experiment. 
Previous work in our lab indicated that this particular seed lot 
exhibited very high germination, thus, embryo dormancy was 
assumed to be minimal. 

Substrate variables tested were: (a) white cellulose blotter paper 
sold as nontoxic germination paper (white paper); (b) blue blotter 
paper with 25% rag content sold as germination paper (blue paper); 
(c) sieve-washed commercial silica sand (silica sand); and(d) the A 
horizon from a natural dune (torripsamment) where Indian rice- 
grass occurs (dune soil). Moisture release curves, for the substrates, 
were determined with a pressure membrane apparatus (Richards 
and Fireman 1943) (Table 1). Germination counts were made at 
2-day intervals for 2 weeks. Seeds were considered germinated 
when the radicle emerged 5 mm on paper substrates, or when the 
shoot emerged in mineral substrates. At the end of the experiment, 
seeds were separated from the mineral substrates and examined. 
From this examination, percent germination between paper and 
mineral substrates was at an equivalent basis. 

The various air-dry substrates were preweighed and moistened 
with deionized water to the desired matric potential. For oversatu- 
ration, a layer of water was added atop the saturated substrates. 
The paper substrates were cut into squares that fit plastic petri 
dishes. The seeds were placed on the media and spaced to fill the 
entire paper substrate. For the mineral substrates, a large amount 
of soil was placed in a plastic bucket and an appropriate amount of 
deionized water was added to reach the desired matric potential. 
The mineral substrates were added to 400-mL beakers until one- 
fourth to one-half full and lightly compressed. The seeds were 
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Table 1. Matric potential-gravimetric water content relationships established with a pressure membrane apparatus for 4 germtnatton substrates. 

Substrate 
Manic Potentials (MPa) 

Sat. -0.005 -0.01 -0.033 -0.1 -0.2 -0.3 -0.4 -0.6 -0.8 -1.0 -1.5 

White paper 
Blue paper 
Dune sand 
Silica sand 

___;_~___I;6o___________________________8kg-1____________---------_____________________ 1,380 780 600 530 485 480 430 421 398 390 
21500 11430 1,320 1,040 740 680 640 620 580 550 520 470 

225 I28 86 60 52 _-I - 40 34 30 28 27 
241 86 51 33 21 - - I6 14 I3 I1 IO 

‘Not determined 

placed on this surface, covered with approximately 3 cm of the 
substrate, and compressed lightly. The petri dishes and beakers 
were covered with loose-fitting lids and placed in large plastic bags 
for incubation. Moisture loss was minimal throughout the experi- 
ment as determined by before and after weights. 

After the incubation period had expired, a portion of the germi- 
nated plants and nongerminated seeds were fixed in formalin and 
acetic acid and reserved for later microscopic examination. 

The nutrient status of the various substrates, before and after the 
germination trials, was determined by a CaC12 extract. Ten grams 
of substrate was mixed with 35 mL of 1.5 g kg-’ CaCls solution and 
shaken for 30 min. Extracts were centrifuged, then filtered through 
a 0.22~pm nylon filter. Anions and monovalent cations in the 
extracts were determined by ion chromatography with detection 
by suppressed conductivity (Weiss 1986). Particle size distribution 
of the mineral substrates was determined using established proce- 
dures (Gee and Bauder 1986). 

To gauge the effects of soaking time on the germination of 
Nezpar Indian ricegrass, seeds were soaked in deionized non- 
aerated water. At particular times, seeds were removed from the 
water and placed on white germination paper at -0.0 1 MPa matric 
potential. Incubation conditions and measurement of germination 
were as stated above. 

Cross-sections of seeds were obtained by fixing seeds in 1% 
glutaraldehyde solution and impregnating with a commercial 
resin. The hardened resin was polished until cross-sections of seeds 
appeared. 

Osmotic potentials of the substrates at selected matric potentials 
were calculated as follows. The molarities of the CaC12 extractable 
ions were summed. Cation or anion imbalances were corrected by 
adding additional molarity to obtain electroneutrality. The cor- 
rected molarities were transformed for each matric potential know- 
ing the ratio of water weight to substrate weight for each substrate 
and matric potential. The final calculated molarities were used to 
solve the Van? Hoff equation (osmotic potential = nRT) where n is 
equal to molarity, R is the universal gas constant (0.0082 drnj atm 
Km’ mall’) and T was 298’K. Ideal solutions were assumed. 

A one-way analysis of variance was used to statistically compare 
percent germination among substrates at a particular matric 
potential. Duncan’s New Multiple Range Test at the m.05 level 
was utilized as the multiple comparison technique for comparing 
germination differences among the substrates when a significant 
F-test (p10.05) resulted. Quadratic regression equations, with 
their corresponding confidence intervals, were generated to statis- 
tically compare percent germination among matric potentials for a 
particular substrate and as a function of time of seed soaking. 
Significant differences (m.05) in germination between differing 
matric potentials or seed soaking times were determined by non- 
overlapping confidence intervals about the regression estimates 
(Evans et al. 1982). 

Results and Discussion 

Iniluence of Math Potential and Substrate 
Seed germination of Nezpar Indian ricegrass was influenced by 

both matric potential and germination substrate (Tables 2 and 3). 
The most important result was that slight manipulation of matric 
potential significantly (p10.05) enhanced the germination of lar- 
gely mechanically dormant populations of seeds (dormant under 
oversaturated conditions). A similar matric potential effect has 
been reported for Oryzopsis holciformic (Dasberg and Mendel 
1971), but we are unaware of any reports on Indian ricegrass. 

Table 2. Average percent germination of Nezpar seed after 2 weeks 
incubation time in the dark at 22O C in the experimental substrates at 
selected mat& potentiaW. 

Substrate 
Two 

Matric White White Blue Silica Dune 
Potential Paper Papers2 Paper Sand Sand 

--MPa-- -------_--------- qo_________________ 
Oversaturated 16a 7b 2b Ob Ob 

saturated 52a 44a 3b Ob 2b 
-0.005 57a 58a Ilb 60a 51a 
a.01 70a 70a 12b 70a 77a 
-0.10 70a 72a llb 77a 78a 
-0.20 0 -3 6 - - 
-0.30 0 - I4 - - 
-0.40 - l5b 35b 83a 
-0.60 - 5b 4b 8Oa 
-0.80 - - 4b llb 70a 
-1.0 - - 12a Ob 8ab 
-1.5 - - 3 0 0 

‘A post hoc multiple comparison test wns performed comparing germination results 
among the different substrates for each matric potential level. Row means followed by 
the same letters are similar (pIo.05) based on Duncan’s New Multiple Range Test. 
2Seeds placed between 2 white papers. 
‘Not determined. 

Germination obtained at oversaturation on white paper ranged 
from 7 to 16%. Lowering the moisture level to saturation (5,400 g 
of water per kg of substrate, Table 1) significantly (m.05) 
increased germination on or between sheets of white paper to 
about 50% (Table 3). The change from oversaturated to saturated 
had little or no influence in enhancing germination with mineral 
substrates; both water contents had poor germination (Table 2). 

Inducing a slightly negative matric potential of -0.005 MPa 
significantly (m.05) increased germination on most substrates to 
about 60% (Tables 2 and 3). Germination of seeds approached 70% 
on all substrates at -0.01 MPa matric potential, except for blue 
paper (Table 2). At matric potentials more negative than -0.01 
MPa, germination was generally higher on mineral substrates than 
the white paper substrate (Table 2). The dune sand had high rates 
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Table 3. Estimated percent germination of Neqmr seed after 2 weeks Table 4. Average percent germination of Nezpar seed after 2 weeks incuba- 
incubation time in the dark at 22” C in the experimental substrates at tion time in the dark 220 Con white paper at -0.10 MPa matric potential 
selected metric potentiaW subsequent to soaking in nonaeriated water from 0 to 96 hours. 

Substrate 

Matric 
Potential 

White 
Paner 

Two 
White 

PanerG 
Silica 
Sand 

Dune 
Sand 

--MPa-- __________________%__________________ 
Oversaturated 16bc 6b Sbc Oe 

saturated 61a 56a 40a 54abc 
-0.005 61a 57a 41a 56abc 
-0.01 61a 59a 42a 58ab 
-0.10 52a 73a 50a 76a 
0.20 25b 3 - - 

0.30 oc - - 
-0.40 

-0.20 1 
41a 72a 

-0.60 30ab 60ab 
-0.80 -0.30 - 19b 48bc 
-1.0 - - 8b 35cd 
-1.5 - Oc 4d 

IRegression equation predicted means in columns are not significantly different if 
followed by the same letter based on overlap of confidence intervals at the (I = 0.05 
level. 
%eeds placed between 2 white papers. 
‘Not determined. 

of germination even at a matric potential of -0.80 MPa. 
The germination of seeds of Nezpar Indian ricegrass placed on 

blue germination paper was, in general, significantly (m.05) 
lower than the other substrates and not greatly influenced by 
matric potential (Table 2). The silica sand substrate had a smaller 
window of germination and showed a greater depression in germi- 
nation between -0.10 MPa and -0.60 MPa than dune sand (Tables 
2 and 3). 

Nature of Matric Potential and Substrate Influences 
The seed lot of Indian ricegrass that was used in the experiment 

was highly viable (99%) as indicated by tetrazolium testing. The 
maximum germination obtained through manipulation of matric 
potential was 83% (Table 2). We assume because of the high 
germination obtained, that embryo dormancy was minimal. Over- 
saturated substrates produced a maximum of 16% germination 
making the level of germination enhancement roughly 60 to 70%. 
That the germination is so influenced by matric potential, is of 
great biological significance in the germination ecology of Indian 
ricegrass. 

Explanation of the matric potential response involves several 
considerations. First, seeds in saturated and oversaturated sub- 
strates were covered by far more fungal hyphae than seeds at more 
negative matric potentials. Fungal exudates can reduce seed ger- 
mination (Abdulla 1970). Moreover, saturated and oversaturated 
conditions would limit seed aeration. CBme and Tissaoui (1973) 
reported that wet seed coats reduce 02 transport to the embryo, 
thereby, reducing seed germination. Dasberg and Mendel(197 1) 
reported experimental evidence which linked poor germination of 
Oryzopsis holciformic [(M.B.) Richt.] at high moisture contents to 
low oxygen diffusion through water films around seed coats. 

To clarify the mechanism of reduced seed germination at satu- 
rated conditions, seeds were soaked in deionized water at 22” C in 
the dark, then germinated on white paper at a matric potential of 
-0.01 MPa. If fungal exudates were the cause of reduced germina- 
tion, then soaked seeds covered with fungus should not germinate 
well when incubated. After 2 days soaking time, most seeds were 
covered with fungal hyphae. Yet, even after 96 hours of soaking we 
still obtained a high percentage germination (Table 4), which 
refutes the fungal mechanism of reduced seed germination. The 
conjecture that lack of oxygen reduced germination at high water 

Soaking time Average germination Regression germination’ 

Hour ________________%____________--_- 
1 53 5oc 
3 54 61bc 

12 80 74a 
24 79 78a 
48 74 78a 
72 73 75a 
96 73 71ab 

‘Regression equation predicted means in columns are not significantly different if 
followed by the same letter based on overlap of confidence intervals at the OL = 0.05 
level. 

contents is supported by the observation that under saturated 
conditions, the paper germination media had significantly (m.05) 
greater germination (Table 2). At saturation, a portion of the seed 
is exposed to air in the paper media, but in the mineral substrates, 
seeds are completely covered with wet soil. At oversaturation, 
seeds placed between 2 white papers had significantly (m.05) less 
germination than seeds placed on top of white paper (Table 2). 
Reduction in oxygen diffusion to the embryo and endosperm at 
saturated and oversaturated conditions may be assisted by water- 
filled gaps between the lemma and palea (Fig. 1). Such gaps have 
been demonstrated for the caryopses of other species (McWilliam 
and Phillips 1971). 

The germination substrates differed considerably in levels of 
CaCl2 extractable compounds (Tables 5 and 6). The key findings to 
note are high levels of nitrate in dune sand, high levels of ammonia 
in white paper, the mineralization of nitrate during incubation in 
the dune soil, and the presence of large quantities of soluble salts in 
blue paper. 

The chemical nature of the seedbed influences germination. 
Particular chemical compounds can stimulate germination, others 
can inhibit germination. Given the similarity in particle size distri- 
bution between the dune sand and silica sand (Table 5), one might 
expect similar germination at equivalent matric potentials. Yet, the 
dune sand generally had significantly (m.05) greater germina- 
tion rates (Table 2). High levels of nitrate in the dune sand before 
incubation and nitrate mineralized during the incubation period 
(Tables 5 and 6) may explain the elevated germination rates (Popay 
and Roberts 1970). However, Huntamer (1934) and Toole (1940) 
reported no improvement in the germination of Indian ricegrass 
seeds treated with KNOs. 

Ammonium salts can stimulate or inhibit seed germination, and 
if at high levels, can be toxic to seeds. Levels of ammonia in the 
white paper, at matric potentials more negative than -0.01 MPa, 
have been reported to stimulate germination in some seeds (Hen- 
dricks and Taylorson 1974). 

The osmotic potential, associated with high sodium and sulfate 
content of the blue paper (Table 5), may have decreased the total 
soil water potential sufficiently to reduce germination. However, 
the calculated osmotic potentials of the germination substrates, 
which were never greater than -0.04 MPa for any germination 
substrate, are unlikely to have influenced seed germination. 

The physical nature of the substrates may be important in 
explaining differences in germination response among the sub- 
strates. The white and blue paper are composed of minute organic 
fibers, which assures intimate contact with seeds. In the coarse- 
textured mineral substrates, seeds are in limited contact with 
mostly angular quartz and feldspar grains (Collis-George and 
Sands 1961). The paper substrates more effectively supply water to 
the imbibing seed than the mineral substrates (Collis-George and 
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1 Gg. 1. Photomierogr~phr of cross-sections of Indian ricegrass. Mino- 
graph (A) isofnn untreated seed and (B)is of a seed thrthadhra soaked 
in deionized water for 2 dqs. Festurrs to note iare the gap between the 
kmmn and pales (P) and between the palea and embryo (b,. After 2 days 
soaking the rndosperm has become notieeshly darker than the ados- 
perm of fresh seed. This observation implies that physiological changes 
occur when Indian ricegrass seed are soaked in water, yet, germination 
does not occur. 

Sands 1962) because of greater seed-substrate contact and a high 
water to substrate mass ratio at a given m&c potential. At matric 
potentials more negative than -0.3 MPa, however, the mineral 
substrates had higher percent germination than the white gamina- 
tionpaper(Table2). Given the lowwaterto substrate ratioand the 
extremely low hydraulic conductivities in the mineral substrates at 
these matric potentials, one might expect the white paper substrate 
to have higher germination rates. We postulate that a portion of 
the moisture required for seed germination is obtained via the 
vapor phase in a moisture saturated soil atmosphere. Seeds in the 

Dune Sand Silica Sand 
NO? SO1” Noah’ SO? 

________________mg~g-‘________________ 
1.6 10.5 0.5 6.6 

85.2 7.5 0.7 4.7 
70.0 7.1 2.1 5.4 
80.2 6.8 0.9 4.6 
85.6 7.0 2.1 5.6 
80.0 7.0 1.5 5.3 
64.4 6.0 0 4.9 
59.0 6.5 0 4.2 

mineral substrates were completely covered and the coarse- 
textured nature of the substrates assured that most of the seed coat 
was in contact with the soil atmosphere. Even at -1.5 MPa, the soil 
atmosphere is nearly saturated with water (Hillel 1982). The petri 
dishes used for germination of the paper substrates allow for 
greater mixing with low relative humidity laboratory air, especially 
during times of seed counting. 

This hypothesized mechanism may also explain the observation 
that Indian ricegrass seeds have more favorable germination when 
buried at depths >I0 cm (Kinsinger 1962). When forced by large 
diurnal temperature shifts, characteristic of desert ecosystems, 
downward water vapor movement can be of equal magnitude to 
liquid water movement upward (Rose 1968, Jackson et al. 1973). 

Conclusions 

It is clear from our experiments that germination substrates, 
maintained at saturated and oversaturated conditions, do not ade- 
quately model the potential germination response of Indian rice- 
grass. Determining germination profiles in the laboratory may 
require that m&tic potential be incorporated as a variable for some 
species. Some of the alleged poor germination characteristics of 
some lots of Indian ricegrass and potentially other species, may 
have been caused by the presence of excessive amounts of water 
during germination trials. 

The physiochemical properties of substrates influence the ger- 
mination response ofNezpar Indian ricegrass. The data are incon- 
clusive as to what controls this effect, but researchers should be 
aware of this phenomenon. 

Manipulation of substrate matric potential apparently over- 
comes mechanical dormancy of Nezpar Indian ricegrass. This may 
occur because of innate low mechanical dormancy in this seed lot. 
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Abstract 
To better understand shoot development and population dyna- 

mics of Nebraska sedge (Curex nebraskensis Dewey), a valuable 
mountrin meadow forage species, 766 shoots were tagged and 
studied at Tule Meadow, on the Sierra National Forest, California. 
A key to its vegetative and reproductive phenologic stages was 
developed. New shoots emerged throughout the growing season, 
but mostly in spring. Spring shoots reached the mature vegetative 
stage before autumn. Late summer and autumn shoots overwin- 
tered in juvenile vegetative stages. About 3% of each year’s cohort 
of shoots died as juveniles. Early emerging shoots passed as least 1 
winter but late emerging shoots passed at least 2 winters before 
flowering. Among shoots reaching the mature vegetative stage, 
60% eventually flowered and died. An average of 90% of the 
vegetative shoots alive each autumn survived winter. A few shoots 
remained vegetative and had long lives-l shoot was still alive after 
7.5 years. Vegetative shoots (those not becoming reproductive) of 
the 1980 and 1981 cohorts lived an average of 599 f 50 days. 
Shoots that became reproductive (flowered) lived an average of 
631 f 17 days, and time from shoot emergence to cuhn elongation 
averaged 501 f 18 days. Nebraska sedge appears well adapted to 
grazing by having long-lived vegetative shoots that can produce 
new herbage for several years. Nevertheless, grazing management 
should strive to maximize the numbers of shoots in spring because 
they are the ones that can flower the next season. 

Key Words: Sierra Nevada, meadow, plant growth, demography, 
life span 

A valued forage species on many mountain meadows in the 
western United States, Nebraska sedge ( Curex nebraskensis Dewey) 
is palatable to cattle and horses. It withstands frequent and heavy 
grazing during summer and autumn. Its distinctive silvery blue- 
green foliage is evident when a shoot emerges. New shoots arise 
throughout the growing season from strongly developed root 
stocks or tillers. A single culm arises at the shoot center and bears 1 
or 2 staminate spikes above 2 to 5 pistillate spikes (Hermann 1970). 
Culms can reach 1.2-m high, but heights of 40-60 cm are typical. 

The range of Nebraska sedge extends from South Dakota and 
Kansas to New Mexico, California, and northward to British 
Columbia (Hermann 1970). In California, Nebraska sedge grows 
in wetlands from near sea level to 3,200 m (Munz and Keck 1959). 
It is most common in the ponderosa pine (Pinus ponderosa 
Do@.) and fir (Abieshlodgepole pine (pinrrs murraymu Balf.) 
zones of the Sierra Nevada and Cascade Mountains, where it 
frequently dominates meadows. The species is found on level or 

The authors wish to thank the Kings River Ran r District, Sierra National Forest, 
for its cooperation in this study and the Pacl IC Gas and Electric Company for +c 
providing weather records from Wishon Dam. 
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nearly level sites where water flows over the surface in spring but 
does not pond. Nearly pure stands grow where overflow water is 
about IO-cm deep. 

Basic information about Nebraska sedge and sites where it 
grows is scant. Livestock select this species at about the same time 
each year. Therefore, too heavy, too frequent, or untimely grazing 
could damage the stand, alter species composition, and lower site 
productivity. Information, therefore, is needed to assure proper 
management of this important meadow species. In 1979, we started 
a series of studies of Nebraska sedge at Tule Meadow, Sierra 
National Forest, in central California. Completed studies have 
been reported on life history (Ratliff 1983), carbohydrate levels 
(Steele et al. 1984), dry-year grazing (Ratliff and Westfall 1987), 
and biomass trends (Ratliff and Westfall 1988). 

This paper reports findings on shoot phenology and life history 
of Nebraska sedge in a study designed to better understand shoot 
development and population dynamics. 

Materials and Methods 

Study Site 
Tule Meadow, the study site, is accessible most of the year. At 

2,170-m elevation, it lies in a swale formed by lateral moraines 
(Wood 1975). Surface water is present much of the time. Beneath 
the surface, organically rich top soil reaches depths of 90 to 120 cm. 
Soil texture ranges from sand to silt loam. Inorganic, gleyed mate- 
rial extends to 275 cm. 

The site selected is typical of the lotic, Nebraska sedge series 
(Ratliff 1982 and 1985). Other species prevalent on the site include 
beaked sedge (Curex rostrutu (Stokes) and tufted hairgrass 
(Deschumpsiu cuespitosu [L.] Beauv.). Soil is typically that of 
Nebraska sedge sites in the Sierra Nevada. At 1,O cm to 20 cm, soil 
texture is loam, reaction is strongly acid, and organic matter is over 
20%. 

Climate 
At Tule Meadow, as is usual for the Sierra Nevada, precipitation 

comes mostly as snow in autumn and winter. Summers are warm 
and dry with occasional thunder storms. 

Precipitation and air temperature records used were taken at 
Wishon Dam, 3 miles from Tule Meadow. Identical values would 
occur only by chance; nevertheless, general trends in weather 
should be the same. For example, at Tule Meadow, snow on the 
study site was 150-cm deep on 10 April 1980, and lasted until late 
May. At Wishon Dam snow was 46-cm deep on the 10th and was 
gone by the end of April. The following year, 1981, there was no 
snow on the ground on at Wishon Dam on 10 April. At Tule 
Meadow snow was gone and water was 5 to IO-cm deep on 29 
April. 

Air temperatures at Wishom Dam were highest (mean maxi- 
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mum = 25.2O C and mean minimum = 10.1” C) in August, and were 
lowest (mean maximum = 7.2O C and mean minimum = -3.8’ C) in 
January. Over 90% of the annual precipitation fell from October 
thru April. During the study, precipitation varied widely (Fig. l), 
from 164% (198283) to only 46% (1986-87) of the average 147 f 
43 cm). The snowpack was usually deepest in February, averaging 
94 cm that month. 

Meon (1977-1987) I 

I 1979-80 I 
1980-81 

1981-82 

198243 I 

198647 
I , I I 

0 50 100 150 200 250 

Precipitation (cm) 

Fig. 1. Mean and yearly precipitation (September through August) at 
Wishon Dam, Sierra National Forest, California. The whisker represents 
the 95% confidence interval for the mean. 

At Tule Meadow, surface water was present through summer 
and autumn of 1983 and until the end of July 1980 and 1982. In 
contrast, surface water disappeared by mid-June in 1985 and by the 
end of June in 1981 and 1984. 

Although a Nebraska sedge shoot is not an entity of itself, it was 
selected as the unit of observation. A “genet”is the total biologic or 
genotypic individual (Alexeev 1988). An individual of Nebraska 
sedge is thus composed of several shoots, including shoot clumps. 
A genet, like a shoot, passes through stages of development and 
eventually dies; and 2 genets, like 2 shoots, may be in different 
stages. By studying genets, we can learn how different species vary 
in their life cycles, but studies require careful, destructive sampling. 
Also, land managers cannot efficiently identify and observe genets 
in the field. Individual shoots, on the other hand, are easy to 
identify and observe with the plants and substrate left intact. 

The experimental design used was a simple random sample from 
a finite population. An exclosure built on the site prevented graz- 
ing disturbance. Within the exclosure, a 10-X 0.5-m study area was 
divided into 40 possible plots. Ten of these plots were randomly 
selected and staked. 

Each plot was 25 X 50 cm, which was large enough to assure it 
contained several shoots of Nebraska sedge. The plots were small 
enough to assure that we could detect new shoots as well as older 
ones. 

A total of 766 shoots of Nebraska sedge found in the 10 plots 
were identified by numbered plastic tags tied around the shoot 
bases with stainless steel wire. The pre-1980 cohort comprised 279 
shoots tagged in early December 1979 (Ratliff 1983). From 22 May 
1980 to 4November 1981, we tagged 487 new shoots (1980 cohort = 
254 and 1981 cohort = 233) that emerged in the plots. 

We recorded individual shoot phenology from 1980 to 1987. 
Shoots were observed from spring (as soon as the study area was 
clear of snow) to autumn (after vegetative shoots were quiescent 
and reproductive shoots were senescent or dead). Frequency of 

observation was biweekly through mid July 1984. Thereafter, (due 
to lower shoot numbers), phenology was observed about once a 
month. We observed the last few remaining shoots on 21 May 
1987. 

Analyses 
Although this paper includes the shoots originally tagged as part 

of the total study population, the focus is the 1980 and 1981 
cohorts. We know when they were first observed, if and when they 
became reproductive, and when they died. We do not know, how- 
ever, when the shoots tagged in December 1979 emerged. 

Because there were no experimental treatments as such, the 
approach used to analyze the information was to compute 95% 
confidence intervals (CI). Unless stated otherwise, CI were based 
on plot values (N q  10). CI were computed on: (a) proportions of 
the shoot population in vegetative and reproductive stages on 
selected dates throughout the study period using all shoots in a 
plot; (b) shoot emergence rates, times from emergence to specific 
phenologic stages, survival, and longevity for the 1980 and 1981 
cohorts; (c) differences between dates within cohorts and differen- 
ces between cohorts; and (d) air temperatures, based upon the 
number of days in spring, spring-summer, summer-autumn, and 
autumn. 

Results and Discussion 

Phenology 
Nebraska sedge produces culmless vegetative shoots (Ratliff 

1983). Description of a shoot’s phenologic stage was therefore 
dependent on whether elevation of its apical me&tern could be 
detected. Vegetative shoot stages recognized were juvenile, mature, 
and overwintered. Reproductive shoot stages recognized were 
elongation, flowering, seed ripening, and senescence. A dead stage 
was included for demographic purposes. 

Key 
A. Shoots with live (green) tissue at least at the center. 

B. Shoots vegetative, leaves all basal, and culm elongation 
not evident. 

C. Previous season’s leaf sheaths not present, 3 or less 
leaves unfolded, and shoot base not thick and spongy- 
Juvenile vegetative stage. 
CC. Previous season’s leaf sheaths present and/or shoot 
base thickened and spongy. 

D. Previous season’s leaf sheaths not present.-Mature 
vegetative stage to quiescent state. 
DD. Previous season’s leaf sheaths present.-Over- 
wintered vegetative stage. 

BB. Shoots reproductive, inflorescence showing and/ or culm 
elongation evident. 

C. Anthers not showing.-Elongation stage. 
CC. Anthers and stigmas showing. 

D. Anthers not reflexed.-Flowering stage. 
DD. Anthers reflexed. 

E. Spikes still green or mostly green.-Seed ripening 
stage. 
EE. Spikes brown or mostly brown, leaves yellowing.- 
Senescent stage. 

AA. Green tissue absent.-Shoot dead. 
In the earliest detectable stage, a shoot of Nebraska sedge looked 

like the tip of an awl. That form, as reported for Carexgrucilis Curt 
(Soukupova 1988), enabled the shoot to break the surface. The 
shoot was considered juvenile until more than 3 leaves had 
unfolded and thickening of its base was evident-producing a 
spongy feeling when gently squeezed. We do not know if that 
characteristic indicated formation of axillary buds. We assumed 
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that the shoot was still a reproductive juvenile. 
When over 50% of the leaf area of a vegetative shoot was 

yellowing, the shoot was designated as becoming quiescent. An 
overwintering, mature vegetative Nebraska sedge shoot was char- 
acterized by old leaf sheaths and a core of green tissue. In spring, 
such a shoot put out new leaves, as did juvenile ones. It did not 
repeat the earliest stages, however, and remained classed as over- 
wintered and vegetative until it became reproductive or died. 

A shoot’s entrance into the reproductive stages was evidenced by 
elevation of the apical meristem. Elevation was first observed in 
early spring as a convex structure at the shoot center. This struc- 
ture quickly elongated into an oval shape, followed by a fully 
visible infIorescence with no anthers. Full bloom occurred when 
the staminate spikes had about 50% of the anthers showing and 
many stigmas were showing on the pistillate spikes. 

When the anthers reflexed but many stigmas were still present 
and the spikes were still green, a shoot had entered the seed- 
ripening stage. Browning of the spikes and yellowing leaves with a 
still-green culm signaled the onset of senescence. A shoot was 
considered dead when no green leaf, culm, or inner core tissue was 
present (Bedford et al. 1988, Hultgren 1988). 

Weather 
New shoots of Nebraska sedge rose above the meadow surface 

from early spring until reproductive shoots reached advanced 
senescence in autumn (Table 1). Most shoots emerged while sur- 

Table 1. Emergence of Ncbraake sedge (Cora nebraskensis) shoot cohorts 
end water depths at Tule Meadow, in relation to daily air temperatures at 
Wlshon Dam, Siem National Forest, Celiforni~~. 

Cohort Emergence Periods1 
Spring- Summer- 

Variable Spring summer autumn Autumn 

Cohort emergence (1980) 
Shoots mT2 day-’ 2.2f 0.72 1.1 f 0.5 0.7 f 0.4 0.6 f 0.3 
Percentage 44.9 22.8 20.1 12.2 

Water depths (cm) 12.3 5.8 0.7 0.2 
Air temperatures (” C) 

Maximum 16.8 f 1.7 25.7 f 1.3 22.8 f 0.9 14.1 f 1.8 
Minimum 4.2f1.2 11.4fI.l 7.8f0.7 1.5f 1.1 
Mean 10.1 f 1.4 18.6f 1.1 15.3kO.7 7.8f 1.4 

Cohort emergence (1981) 
Shoots m” day-’ 2.7 f 0.7 1.1 f 0.4 0.5 f 0.2 0.6 f 0.4 
Percentage 40.3 25.3 19.7 14.6 

Water depths (cm) 11.4 5.5 0.0 0.1 
Air temperatures (” C) 

Maximum 14.8f 1.8 22.3 f 1.2 24.6f0.6 12.2f 1.8 
Minimum 3.0f 1.1 9.0f0.9 12.6f0.5 2.8f 1.4 
Mean 8.9f 1.3 15.7f0.9 18.6f0.5 7.5 f 1.4 

11980 cohort: Spring-22 May to 2 July, spring-summer-2 July to 13 August, 
summer-autumn-13 August to 8 October, autumn-8 October to 20 November. 198 1 
cohort: Spring-29 April to 27 May, spring-summer-27 May to 8 July, summer- 
autumn-8 July to 23 September, autumn-23 September to 4 November. 
295% confidence intervals. 

face water was present and temperatures were relatively low. In 
both 1980 and 1981, more than 40% of the shoots emerged while 
surface water depths exceeded 11 cm and daily mean temperatures 
averaged about IO0 C. With daily mean temperatures averaging 7“ 
C to 9’ C warmer, surface water was gone by 13 August 1980 and 8 
July 1981. Another23%(1980)and 25%(1981)oftheyear’s cohort 
of shoots had been added by then, and 66% of each cohort was 
present. 

Another 20% of each cohort emerged under relatively dry, warm 
weather of the summer-autumn period (Table 1). Daily mean 
temperatures averaged near or above 16” C to early October 1980, 
and to the last week of September 1981. With rain, water rose 
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above the surface for a few days in September 1980. Conditions 
were otherwise dry. 

The final 12% to 15% of the cohorts emerged under dry, cool 
weather. Daily mean temperatures averaged near 7’ C from mid- 
October and late September to the last sampling dates on 20 
November 1980 and 4 November 198 1. Temperatures were too low 
or days too short or both for many shoots to emerge during the last 
sampling interval. 

Culm elongation, flowering, and seed ripening tended to advance 
as mean daily temperatures increased. Senescence started when 
temperatures declined. Mean daily temperatures at Wishon Dam 
for the 2 weeks immediately preceding peaks of the various pheno- 
logic stages averaged 8.7” C (vegetative), 13.0° C (elongation), 
16.7O C (flowering), 17.2’ C (seed ripening), and 14.1° C 
(senescence). 

Total precipitation and the snowpack affected temperatures and 
timing of phenologic events (Fig. 2). Cuhn elongation was well 
along on 10 June, and the shoots were senescent by 2 September in 
1981 (a dry year); but culms did not elongate before 13 July, and 
shoots were not senescent before 2 November in 1983 (a wet year). 

+ 
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Growing season & reproductive shoot phenology 

Fig. 2. Relationship of Nebraska sedge reproductive shoot phenologic 
stages at Tule Meadow to mean daily air temperatures at Wishon Dam, 
Siem National Forest, Calif. 

The last day in 1981 that the snow pack was 30 cm deep or more 
was 13 February. In 1983 the snowpack was still 30-cm deep on 11 
May-3 months later than in 1981. 

On average, the last date in spring when all shoots were still 
vegetative was 1 June. The highest percentage of shoots were in 
culm elongation stages on 25 June, in flowering stages on 23 July, 
and in seed ripening stages on 17 August. Generally, all reproduc- 
tive shoots were in senescent stages or were dead by 5 October. 

Life History 
Shoot Development 

Shoot development from the juvenile to the mature vegetative 
stages occurred mainly in spring and summer. A few shoots, how- 
ever, matured in autumn. Development to the reproductive stage 
occurred only in spring and early summer. 

Once a shoot emerged from the substratum, 70 to 96 days 
(average) were required for it to develop to the mature vegetative 
stage (Table 2). Some shoots reached that stage in 24 to 32 days 
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Table 2. Shoot development of Nebraska sedge cohorts, 1980 and 1981, at 
Tule Meadow, Sierra National Forest, Callfonda. 

Phenologic stage of 
shoot development 

Cohort 
1980 1981 

Days from emergence’ 
Mature vegetative 

Season of emergence 28f 4 31f 4 
The following spring 

From emergence 247 f 10 267 f 17 
After winter 30f 3 36f 7 

Average for all shoots 94 f 22 90 f 20 
Reproductive 475 f 25 526 f 38 

‘Days from shoot emergence to tirst observation of maturevegetative& reproductive 
stages, 95% confidence intervals. 

(1980 cohort) and 27 to 35 days (1981 cohort) during their season of 
emergence; the between-cohort difference averaged 3.0 f 6.4days. 
Other shoots did not mature until the following spring-8 to 9 
months-after their emergence. 

More than 60% of each cohort lived to become sexually repro- 
ductive. Reproductive organs appeared 1.2 to 1.4 years after emer- 
gence (1980 cohort) and 1.3 to 1.6 years after emergence (1981 
cohort). The between cohort difference of 50.9 f 50.0 days may be 
related to differences in precipitation and temperature. No shoot 
became reproductive the season it emerged. All shoots passed at 
least 1 winter in the mature vegetative stage. About 35% of the 
shoots in each cohort became reproductive during their second 
season. Another 26% of each cohort became reproductive in their 
third season. 

Shoot Death 
We do not know how old the shoots of the pre-1980 cohort were 

in December 1979. Nevertheless, the percentages of shoots each 
autumn and spring in each of the 3 cohorts followed the same 
general pattern (Fig. 3). 

F 

Fig. 3. Relative sizes of 3 Nebraska sedge eohorts at Tule Meadow, Sierra 
National Forest, Callf., by year and season (a = autumn and s = spring). 
Combined reproductive and vegetative shoot percentages are repres- 
ented by the columns for spring. Columns for autumn represent only 
vegetative shoots. Autumn-spring steps indicate wfnter losses. 

Major losses from each cohort occurred when reproductive 
shoots died in autumn and winter, and at the end of the fourth year 
only about 4.5% of each cohort remained. For all shoots, death 
occurred 1.6 to I .8 years after emergence (1980 cohort) and 1.6 to 
2.0 years after emergence (1981 cohort); the between cohort differ- 
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enoe averaged 1.9 f 2.8 months. Only 3.2% f 2.2% of the 1980 
cohort and 2.6% f 2.0% of the 198 1 cohort died before their first 
winter. First-winter deaths accounted for another 2.4% f 1.9% 
(1980) and 4.3% f 2.6% (1981) of the cohorts. Second-winter 
deaths were of the same magnitude and averaged 3.3% of the 
cohorts. Third-winter deaths averaged 1.6%. Spring-through- 
autumn deaths of vegetative shoots accounted for about 10.5% of 
each cohort in both the second and third years. Deaths between the 
first and second autumns (reproductive shoots included) accounted 
for 48.0% f + 6.1% of the 1980 cohort and 49.4% f 6.4% of the 
1981 cohort. Between the second and third autumn, another 40% 
of each cohort died. 

Less than 3% of the shoots in the 1980 and 1981 cohorts died in 
juvenile stages. Juvenile shoots that survived longest emerged in 
autumn (Table 3). For both cohorts combined, 9.4% of 149 juve- 
nile shoots present the first autumn died during winter or early the 
next spring. 

Table 3. Shoot longevity of Nebraska sedge eohorts, 1980 and 1981, at 
Tule Meadow, Sierra National Forest, California. 

Phenologic stage 1980 Cohort 1981 Cohort 

at shoot death Percent Longevity’ Percent Longevity 

Juvenile vegetative 2.8 14 - 2872 2.2 14-294 
Mature vegetative3 34.6 651 f 1184 36.9 672 f 193 
Reproductive 62.6 609f 25 69.9 652 f 35 

‘Days since emergence (first observation) to death of the shoot. 
2Minimum and maximum. 
%xludes overwintered, vegetative shoots living on 21 May 1987. 
495% confidence intervals. 

More than a third of each shoot cohort died after reaching the 
mature vegetative stage but without becoming reproductive. Such 
shoots lived an average of 1.5 to 2.1 years (1980 cohort) and 1.3 to 
2.4 years (1981 cohort); the between-cohort difference averaged 
0.06 f 0.55 years. A few shoots developed and died quickly42 
days was the shortest record. A few shoots lived and produced new 
foliage for several years. The longest record for the 1980 and 1981 
cohorts was 5.8 years-the shoot was still alive on 21 May 1987. 
One shoot of the pre-1980 cohort was still alive after at least 7.5 
years. 

Shoots reaching the reproductive stage lived for averages of 1.6 
to 1.7 years (1980 cohort) and 1.7 to 1.9 years (1981 cohort); the 
between cohort difference averaged 0.12 f 0.14 years. Their leaves 
retained some green tissue 4 to 4-l/2 months after reproductive 
structures were first evident. 

The Population 
Structure 

Between-plot variation in proportions of shoots in various 
stages was high. As a result the confidence intervals (Fig. 4) sug- 
gested little difference within and between seasons in the percen- 
tages of shoots in juvenile, mature vegetative, and reproductive 
stages. Also, the study population was complete at the end of 1981, 
and data for 1982 reflect the continual decline in shoot numbers. 
The peak for mature vegetative shoots in 1982, for example, sug- 
gest that new shoots were not added to the total. Nevertheless, 
general trends were apparent. 

In 1980 and 1981, more than 60% of the total live shoot popula- 
tion was in vegetative stages at all times. Just after snow melt all 
shoots appeared to be in vegetative stages with juveniles averaging 
27% and mature shoots 73% of the shoots then alive. The peak for 
juveniles in 1981 was caused by slightly higher numbers of early 
shoots and winter and early spring losses of mature vegetative 
shoots. With culm elongation, mature vegetative shoot percen- 
tages dropped markedly; they increased as juvenile shoots matured 
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Fig. 4. Percentages of Nebraska sedge juvenile, mature, and reproductive 
shoots at selected reproductive shoot phenologic stages during 4 growing 
seasona at Tule Meadow, Sierra National Forest, Calif. The whiskers 
around the percentagw represent the 95% confidence intervals. 

and reproductive shoots flowered. Percentages of mature vegeta- 
tive shoots dipped at or near senescence reflecting emergence of 
late shoots. At flowering, proportions of shoots averaged 6.5% 
(juvenile), 62.6% (mature vegetative), and 30.9% (reproductive). 
While a few of them died, the gradual decline in reproductive shoot 
percentages to senescence reflects low but continual emergence of 
new shoots. 

Dynamics 
The rates of shoot emergence in spring, spring-summer, summer- 

autumn, and autumn periods were: 

Emergence period 1980 1981 
_ _ ___ _ ___ __ Shoots/&/day _ _ _ _ ______ - 

Spring 2.2 + 0.7 2.7 + 0.7 
Spring-summer 1.1 + 0.5 1.1 + 0.4 
Summer-autumn 0.1 + 0.4 0.5 + 0.2 
Autumn 0.6 + 0.3 0.6 + 0.4 

Seasonal rates of shoot emergence were 1.1 f 0.3 shoots rn“ 
day-’ in 1980 and 1.0 f 0.3 shoots me2 day-’ in 1981. Rates were 
greatest the month after plots were clear of snow-2.7 f 1.0 shoots 
rnd2 day-’ in 1980 and 2.7 f 0.7 in 1981. For the remainder of each 
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Fig. 5. Life history of the Nebraska sedge study population at Tule Mea- 
dow, Sierra National Forest, Cdif., December 1979-May 1987. 

season, emergence averaged 0.8 shoot me2 day-’ (1980) and 0.7 
(1981). 

Overwinter survival of vegetative Nebraska sedge shoots, regard- 
less of age, was high (Fig. 5). Average percentages of shoots alive at 
the last observation the first 4 autumns (juveniles included) that 
survived winter were as follows: 

Cohort 
Winter Pre-1980 1980 1981 
First 93.1 f 4.8 97.1 f 2.9 96.1 f 2.8 
Second 97.8 f 5.0 88.5 f 7.9 93.7 f 6.6 
Third 94.6 zt 7.0 80.2 f 26.9 86.1 i 23.3 
Fourth 63.1 f 41.7 70.0 f 55.5 91.7 f 26.5 

During the study, 500 shoots (65.3% of our study population- 
all cohorts combined) became reproductive. Average percentages 
of shoots alive on the first spring observations (juveniles included) 
becoming reproductive were highest the third growing season: 

Cohort 
Season Pre-1980 1980 1981 

Second 45.8 f 12.0 41.2 f 10.3 39.4 f 1 I.5 
Third 63.4 f 10.7 62.0 f 10.3 62.2 f 15.2 
Fourth 5.8 z!z 8.9 25.0 f 38.7 4.2 f 10.7 
Fifth 0.0 50.0 f 91.8 0.0 

Differences between the second and third seasons were 17.7% f 
17.0%(pre-1980cohort), 20.9%f 11.9%(1980cohort), and 22.9f 
11.5% (1981 cohort). 

Reproductive shoots looked like overwintered vegetative shoots 
on the first 1 or 2 observations in spring. At full flowering, repro- 
ductive shoot-to-vegetative shoot ratios were: 

Flowering date Ratio 
30 July 1980 l:2.l 
24 June 81 1:2.1 
14 July 82 1:1.4 
10 Aug. 83 1:l.l 
27 June 84 1:6.3 

Ratios for 1982 and 1983 reflect the fact that new shoots were no 
longer being added to the population (Fig. 5). The ratio for 1984 
suggests that older shoots of a population have reduced capacity to 
flower. While involving only 22 shoots, none of the 19 vegetative 
shoots became reproductive by the end of the study. 
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Summary and Conclusions 
How long a particular Nebraska sedge individual may live is not 

known. For other Curex species, estimated genet life spans have 
ranged from under 10 years to 100 years or more (Alexeev 1988). 
Individual shoots of Nebraska sedge, however, remain vegetative 
for a year or more after emergence. Some live for several years, and 
most vegetative shoots present in autumn survive winter. Winter 
survival is also high in beaked sedge (Bernard 1974 and 1976). 

Life spans of Nebraska sedge reproductive and vegetative shoots 
both averaged around 600 days and were within expected ranges. 
In temperate zones, shoot life spans of 1 or 2 years are typical 
(Alexeev 1988, Bernard 1976, Bernard and MacDonald 1974, 
Soukupova 1988). In arctic and alpine zones, individual shoots of 
some species may reach ages of 5 to 7 years (Alexeev 1988). The life 
span of beaked sedge shoots at lower latitudes (about 2 years) 
increased to 3 years or more at subarctic latitudes (Hultgren 1988). 
Specific study would be needed to determine if similar longevity 
changes occur in Nebraska sedge in response to elevation or lati- 
tude or both. 

About 60% of the shoots of Nebraska sedge may eventually 
produce flowers, and some individuals may have a long life cycle 
(Soukupova 1988); that is, they start from seed, develop to become 
generative, spread vegetatively, and live for many years. Produc- 
tion of viable seed and seedlings, however, is rare in many sedges 
(Alexeev 1988), and growth and spread is mainly by vegetative 
means through the short life cycle when new individuals develop 
from mature vegetative shoots (Soukupova 1988). 

Nebraska sedge population stability and shoot densities may 
largely depend upon water depth in spring. Most of the shoots 
emerged while surface water was present. Hormay (1943) observed 
that constancy of moisture conditions over a series of years governs 
species establishment and stability in meadows. Where water 
depths varied yearly, beaked sedge shoot density varied widely; but 
where water depths varied little from year to year, density was 
relatively constant (Hultgren 1988). 

With high shoot longevity and winter survival, Nebraska sedge is 
ready to start photosynthesis when temperatures rise sufficiently in 
spring. As a result, spring growth and population stability do not 
depend totally on a new shoot cohort developing each year. 

The primordia of the culmless vegetative shoots are not readily 
accessible to the grazing animal, and leaf replacement is not totally 
dependent on shoot replacement after grazing. With their primor- 
dia transformed for flowering, the source of new leaves is removed, 
and reproductive shoots (grazed or ungrazed) will die before the 
following spring. 

Nebraska sedge can withstand grazing well because of high 
shoot longevity coupled with culmless vegetative shoots and veget- 
ative reproduction. With conservative use by livestock or wildlife 
or both, therefore, the health of Nebraska sedge populations 
should be a minor concern. Nevertheless, managers need to main- 
tain maximum spring shoot emergence. Spring shoots are those of 
the year’s cohort capable of flowering the next season. Also, they 
are the most numerous, and over a period of years low numbers of 
spring shoots may reduce the population. 
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Abstract 

A technique for recording time-temperature curves within field- 
scale range fires was accomplished using a commercially available 
data logger capable of rapidly reading large numbers of thermo- 
couples. A specially designed fireproof box was utilized to house 
and protect the data logger within the center of the burned area. 
Programming features allowed temperatures to be measured and 
recorded rapidly (each second) during the passage of the fire front 
and recorded as l-minute means before and after the combustion 
interval. Strategic placement of thermocouples provided time- 
temperature profiles for various heights above ground, rate of 
spread, and duration of heat above specific temperatures. Addi- 
tionally, measurement of preheating prior to the actual flame 
passage was obtained by placement of the recorder and thermo- 
couples well within the burned area. This technique may provide 
better quantification of fire effects on vegetation, especially woody 
weeds targeted for control with fire, by documenting temperature 
extremes and their duration at a critical growing points on plants. 

Key Words: prescribed burning, thermocouple, fire behavior, rate 
of spread, time-temperature, heat duration 

The need to relate heat damage to plants during rangeland 
burning has focused attention on derivation of time-temperature 
relationships (Wright and Bailey 1982, Potter et al. 1983, Trollope 
and Tainton 1986, Engle et al. 1989). Thermocouple-recorder sys- 
tems have been employed in an attempt to generate such data, but 
the technique has been limited by the restricted capacity of 
recorders to measure temperature changes occurring rapidly dur- 
ing the critical combustion period. Recorders previously used have 
been able to record only a few thermocouples and were not pro- 
grammable to change the rate of data storage. These limitations 
have restricted the ability of researchers to sample at multiple 
locations during a given fire. 

Engle et al. (1989) recently described a system with capability to 
obtain multiple heat measurements on 2-s intervals utilizing an 
improved data recorder and algorithms for deriving time- 
temperature curves. The purpose of our paper is to report a further 
advancement in characterization of temperature during a fire 
through the use of a programmable, high-speed, high-capacity 
data recorder to measure and store temperatures each second at 
numerous sample points. The ability to record measurements each 
second eliminated the need for algorithms in obtaining time- 
temperature curves. 
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Materials and Methods 

A Campbell CR 7 Measurement and Control System* was used 
to measure and record temperatures during controlled burns. The 
system contained a series of input/output cards with resistance 
temperature devices (RTDs) to record differential voltage mea- 
surement of up to 70 thermocouples. Thermocouples were formed 
by electro-fusing 1 end of a 65-m length of double-braided, glass- 
insulated type K (Chromel-Alumel) wire (20 AWG) overbraided 
with stainless steel. The other end was attached to the RTD input- 
output cards via a panel and dual-pronged connectors.2 

The recorder was programmed to measure each thermocouple 
every second and store means every minute while temperatures 
were less than 40’ C. When temperature at a designated thermo- 
couple (2-m height for these studies) exceeded 40” C as a result of 
fire, values for all thermocouples located at that particular station 
were stored every second. Amount of heat, expressed as degree- 
seconds, for a given measurement point was computed by sum- 
ming the temperature values above a designated degree. A portable 
tape recorder was attached to the data recorder, allowing data to be 
stored on tape, thus avoiding overwrite on the date storage 
module. 

Thermocouples were attached to vertical standards at positions 
of -3,O, 10, and 30cm and at 1,2, and 3-m from ground level. Four 
such sampling stations were located in a line parallel to the move- 
ment of the fire front. This design provided estimates of the rate of 
spread and the vertical time-temperature profiles. The below- 
ground thermocouple was placed at -l-cm for the 1991 fires. 

To obtain representative temperatures during a fire, the record- 
ing device was placed in a specially constructed fireproof container 
and placed near the center of the area to be burned. The container 
was constructed of insulated, double-walled, stainless steel, with an 
access port to accommodate the thermocouple cables and a 
removable recessed lid for access to the recorder (Fig. 1). Excess 
space in the cable port was packed with flame resistant cloth during 
fires. Construction costs for the fireproof box were approximately 
$485 in December 1989. 

Two different tires are used in this paper to illustrate the use of 
the recording system described above. Both fires were conducted as 
headtires contained by previously burned firebreaks or graded 
roads. 

Breclcenridge Fire 
This fire was conducted on 9 March 1990 on a 220-ha area of 

rangeland 8 km east of Breckenridge, located in the Limestone 
Prairies region of the Texas Rolling Plains. The burned area 
supported a moderately dense stand of honey mesquite (Prosopis 
glundulosu Torr.) with an understory of grasses comprised mainly 
of Texas wintergrass (Szipa leucotricha Trin. & Rupr.), buffalo- 

Campbell Scientific, Inc., P.O. Box 551, Logan, Ut. 84321 
2Omega Engineering, Inc., P.O. Box 2669, Stamford, Conn. 06906 
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Fig. 1. Campbell CR7 Measuremenf snd Control System with plug panel 
nttPehrd and enclosed within the fireproof contsiner (lid removed,. 

grass [Buchloe dactyloides (Nutt.) Engelm] and Wright threeawn 
(Aristida wrighfii Nash.). Fine fuel was visually estimated at 2,000 
t” 2,500 kg ha-‘. Fuel moisture c”“te”t was low as estimated by 
manually fracturing the leaves and stems. Surface soil moisture 
was relatively high as a result of recent precipitation; air tempcra- 
ture was 30” C ; relative humidity was 60%; and winds were 
southerly at 18 t” 20 km h-l. 

Vernon Fire 
This fire was conducted on 7 March 1991 on a IO-ha plot of 

native rangeland located 37 km southwest of Vernon in the “orth- 
er” Rolling Plains vegetational region of Texas. A” overstory of 
honey mesquite trees 2-3 m in height dominated a” understory of 
buff&grass, Texas wintergrass, Wright threeawn, Sand dropseed 
[Sporobolus cryprnndrus (Torr.) Gray], Japanese bromegrass 
(Bromus japonicus Thunb.), little barley (Hordeurn pusiihm 
Nutt.), and rescuegrass [Bromus unioloides (Kunth) H.B.K.]. Fine 
fuel (dry weight) was estimated at 3,700 kg ha-’ by clipping. Fuel 
moisture c”“te”t was 25%, and this reflects the large proportion of 
annual grass included in the sample. Soil surface was dry; air 
temperature was 58O C; relative humidity was 29%; and winds were 
easterly at 12-19 km h-l. 

Results 

The data recorder and thermocouples provided quantitative 
data regarding rate ofspread, peak temperatures, duration of heat, 

and a vertical profile of the time-temperature cm’ves. Instruments 
were protected by the fireproof box and no temperature changes 
were noted within the container during tire passage. We expe- 
rienced data loss at 1 of the 4 stations during each fire because of 
inconsistent fire movement. The tire front did not reach 1 station 
and approached anOther station laterally rather than frontally. 
This erratic mwcment of the fire front was attributed t” visually 
evident discontinuity in the fuel within the mesquite/grass com- 
munities and s”me natural and animal-caused barriers within the 
burned area. Rate of spread varied considerably both within and 
between the 2 tires. Results from each tire arc described and 
time-temperature curves are illustrated from selected stations dur- 
ing each fire (Fig. 2). 

Breckenridge Fire 
Rate of spread averaged 0.42-m se’ and duration of heat greater 

than 40” Cat the 2-m height averaged 43 s. Peak temperature of 
613’ C was measured at IO-cm above ground level, although 
temperature at this height remained above 500” C for less than IO s. 
Total degree-seconds during the rapid recording period triggered 
by the 2-m thermocmmle decreased mowxtionallv with increasing 
height above ground, varying from i 1,570 at ground level t” 2,458 
at 3-m (Table 11. ,. 

I” this particular tire, several thermocouples failed t” function 
properly because of either (1) broken weld at thermocouple junc- 
tion or (2) faulty connection at the panel. These problems acc”““t 
for the absence of time-temperature curves at the 0- and IO-cm 
levels at station I (Fig. 2). The potential for such loss ofdata during 
critical sampling periods supports the advantage of having the 
capability t” collect data from multiple measurement stations with 
a high capacity recorder. 

Vernon Fire 
Rate of spread varied from 0.1 t” 0.16-m s-’ and duration of 

temperatures greater than 40° C at the 2-m height averaged 60 s. 
Peak temperature of 609” was measured at the IO-cm height. Only 
1 station recorded temperature above 500” C and the duration was 
12 s. Duration of heat was greater at the IO-cm or at ground level 
than at the stations higher from the ground. The 2 stations des- 
cribed in this paper illustrate different durations of heat at ground 
level which indicates slower combustion rate at 1 station. This was 
attributed to smoldering litter or humus “car the soil surface at 
station 3. 

Discussion 

Plant responses to tire are best described in terms of temperature 
extremes and the duration of exposure (Hare 1961, Potter et al. 
1983). Since damage t” plant tissue is a” exponential function 

Table I. Arrumulsted and msximmn temperature recorded lor specified durations by thermocaupls at 7 vertical locations for 2 recording stations (I & 3) 
during eontmlled range fires near Breekenridge and Vernon, Texas. 

Breckenridge “er”0” 
S,a. 1 sta. 3 Sta. I sm. 3 

Ht Act. Max *cc. Max. Act. Max Act. Max. 
‘:) ..___________..._ 3,890 . . . 183 . . .._ _______ 2,458 _____ _...._ 107 -(CO) . . . .._._._.....__.__. 3,077 26 .-..-.--. ;;--& ------.... ;;- 

2 4,374 239 2,773 119 4,316 172 3:X12 92 
1 6,616 339 4,309 180 6,313 228 5,015 170 

0.3 II,080 569 7,798 397 10,180 415 7,510 270 
0.1 _ _ 11,250 613 14,670 609 11,450 442 
0 _ I 1,270 488 10,500 391 13,560 363 
-0.03’ 891 22 782 22 1,096 25 1,540 25 

Duration (8) 45 40 50 69 

~Depth was 3 Cm for Breekenridgc and I cm for Vernon. 
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Fig. 2. Time-temperature curves by height at 2 stations each (top and bottom) for fires conducted near Breckenridge and Vernon, Texas. Temperature 
along the Y axis is expressed logarithmically, and time along the X axis is expressed in seconds during the period that temperature at the 2-m height 
remained above 400 C. 

between time and temperature (Wright and Bailey 1982), high 
capacity data recorders offer advantages for obtaining these data 
at multiple sampling points. Such instrumentation facilitates deri- 
vation of time-temperature profiles and rate of spread. Despite the 
plethora of investigations on wildland fires, most authors have 
described plant response to burning without quantitative data. 
Such terms as “hot” or “cool” to describe fire are of limited value 
for comparing bums or deriving predictive models for plant 
response to controlled burning. Even in studies where tempera- 
tures have been recorded with multipoint recorders, the equipment 
has lacked programming features and the capacity to sample a 
large number of locations for relating plant response to varying 
regimes of heat duration and temperature extremes (Stinson and 
Wright 1969, Trollope and Tainton 1986). 

sentative of the principal zone to be burned. Placement of record- 
ing instruments within the area to be burned offers an alternative to 
visual estimation techniques and may facilitate quantification of 
many critical fire parameters. 

Fire behavior models derived from flame height, rate of spread, 
and residence time have been utilized to estimate fireline intensities 
and resultant influences on plants (Andrews 1986, Trollope and 
Tainton 1986). These techniques have provided useful estimates of 
woody plant damage during fires (Rothermel and Deeming 1980, 
Trollope 1980) but are less useful in estimating damage to herbace- 
ous vegetation (Armour et al. 1984, Roberts 1983). Such models 
may be of more importance in combating fire than predicting fire 
effects on vegetation (Rothermell983). Additionally, the key input 
variables are made subjectively and are highly variable from 
moment to moment. Variation in fuel loads and fuel continuity 
require multiple estimates to be obtained during conditions when 
visibility may be largely obscured by smoke. Observations are also 
limited to the periphery of the burned area and may not be repre- 

Measuring rate of spread requires that thermocouple measure- 
ment stations be established at known distances along a line paral- 
lel with wind direction and that fuel continuity permits movement 
of the fire in a constant direction. Distances between stations are 
limited by the lengths of the thermocouple cables and placement of 
the recorder. Arrangement of thermocouples and rate of data 
storage may depend on the objectives of a particular study. Our 
emphasis was to document the time-temperature profile for 
temperatures required to scorch woody plants approximately 2-m 
high. The triggering level can be changed from 2-m to another 
height and to another temperature other than 40° C. (See Appen- 
dix I for programming options). For summer burns a high temper- 
ature should be selected to account for ambient air temperature or 
direct sunlight on the thermocouples. I 

Preheating ahead of the fire front was evident from the rise in 
temperature in the upper measuring points at a station before those 
of the lower points (Fig. 2). Preheating of fuel during headfires is a 
phenomenon that is not measured in the burning of small plots. 
Placement of recording equipment within field-scale bums permits 
measurement of fire parameters influenced by self-generated con- 
vective winds typical of range fires. The capability to measure a 
large number of points during an actual bum with this type of 
recorder may provide an alternative to burning numerous small 
plots for the purpose of evaluating plant response to fire. However, 
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this suggestion is not intended to diminish the usefulness of micro- 
plots to assess the relative tolerances of individual plants to bum- 
ing at critical periods of physiological development (Britton and 
Wright 1980). 

Measurement of rate of spread and time-temperature curves was 
influenced by fuel continuity or the lack of it within the mesquite/ - 
grass communities selected for this study. This problem was attrib- 
uted partly to the selection of the 2-m thermocouple for triggering 
rapid data storage, as insufficient heat was produced at that height 
when fire approached the station from any direction but frontally. 
We observed the fire movement through these mesquite/grass 
communities to occur more as tongues than as continuous fire 
front. In such situations we believe variation in rate of spead and 
other fire behavior factors will be high and difficult to generalize. 
Future studies will attempt to relate types of fire behavior with 
density of mesquite and composition of herbaceous understory. 

Conclusion 

Commercially available data loggers can provide rapid mea- 
surement of multiple thermocouples for quantifying time-temper- 
ature profiles during controlled range fires. Such data are desirable 
for quantifying responses of plant components or communities to 
burning in different seasonal and environmental conditions and 
fuel loads. Use of this method to estimate rate of spread and other 
fire behavior variables offers an alternative to visual estimates and 
other methods in current use. 
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APPENDIX I. Program instructions for Campbell CR7 mea- 
surement and control system set to measure 28 
thermocouples (4 groups of 7 TCs). 

* 1 Table 1 Programs 
01: 1 Sec. Execution Interval 

01: P 17 Panel Temperature 
01: 1 IN Card 
02: 29 Location: (1st location after last TC) 

[These instructions (steps 2-12) are for TC group #I] 
02: P14 Thermocouple Temp (DIFF) 

01: 7 Reps (no. of TCs in this group) 
02: 16 500 m V fast range 
03: 1 IN Card 
04: 1 IN Chan 
05: 3 Type K (Chromel-Alumel) 
06: 29 Ref Temp Lot 
07: 1 Lot: 
08: 1 Mult 
09: 0 Offset 

[These steps (3-6) record the 1 minute mean temperatures] 
03: P89 

01: 6 
02: 4 
03: 40 
04: 30 

04: P92 
01: 0 
02: 1 
04: 10 

05: P77 
01: 111 

06: P71 
01: 7 
02: 1 

07: P94 

If X=<F 
X Lot (TC at position #6 [2m] is the sensor) 
< 
Fixed Value (” C) 
Then do 

If time is 
minutes into a 
minute interval 
Set flag 0 (output) 

Real Time 
Day, Hour-Minute, Second 

Average 
Reps (TCs) 
Lot 

Else 

[These steps (8-l 1) record temperatures every second] 
08: PI8 Time (makes a counter) 

01: 0 Tenths of seconds into minute 
02: 10 Mod/by (every 5 seconds) 
03: 30 Lot: (location of counter) 

09: P89 If X<=>F (compares time) 
01: 30 x Lot 
02: 4 < 
03: 10 Fixed Value 
04: 10 Set flag 0 (output) 

10: P77 Real Time 
01: 111 Day, Hour-Minute, Second 

11: P7 1 Average 
01: 7 Reps 
02: 1 Lot 

12: P95 End 

[Repeat steps 2-12 for the no. of groups of TCs] 

[Advance P14, statement 4 by the no. of reps (TCs)] 

[Advance the counter (P18, statement 3 and P89, statement 1) by 1 
for each new group] 

JOURNAL OF RANGE MANAGEMENT 45(2), March 1992 219 



Key: T=Table No. E=Entry No. L=Location No. 
1: 2: 1: 1st TC, Group 1 
1: 13: 8: * “2 
1: 24: 15: * “3 
1: 35: 22: * ” 4 
1: 1: 29: Panel Temperature 
1: 8: 30: Counter, Group I 
1: 19: 31: - ” 2 
1: 30: 32: ” ” 3 
1: 41: 33: * ” 4 

-_-:P End Table 1 

[The following instruction expands the storage capacity] 
* A Mode 10 (Memory Allocation) 

01: 200 Input Locations 
02: 3000 Intermediate Locations 
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Book Reviews 
Resource Conservation and Management. 1990. Wads- 

worth Publishing Co, Belmont, Calif. 564 pg., 36 p. 
appendix. US$49.50 hardbound. ISBN O-534-1278-6. 
This edition of Miller’s Natural Resource Management, in this 

reviewer’s mind, is among the best of the environmental science 
texts of today. There are specific chapters on subjects such as 
rangelands, wildlife, economics, soils, and food resources which 
would be of particular interest to range managers. Of all of Miller’s 
publications, this one should be of greatest value to range manag- 
ers who are, surprisingly to many people, naturally environmen- 
tally oriented. 

Miller’s 20 chapters are oriented and assembled into 4 major 
categories. Resource use and conservation includes a history of 
exploitation followed by a development of conservation practices 
coupled with consideration of ethics and economics. His second 
group of chapters is oriented toward the degradation and man- 
agement of the renewable resources of air, water, and soil. The 
chapter on soil resources, in particular, is presented in an interest- 
ing and controversial manner. The third section becomes more 
specific in dealing with the existing problems and alternatives in 
utilizing and managing human, marine, range, and forest resources 
including an interesting section on wilderness in which the author 
adopts the role of “devil’s advocate”. The last section alarms the 
reader with the limitations and possible consequences of various 
types of management of the nonrenewable resources, including a 
balanced discussion on energy resources of the present and future. 

Although scientific basics of resource management are well 
presented and documented, the strengths of Miller’s book are the 
case study insertions within each of the chapters. For example, the 
range management chapter discusses grazing fees, predator con- 
trol, and game ranching. A case study of overgrazing of Navajo 
rangelands is presented. International range problems such as 
grazing of the Serengeti savanna add additional interest, but a 
complete explanation of these problems is not presented. The 
discussion of holistic management is appropriate but also inade- 
quately developed. 

There are, however, valuable data compiled by Miller which can 
be useful to range managers. A table illustrating changes in range 
condition on public rangeland is encouraging. According to the 
data, 20% of these public lands are still classified as being in poor 
condition; nevertheless, this figure is a significant decrease when 
compared to the 36% of these lands which were classified as poor 
condition in 1936. Naturally, other categories have also changed, 
including doubling of acreage in excellent condition as compared 
to the 1930’s. Although the total acreage changes have occurred 
over a relatively long period, the fact is that these lands were not 
injured overnight during the growth and development of our 
nation. Therefore, to expect range condition would change to 
excellent overnight would be ridiculous. Unfortunately, the point 
not emphasized in this book is that the range trend has been and is 
upward. This is the kind of information that all of us involved with 
perpetuation of range resources should be heralding.-Curl J. 
Goebel, Washington State University, Pullman, Washington. 

Incident at Eagle Ranch: Predators as Prey in the American 
West. Donald G. Schueler. 1991. The University of Ariz- 
ona Press, Tucson. 315 p. US $17.95 paper. ISBN 
o-8165-1207-8. 
Incident at Eagle Ranch: Predators as Prey in the American 

West is an interesting study of the complex interactions between 
man and those predators often classified as varmints because of 
their socioeconomic impacts on man and his livestock. 

Donald G. Schueler was assigned by Audubon Magazine in 1977 
to cover a highly publicized and controversial San Antonio, Texas, 
court case involving 2 ranchers and a government trapper charged 
with killing, or conspiring to kill, a number of golden eagles in 
southwest Texas. Not satisifed that he had found the answers at the 
trial, he began a search for the truth, which he believed was “still 
out there on the range where no one could see.” Thus began a 
journey which was to cover thousands of miles and include count- 
less interviews with a diverse array of personalities. The product of 
his work is this enlightening, comprehensive review of predator 
control and endangered species protection. 

Part One introduces the topic by relating, in narrative form, the 
background and developments leading to the San Antonio eagle 
trial. This section draws the reader into the book and sets the tone 
for the remaining sections. 

In Part Two, Schueler gives a better understanding of the often 
maligned ranching fraternity by clarifying the political and eco- 
nomic challenges they have to face and still make a living off the 
land. 

Animal Damage Control (ADC), a branch of the U.S. Fish & 
Wildlife Service charged with the task of handling rancherlpreda- 
tor problems, is the focus of Part Three, and the unifying entity 
around which the book revolves. In this section, Schueler reveals 
the political corruptions that can overrun an organization. Through 
interviews with supervisory personnel and other government 
employees, in addition to his own field observations, he describes 
an organization strongly influenced by the power-wielding ranch- 
ing lobby. 

Part Four focuses on predators and their relation to wildlife 
managers and the general public. Schueler summarizes the man- 
agement philosophies and practices relative to the four kinds of 
predators discussed in the book: eagles, coyotes, bobcats, and 
mountain lions. 

This book was first published in 1980, with an epilogue added to 
the new edition, released in 1991. In the epilogue, Schueler brings 
the reader up to date on changes that have taken place in the 
intervening 10 years. These changes include updates on the princi- 
pal characters in the eagle case, the ranching industry and Animal 
Damage Control. Also included are advances in research, an anal- 
ysis of the current status of predators in the West and policy 
changes that will influence the future status of these predators. The 
most salient and alarming point of the epilogue, as Schueler 
emphasizes, is that no changes of any significance have occurred to 
alter the various issues or the debate over how to manage/control 
these predators. 

In Schueler’s analysis of these complex issues, his attempts at 
solutions to the predator problems using mathematical approaches, 
although plausible, often are based on unvalidated assumptions. 
He places the highest priority on assessing the current status of 
threatened/endangered species, outlining plans to calculate exact 
numbers, as a prerequisite to actual measures designed to increase 
their populations (through habitat protection, etc.). Throughout 
the book, however, he continually emphasizes that numbers of 
predator species are generally decreasing. Although current popu- 
lation estimates are important, money spent on censusing studies 
might be better spent if channeled into habitat preservation and 
species enhancement efforts. Despite this and other minor short- 
comings, the in-depth treatment of the many facets of the issue and 
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the comprehensive referencing evident in this work make it a 
valuable reference. At the same time, it is a very readable book on 
the issue of predators as prey in the American West.-Michael J. 
pipa, Department of Natural Resource Sciences, Washington 
State University, Pullman, Washington. 

Wildland Water Quality Sampling and Analysis. John D. 
Stednick. 1991. Academic Press, Inc., New York. 2170. 
USS39.95. 
This book provides an overview of sampling and analytical 

techniques for the most common water quality parameters that 
those in various land use management disciplines are likely to 
encounter. The book is organized into 20 chapters which deal with 
the individual water quality constituents, field sampling methods, 
sampling program design, and data analysis and presentation. 
There is also a brief chapter on contract laboratory selection, and a 
good introductory chapter reviewing basic chemical concepts. The 
background discussion on Federal water quality legislation gives a 
good overview for those unfamiliar with the legal framework for 
water quality regulation. The lists of suggested reading at the end 
of each chapter provide a useful starting point for those wishing 
more detail. 

This book is organized somewhat as a laboratory of field man- 
ual, and provides detailed procedures for many of the analytical 
procedures. Some of the more complicated analyses are not 
explicit enough to allow completion of the procedure without more 
guidance. A review, including a list of keywords and study ques- 
tions is included at the end of each chapter, which would make the 
book particularly appropriate for student use. 

One limitation of the book is the modest attention given to the 
water quality significance of the various analytical tests. Most of 
the chapters do include a short discussion on natural and anthro- 
pogenic sources of the constituent being addressed. However, the 
limnological significance of the various constituents being ana- 

lyzed receives only meagre attention. As a result, the chapters are 
not tied together and the reader unfamiliar with water quality is left 
without an appreciation of the interrelated nature of the chemical, 
physical, and biological aspects of aquatic systems. 

Typical concentration ranges of the constituents to be expected 
in natural waters are given in most of the chapters. However, the 
detectability limits of the analytical tests are not given, so the 
reader is not provided with an understanding of the procedural 
limitations. In fact some of the tests mentioned, such as the Amino 
Acid Method for phosphorus, are generally inappropriate for 
water sampling in wildland situations because of insufficient detec- 
tablity limits. 

In fact, the discussion of phosphorus is probably the weakest of 
all the chapters in the book. Phosphorus is generally classified as 
total phosphorus, total soluble phosphorus, or as orthophospho- 
rus, according to fractionation and digestion of the sample. The 
total inorganic classification utilized by the author has little, if any, 
practical significance. In most waters, phosphorus will be primar- 
ily associated with the particulate and dissolved organic com- 
pounds, and is determined from the total and total soluble frac- 
tions. These analytical methods are not addressed. The use of 
inappropriate procedures and dependence on orthophosphate 
measurements alone may lead to erroneous conclusions that tend 
to underestimate the true levels and significance of phosphorus. 
This is a major short-coming, given the central role of phosphorus 
in limiting primary productivity in most freshwater environments. 

In spite of its limitations, the book should provide a useful 
supplementary resource for undergraduate courses in field sam- 
pling methods or for professionals in resource management who 
find that they must conduct some very basic water quality monitor- 
ing. In such uses, the book would be more appropriate as a field 
manual or supplement to an accompanying test that would provide 
more background on the limnological significance of the chemical, 
physical, and biological constituents.-Barry C. Moore, Depart- 
ment of Natural Resource Sciences, Washington State University, 
Pullman, Washington. 
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