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President’s Address: 
Expanding Partnerships and Continuing 
Successes 

JOHN L. (JACK) ARTZ, PRESIDENT 
Society for Range Management, 1992 

Each year our Annual Meeting brings together about one-quarter 
of our membership, a percentage higher than that achieved by any 
similar organization I know. This year was no exception. We 
missed you that could not be with us and you missed another great 
meeting. 

As last year in Spokane, we opened our meeting with a 
breakfast-a new tradition that I like. It allowed me to make my 
report and recognize many key members early on-and gave eve- 
ryone the opportunity to “put a face with the name” of people they 
might want to meet and visit with during the week. Our meeting 
theme, Expanding Partnerships and Conlinuing Successes, set the 
tone all week as we conducted the business of the Society, took 
advantage of educational opportunities, and socialized. We are in a 
fast changing world and a fast changing profession. Each of us 
needs to change too, and this meeting provided a special opportun- 
ity for us to be change agents as well. 

In January, thanks to TV, most of us witnessed some of the 
ceremonies in Washington during the installation of our new pres- 
ident. Inaugurals are designed to inspire and to build enthusiasm 
and faith in our new leaders. A major message this year was the 
hopefora renewal of faith in Americaunder thevitalleadership of 
a new generation. Bill Clinton is our first President born after 
World War 11 and will be bringing many of his fellow “Boomers” 
with him to the new administration. We may have seen the last of 
our Presidents to have served in World War II and will be seeing 
fewer and fewer of that generation in positions of power. 

I believe the same is true for our Society for Range Management. 
I may well be the last SRM President with World War II service 
and to have been involved in range management at the time our 
Society was established. As a card carrying member of the older 
generation, I look forward to the vital leadership of a new genera- 
tion of range managers. 

Another message I received was the much quoted statement in 
the President’s inaugural address: “There is nothing wrong with 
America that cannot be cured by what is right with America.“The 
same is true for SRM. I’m here to tell you that the strengths of 
SRM far outweigh our weaknesses. 

Our greatest strength, I am convinced, is DEDICATED 
MEMBERS. We have a greater proportion of dedicated and 
actively participating members than any other professional organ- 
ization I know of. I am pleased to report that membership 
increased by nearly 3% this year, the greatest annual gain in many 
years. 

We have some other major strengths. One is our DENVER 
OFFICE-a charming building full of charming, efficient, and 
loyal people. If you haven’t dropped in, I urge you to do so. The 
transition of EVP’s this year from Peter Jackson, through interim 
EVP Ray Housley, to Bud Rumburg went painlessly and I am 
grateful to each of them, as well as the whole support staff, for a 
professional job well done. A number of improvements and inno- 
vationsin the waywedo business areunderwayand I believe we are 
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a stronger, more effectively administered professional organiza- 
tion than ever before. 

Anothermajorstrengthisour SECTIONS--21 strong.Through 
our Sections we are able to reach Out to people where they live and 
where they work. In many important areas, Sections can be more 
proactively relevant to members and the public than our parent 
Society. Sections are often in a better position than the parent 
Society to identify local and regional issues and to sponsor (or 
co-sponsor) timely educational and facilitative activities. The par- 
ent Society this year has agreed to provide “up front”money and 
assistance to encourage such Section activity. 

A fourth strength is our YOUTH PROGRAMS. I know of no 
other professional organization that has done as much as SRM to 
involve youth in its activities and I know of no professional organi- 
zation that has benefitted more from such participation. Over ten 
percent of OUT members are students and I am delighted to see so 
manyofthematourmeetings. Studentsareourrealchangeagents. 
We need to stay in communication with them. 

Nearly every Section now sponsors high school student range 
camps and provides college scholarships. More than half bring 
students to our SRM High School Youth Forum. Fifty-twocollege 
range clubs belong to our SRM Student Conclave-ten from 
Mexico and Canada. Most are represented each year at our 
Undergraduate Range Exam, Plant ID Contest, Undergraduate 
Paper Session, Student Displays, and at our business, educational, 
and social events-those for us all and those especially for them. 

A fifth SRM strength is our PUBLICATIONS. Our Journalof 
Range Managemenl, Rangelands and Trailboss News are quality 
professional publications. We all owe much to Gary Frasier, Jerry 
Schwien, Pat Smith, Patty Perez, the editorial boards, and all 
those that contribute papers. I would add a special thanks to John 
Vallentine, who has prepared the “Current Literature”columns in 
RongeLnzds for more years than I can remember. 

In addition to service to our members, these publications are 
important to our outreach. We now have 650 subscribers to JRM 
and 245 to Rangelands. I am pleased that our nonmember sub- 
scriptions have increased since initiation this year of the Range- 
lands Subscription Program. Our Denver Office also has a grow- 
ing selection of other educational materials ranging from textbooks 
to leaflets to a video library. A descriptive list is in preparation for 
the go-plus tapes currently available, and borrowers presently pay 
only mailing costs. 

A sixth strength is in our COMMITTEES AND TASK 
GROUPS. These are the program development and delivery 
machines of our Society. We have nearly 40 of them involving 
more than 400 members. Many operate at the Section level as well. 
At least 5 merit special credit for work well done this year: 

I. The Furure in Range Management Educorion Task Group 
led by Mart Kothmann has completed a 3-year study of the 
statns of range management education in terms of (a) under- 
graduate education, (b) graduate education and research, (c) 
extension and continuing education, and (d) agency and 
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industry needs-in Canada and Mexico as well as in the 
United States. Copies of their report will be available on 
request. 

2. The Endangered Species Task Group, chaired by Don 
Henderson, presented a report to the Board at Albuquerque 
with recommendations on how SRM should be involved 
during the Endangered Species Act critical reauthorization 
processes. Look to your April or May issue of Trailboss News 
for an update. 

3. The Conservation Reserve Task Group, led by Rhett John- 
son, has been working with Sections and partner organiza- 
tions encouraging conservation and agricultural groups to 
prepare for the wind-up of the current CRP program in 1996. 
Our goal is to keep as much CRP land as possible in perman- 
ent cover. 

4. The Unity in Concepts and Terms Task Group, chaired by 
Patricia Johnson, continues to provide leadership in national 
and worldwide efforts to provide a more understandable and 
scientifically supportable ecological framework for describ- 
ing and analyzing rangelands. Representatives from the 
National Park Service, Defense Department, and Environ- 
mental Protection Agency as well as from Canada and Mex- 
ico joined the Task Group this year, and field testing and 
Section review have been initiated. We are still waiting for the 
report of the National Academy of Sciences task group that 
concurrently conducted similar studies. 

5. The Public Affairs Committee, chaired by Bob Hamner, 
made special efforts this year to streamline and clarify pro- 
cesses involved in policy and position statements and other 
SRM public information mechanisms. You’ll be hearing 
more on this soon. 

There have been many more accomplishments this year. All of 
you have contributed. I am especially pleased to report accomp- 
lishments in 2 areas we have given high priority this year. 

First, EXPANDING PARTNERSHIPS has been a major goal 
this year. Our Affiliations Committee, under Chairman Dan Mer- 
kel, has been restructured for more proactive outreach and 
renamed the Partnerships and Affiliations Committee. Memo- 
randa of Understanding were signed this year with the Forest 
Service, Soil Conservation Service, Agricultural Research Service, 
and National Park Service. We expect to sign with the Bureau of 
Land Management and Environmental Protection Agency in the 
next few months. These agreements identify common goals, recog- 
nize benefits from close and continuing working relationships, and 
provide a framework for cooperation. Similar agreements with 
professional and conservation organizations, such as the American 
Forage and Grassland Association, the Wildlife Society, and the 
National Association of Conservation Districts, are being explored. 

We are aggressively extending partnerships internationally. This 
week, a contingent of Society members led by Dr. Phil Sims are 
“outreaching” in Australia and New Zealand at the 17th Intema- 
tional Grassland Congress. In November, our Executive Vice- 
President represented us at the First Western Canada Interprovin- 
cial Range Conference in Saskatoon. In July, I was honored to be a 
speaker at the Eighth National Congress of Sociedad Mexican de 
Manejo de Pastizales (SOMAP) in Guadalajara. This year, in 
August, we will be represented at the International Grassland 
Resources Symposium in Inner Mongolia, China. And, in July 
1995 we will be hosting the Fifth International Rangeland Con- 
gress in Salt Lake City. 

We are also currently involved in several major partnering pro- 
jects. We are partners in one coalition developing a national graz- 
ing lands initiative for private lands and another working on a 
major national symposium on the Conservation Reserve Program. 
We are a part of a Natural Resources Foundation coalition identi- 
fying critical natural resource management issues for the twenty- 
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first century. We hosted a multi-organization group advising the 
Environmental Protection Agency on approaches to management 
of nonpoint polution on grazing lands and are working with the 
National Park Service on a proposed multi-professional society 
review of issues related to management of Yellowstone National 
Park’s Northern Range. This year we will be developing partner- 
ships to work with the upcoming reauthorizations of the Endan- 
gered Species and Rural Clean Water Acts. 

STRATEGIC PLANNING has been our second priority area 
this year. Like any organization, we need to take a hard look at 
ourselves from time to time to gain consensus on who we are and 
where we should be headed-especially in times, like these, of rapid 
change. At a 3day special session at Denver in October, the Board 
developed preliminary statements on SRM visions, values, mis- 
sion, guiding principles, and key issues. At Albuquerque, these 
were shared and revised in a meeting with Section presidents and 
then presented to committees and to the full membership. Every- 
one was invited to comment during an “open mike” session follow- 
ing the annual business meeting. 

During this year, we will be encouraging Sections, committees, 
and the Student Conclave to work with the draft document deve- 
loped at Albuquerque, to build on it and their particular areas of 
interest, and to propose revisions where appropriate. Incoming 
President Gary Donart will be appointing a special task group to 
coordinate and facilitate these efforts. 

As President of SRM, I am privileged to see “SRM in action” 
more than most of you do and I am grateful for this opportunity to 
share with you my pride in our organization and my appreciation 
to all of you that make it what we are today. As President, I also see 
things that give me some concerns about our organization. I think 
it is equally important that I share those with you. We all need to be 
thinking realistically about them. 

My first concern relates to OUTREACH. We are a small, little- 
known, and often misunderstood society and profession. We will 
probably always remain small but we cannot afford to remain 
misunderstood. This is why the work of our Unity Task Group and 
expanding partnership efforts are so important. 

A second concern relates closely to the first. It is the LOW 
IDENTIFICATION OF RANGE PROGRAMS IN AGENCIES 
AND UNIVERSITIES. It is ironic that when interest in rangeland 
issues is at an all time high, many agencies and educational institu- 
tions are reducing and deemphasizing range programs and failing 
to recognize range science and management as an important part 
of emerging and changing programs. Each of us can cite many 
examples of this, I am sure, and I won’t belabor it further here. 

My third concern is FINANCES. SRM is operating about as 
lean and mean as we possibly can. Demands and cost continue to 
increase but dues have not increased since 1985. Sure, there are 
other income sources that we should continue to pursue but we 
need to recognize their limitations. The bottom line is that if we as 
members want more from our Society, we’ve got to be willing to 
pay for it. We need to bite this bullet and we need to do it soon. 

One final impression from the inauguration illustrates a fourth 
concern: As a Society we are TOO SLOW OUT OF THE START- 
ING GATE. The presidential inauguration focuses public atten- 
tion on the future. It highlights the new president and his visions 
and serves as an inspirational and practical springboard for aggres- 
sive implementation of new directions and new programs. Our 
annual meetings, among other purposes, should serve that func- 
tion in SRM but I don’t think they do. 

At our Annual Meetings, our new officers are not installed until 
near the end of the meeting and there is uncertainty whether the 
outgoing or incoming chair is responsible for conducting commit- 
tee meetings during the week. The result is too much focus on the 
past and too little time for organizing for the future. 

(continued on page 126) 
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President 3 Address (continued from page 99) 
This year I tried to improve the situation a little. Introductions of 

new officers and committee chairs were made at the kick-off break- 
fast. Incoming President Gary Donart shared the responsibilities 
of the Board Chairman with me throughout the week, and our 
Annual Business Meeting was held separate from the Awards 
Program to provide more opportunity for member involvement in 
the business of our Society. However, more should be done to 
make our annual meetings more future-focused and to “jump- 
start" programs for the new year. If we are to move out ahead of the 
pack, we need to look for other “stationary bicycles” in the way we 
do business. 
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I have identified four weaknesses in our Society. If you match 
these with the many major strengths discussed first, mathematics 
indicates that the outlook for the future of SRM is positive. I 
certainly concur with this. To paraphrase President Clinton, 
“There is nothing wrong with our Society that cannot be cured by 
what is right with our Society.” Our greatest strength is you, our 
DEDICATED MEMBERS. Our future is in good hands- 
yours-and I am grateful for the support you have given me as 
your 1992 President. 
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Alkaloid levels in a species of low larkspur and 
their stability in rumen fluid 

WALTER MAJAK 

Author is toxicplant biochemist, Agriculture Canada Research Station, 3015 Ord Road, Kamloops, B.C. VZBgA9. 

Abstract 

A survey on the levels of the neurotoxic diterpenoid alkaloid 
metbyllycaconitine (MLA) in low larkspur (Delphinium nuttallia- 
num Pritz.) was conducted at rangeland sites in southern British 
Columbia. Freeze-dried plant samples representing vegetative, 
flower bud, and bloom stages of growth over 4 growing seasons 
were analyzed for MLA by high pressure liquid chromatography 
(HPLC). Differences in MLA concentration were found between 
sites (P<O.Ol) and between stages of growth (P<O.OOl) but not 
between years (-0.2). The vegetative stages of growth yielded the 
highest levels of MLA, approaching 1% of the dry matter at 1 site. 
On average, the reproductive stages of growth yielded half the 
amount of MLA as the vegetative stages. Differences in MLA 
levels between sites could not be attributed to the elevation or the 
weather during the growing season. It is suggested that topoeda- 
phic effects may have an impact on low larkspur growth and 
toxicity. Preliminary results are also reported on the stability of 
MLA in bovine rumen contents. The alkaloid is not readily hydro- 
lyzed in rumen contents and therefore is probably not detoxified by 
this pathway. 

Key Words: Delphinium nuttallianum, D. menziesii, neurotoxic 
alkaloids, methyllycaconitine, rumen microbes, cattle poisoning 

In North America, plants of the genus Delphinium are conven- 
iently divided into 2 groups based on their height at maturity: the 
tall larkspurs and the low larkspurs, growing to an average height 
of 1 to 2 m and less than 1 m, respectively (Kingsbury 1964). 
Consumption of tall larkspur (D. barbeyi Huth or D. occidentale 
S. Wats) is the major cause of cattle poisoning on subalpine moun- 
tain rangelands in the western U.S. (Neilson and Ralphs 1988). 
Unlike the tall larkspurs which are climax species, the ephemeral 
low larkspurs (D. menziesiiDC., D. bicolor Nutt., or D. nuttallia- 
num Pritz.) begin their growth in early spring at lower elevations, 
often before the flush of grasses, when they become readily avail- 
able to livestock (Looman et al. 1983, James et al. 1980). Low 
larkspur is more palatable to cattle at early stages of growth but the 
palatability of tall larkspur increases with advancing stages of 
growth (Pfister et al. 1988). 

The neurotoxic diterpenoid alkaloid methyllycaconitine (MLA) 
has been identified as the major alkaloid in 3 species of low lark- 
spur: (D. nuttallianum, D. menziesii, and D. bicolor)(Majak et al. 
1987, Sun et al. 1992, Kulanthaivel et al. 1986). MLA is also the 
major toxic alkaloid in 3 species of tall larkspur: D. brownii Rybd., 
D. barbeyi, and D. glaucescens Wats (Aiyar et al. 1979, Pelletier et 
al. 1989, Manners et al. 1992). MLA is a potent neuromuscular 
blocking agent in cattle (Nation et al. 1982) and is probably one of 
the most toxic alkaloids in rangeland larkspur (Olsen and Manners 
1989, Manners et al. 1992). Two minor alkaloids, nudicauline and 

The author gratefully acknowledges the technical assistance of Ruth McDiarmid 
and the statistical analyses conducted by John Hall. A.L. van Ryswyk provided site 
descriptions. The author thanks Michael Benn and Robert Ogilvie for helpful com- 
ments on the manuscript. 

Manuscript accepted 7 June 1992. 
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deacetylnudicauline, have not been tested for toxicity but they 
differ from MLA only at the Cl4 substitution: methoxyl, acetate, 
and free hydroxyl for MLA, nudicauline, and deacetyl nudicau- 
line, respectively. Most importantly, they all contain the ester 
function at C4 which is essential for neuromuscular activity (Aiyar 
et al. 1979). These MLA congeners have also been detected in D. 
nutallianum (Bai et al. 1989), D. menziesii(Sun et al. 1992), and D. 
barbeyi (Pelletier et al. 1989). 

A number of different approaches have been used for protecting 
animals from tall larkspur poisoning, including the use of herbi- 
cides. However, some of the most effective chemical agents are now 
restricted or unavailable (Ralphs and Turner 1989). Training cattle 
to avoid consumption of tall larkspur is also possible but the 
conditioned aversion acquired in controlled environments can be 
lost under field conditions (Ralphs 1992). The seasonal variation in 
the total alkaloid content of larkspur has been extensively exam- 
ined in relation to palatability, and a “toxic window” has been 
proposed for D. barbeyi to predict the period of maximum suscep- 
tibility of cattle to poisoning (Pfister et al. 1988). However, few 
studies have eludicated the seasonal variation in the concentration 
of the specific alkaloids of Delphinium. The present study extends 
a previous one (Majak and Engelsjord 1988) and further elucidates 
MLA levels in D. nuttallianum, especially at earlier, vegetative 
stages of growth. As well, the hypothesis that MLA levels are 
affected by the elevation of the Delphinium site is re-examined. 
Preliminary experiments are reported on the stability and potential 
for microbial detoxification of MLA in bovine rumen fluid. 

Materials and Methods 

Composite samples (50 to 200 g fresh weight, aerial portions) at 
the vegetative, flower bud, and bloom stages of growth were col- 
lected during 1988 to 1991 at the 4 experimental locations (sites 1 to 
4) described previously near Kamloops, B.C. (Majak and Engels- 
jord 1988). Sites 1,2, and 3 were located in the Artemisiu tridentata 
Nutt., Stipa-Poa and Festuca scabrella Torr. grassland zones, 
respectively, while site 4 was in a transition zone between the 
Pseudotsuga menziesii (Mirbel) Franc0 forest zone and the F. 
scabrellu upper grassland zone. Low larkspur at the mature pod 
stage of development was not abundant owing to the low moisture 
conditions of the late spring, so these plants were not collected. As 
well, plants were not available at sites 2 and 3 during 1990-91. 
Samples were usually obtained once per week but the number of 
samples at each stage of growth varied with site and year depending 
on the duration of the phenological stage. When larkspur plants 
became elongated and stemmy during the bloom stage, the upper 
20 cm of the shoot, containing most of the leaves and the inflores- 
cence, was excised for analysis. Larkspur samples, stored at -20” 
C, were freeze-dried and analyzed for MLA by HPLC as described 
previously (Majak and Engelsjord 1988, Majak et al. 1987). MLA 
concentrations were expressed on the basis of freeze-dried sample 
weights. The effects of years, 4 sites, and 3 stages of growth (n = 79) 
on MLA concentration were evaluated by analysis of variance 
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using SAS GLM (Freund and Littel 1981). 
In addition to sites 1 to 4, that ranged in elevation from 350 to 

975 m, larkspur samples (n = 7), predominantly at the full bloom 
stage of growth, were also collected during 1988 at 3 montane 
locations near Kamloops, B.C. (site 5) and near Ashcroft, B.C. 
(sites 6 and 7). Site 5, on Opax Hill, was situated in a semi-open 
area of a Douglas fir (Pseudotsuga menziesii)-pinegrass (Calama- 
grostis rubescens Buckl.) community. Sites 6 and 7 were located on 
Cornwall Hills. Site 6 was situated in a grassland community 
predominated by Stipa spp. and the surrounding forest contained 
aspen (Populus spp.), willow (Salix spp.), and Douglas fir. Site 7 
was in a sedge (Carex spp.)containing upper grassland commun- 
ity and the surrounding forest consisted of spruce (Picea engelma- 
nii Parry.), lodgepole pine (Pinus contorta Dougl.), and willow. 
Larkspur samples were collected at each montane site on 2 or 3 
different dates. The soil classifications (Agriculture Canada 1987) 
and elevations of the new sites are as follows: 
Site 5: Dark Gray Chernozem (Boralific Haploboroll); coarse 

loamy, mixed, cool, sub-humid; strongly sloping SSE, shal- 
low (20 to 30 cm) lithic, stony, rocky phases; 1,220 m 
elevation. 

Site 6: Melanie Brunisol (Mollic Eutrocrept); coarse loamy over 
sandy skeletal, mixed, neutral, cold, subhumid; very strong 
sloping SW, lithic exceedingly stony phases; 1,370 m 
elevation. 

Site 7: Melanie Brunisol (Mollic Eutrocrept); coarse loamy over 
sandy skeletal, mixed, neutral, cold, subhumid, extremely 
sloping S, lithic, exceedingly stony phases, I,8 15 m elevation. 

All 7 sites occur in grassland vegetation areas either in continuous 
grassland zones (Sites 1 and 3) or as topoedaphic outliers within 
forested areas (sites 2 and 4 to 7). 

MLA incubations in rumen fluid were conducted as follows: 
Rumen contents were obtained from 2 ruminally listulated Here- 
ford steers fed corn silage and 2 Jersey-Hereford cows fed alfalfa 
hay. The rumen contents were strained through a single layer of 
cheesecloth into a preheated Thermos flask. Aliquots of the rumen 
fluid (50 ml) were combined with free base extracts of D. nuttallia- 
num prepared as described previously (Majak et al. 1987) to give a 
final MLA concentration of 150 ppm. The incubations were 
handled anaerobically at 39’ C and subsamples (1 ml), obtained at 
15 min and 3 hours, were acidified with 2.5 ml 4N HrS04 and 
centrifuged at 40,000 X g for 10 min at 0’ C. The supernatant was 
decanted, extracted for free bases, and the MLA concentration in 
rumen fluid was determined by HPLC. 

Results and Discussion 
In agreement with our earlier studies (Majak and Engelsjord 

1988), there were significant differences in MLA concentrations 
between sites (P<O.Ol) and between stages of growth (P<O.OOl) 
but not between years (-0.2). In the present study there were no 
significant interactions. The highest levels of MLA were detected 
at vegetative stages of growth (Fig. 1) when MLA levels ranged 
from 0.14 to 0.87% and the average concentration was 0.37% MLA 
(SE = 0.02). The average MLA concentration at the vegetative 
stage was almost twice as great as the MLA averages during the 
flower bud (0.21%) or bloom (0.20%) stages of growth. Similar 
levels of MLA (0.18 to 0.21%) were reported previously for the 
reproductive stages of growth of D. nuttallianum but the earlier 
study did not examine the alkaloids at the vegetative stage (Majak 
and Engelsjord 1988). 

Given intravenously, MLA was acutely toxic to cattle at 1 
mg/kg body weight (Nation et al. 1982). Therefore, if the plant 
contained 0.5% MLA, as little as 100 g dry matter of larkspur could 
be toxic to a 500 kg animal. It is clear, therefore, that D. nuttallia- 
num is most hazardous to livestock at early, vegetative stages of 
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“esl Bud Flower 
STAGE OF GROWTH 

Fig. 1. Changes in methyllycaconitine (MLA) levels in aerial growth of low 
larkspur at 4 sites, data averaged over 4 years and expressed on a dry 
matter basis. SE = 0.04. VEG = vegetative stage of growth; BUD q  flower 
bud stage of growth. 

growth (Fig. I), especially ifit emerges before the flush of grasses. 
Low larkspur forage is also more palatable to cattle at early stages 
of growth (James et al. 1980, Majak and Engelsjord 1988). 

A sample of D. menziesii at full flower, collected near Victoria, 
B.C. (Sun et al. 1992), contained 0.23% MLA as determined by 
HPLC and it is possible that this species may contain higher levels 
of MLA during vegetative stages of growth. However, all previous 
reports of alkaloid toxicity of D. menziesii have been based on 
incorrect taxonomy and nomenclature (Kingsbury 1964, Ewan 
1945). Delphinium menziesii is strictly coastal, occurring west of 
the Coast and Cascade ranges from southwestern British Colum- 
bia to northern California (Hitchcock et al. 1964, Brayshaw 1989). 
All of the previously published references to poisoning by D. 
menziesii are based on work conducted on plants from outside the 
geographic range of this plant. In contrast, D. nuttallianum occurs 
east of the Coast and Cascade mountains from British Columbia 
and southwestern Alberta, southward to northern California, 
Arizona, and down the Rocky Mountains through Montana, 
Wyoming, Colorado, and east to Nebraska (R.T. Ogilvie, personal 
communication). 

Previously we reported that higher levels of MLA were asso- 
ciated with D. nuttallianum sites located at higher elevations. 
During 1986-87, for example, the average MLA level was 0.25% 
(SE=O.OZ) at 900 to 975 m but at 350 m it was 0.15% MLA 
(SE=O.Ol). However, there was a significant site X year interaction 
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and a relationship to elevation was clearly discerned in 1987 but 
not in 1986 (Majak and Engelsjord 1988). When the overall means 
for MLA were compared in the present study, differences between 
sites were not associated with elevation: site 4 (0.29% MLA, eleva- 
tion 975 m) and site 2 (0.30% MLA, elevation 350 m) differed from 
site 1 (0.20% MLA, elevation 350 m) but site 3 (0.25% MLA, 
elevation 900 m) was intermediate in alkaloid concentration 
(SE=0.02). A significant difference between site 1 (0.15% MLA) 
and site 4 (0.23% MLA) was also detected when the data were 
analyzed at the reproductive stages of growth (SE=O.Ol). In this 
analysis, however, site 2 at 0.19% MLA was indistinguishable from 
site 3 at 0.20% MLA. 

stable in the rumen environment since their total rate of degrada- 
tion was <l% h-’ (Siemen et al. 1991). 

To further assess the effect of elevation on MLA levels in D. 
nuttalliunum, larkspur samples were collected at 3 montane loca- 
tions including 2 subalpine sites in the southern interior of British 
Columbia. Sites 5 to 7 exceeded the elevation of site 4 by 400 to 800 
m but the MLAlevels (rangeO.09 to0.32%; mean0.18%, SE ~0.04) 
at the montane sites were not exceptional. Thus, elevation alone 
cannot explain the variation in MLA concentration between sites. 
Site differences might be related to topoedaphic conditions that 
contribute to soil drought and affect the ephemeral cycle of D. 
nuttallianum. Water stress has been shown to increase alkaloid 
levels in a number of plants (Gershenzon 1984, Majak et al. 1979). 

Degradation of MLA through ester hydrolysis is probably not 
the route of MLA detoxification in the rumen. In agreement, 
Swick et al. (1983) also concluded that the pyrrolizidine alkaloids 
of Senecio jacobaea L., which contain cyclic ester functions, were 
not hydrolyzed and therefore not detoxified in bovine rumen fluid. 
However, pyrrolizidine alkaloids of Echiumplantagineum L. and 
Heliotropium europaeum L., which contain open chain esters, 
were detoxified by hydrolysis in ovine rumen fluid (Cheeke 1989). 
Thus the configuration of the ester function may well determine the 
susceptibility of the alkaloid to microbial hydrolysis. 

In summary, site and stage of growth are the most important 
factors affecting the levels of MLA in D. nuttallianum. The vegeta- 
tive stage of growth yielded the highest concentration of the neuro- 
toxin and consequently it presents the greatest risk to grazing 
livestock. MLAappears to be stable in bovine rumen fluid since the 
alkaloid was not hydrolyzed in vitro. 
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Abstract 

Globemallows (Sphoeralcea spp.) are well adapted to semiarid 
and arid environments. They are potentially useful as the forb 
component of seeding mixtures for rangeland improvement in the 
western states. However, the degree of acceptability of globemal- 
low forage to livestock has not been well established. We tested 13 
globemallow accessions representing 4 species and compared their 
utilization by sheep (Ovis &es) with that of crested wheatgrass 
[Agropyron cristutum (L.) Gaertn. X A. desertotwm (Fisch.) 
Schult.] and alfalfa (Medicogo sutiva L.) during fall 1988 and 1989, 
and spring 1990 and 1991. Alfalfa consistently produced more 
forage per plant than wheatgrass or globemallows, and a greater 
portion of the alfalfa was eaten than of the other species. Sheep 
utilized wheatgrass more than globemallows in the fall, but the 
converse was true during spring pasturing. Over the 4 years, sheep 
ate similar proportions of wheatgrass and individual globemal- 
lows. The percentage of S. coccineu (Pursh) Rydb. forage con- 
sumed equaled that of crested wheatgrass or alfalfa in the fall but 
did not equal the percentage of alfalfa consumed in spring. How- 
ever, S. coccheu produced much less total forage than the other 
species evaluated. Pre-grazing plant dry weight, dry matter con- 
tent, and the occurrence of rust caused by Puccineu shemrdiunu 
Kiirn were negatively associated with globemallow utilization. 
Over-winter mortality of grazed globemallow exceeded that of 
ungrazed plants. Crested wheatgrass and alfalfa stands were not 
reduced by grazing. Globemallows are acceptable, but not highly 
preferred, forbs which can be seeded in environments where alfalfa 
and other more desirable species are not adapted. 

Key Words: Agropyron, alfalfa, crested wheatgrass, forageMe&- 
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Globemallow (Sphaeralcea) species are indigenous in many of 
the same areas in which crested wheatgrass (Agropyron spp.) is 
adapted and are logical candidates for inclusion as a forb compo- 
nent of seed mixtures (Pendery and Rumbaugh 1986). The 
responses of globemallows to grazing have not been extensively 
documented. S. coccinea stands increased in density under severe 
grazing during 7 years in which annual precipitation ranged from 
109 to 658 mm (Hyder et al. 1975). Grazing in May or June was 
most detrimental, and grazing in August or December was least 
harmful to that species. Trlica et al. (1977) found that S. coccinea 
was resistant to frequent, intensive clippings. However, Menke and 
Trlica (1981) noted that S. coccinea maintained carbohydrate 
reserves at a relatively low level for most of the growing season, 
perhaps making the plant highly dependent on leaf area for replen- 
ishment during a short period in the fall. 

Globemallows are considered moderately palatable to sheep but 
less palatable to cattle (Parker 1983, Shaw and Monsen 1983, 
Stevens et al. 1985, Wasser 1982). Hyder et al. (1975) reported that 
scarlet globemallow (S. coccinea) was an important dietary com- 
ponent of insects, small mammals, pronghorn (Antilocapra ameri- 
canu Ord), sheep, and cattle. Because of its abundance and impor- 
tance in animal diets, they rated scarlet globemallow second only 
to blue grama [Bouteloua gracilis (H.B.K.) Griffiths] as a forage 
plant on some of the upland soils of their Central Great Plains 
study site. Similar results were obtained in a cattle grazing study on 
a semidesert rangeland in southern New Mexico by Fatehi (1986). 
S. coccinea was 1 of 4 key forage species for both sheep and 
pronghorn on the desert prairie subtype of southern mixed prairie 
range in New Mexico (Howard et al. 1990). Other globemallow 
species are known to be grazed by sheep, goats (Capru hircus), and 
bighorn (Ovis canadensis), (Keamey and Peebles 1960). S. angusti- 
folio formed 23% of the diet of goats on desert grassland in north- 
ern Mexico during April (Mellado et al. 1991). Nevertheless, 
rancher experience has been variable, with some indicating very 
low utilization by either sheep or cattle. 
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Fig. 1. Diagram of 1 of the 4 pastures in the grazing trial at Kimberly, 
Idaho, with expanded views of 1 replication in a pasture and of 1 plot in 
a replication. Each of the 4 pastures contained 6 replications with 16 
plots in each replication. Each plot contained 4 pbmts of 1 of the 16 
accessions (14 globemallows, alfalfa, and crested wheatgrass) to be 
tested plus border plants of crested wheatgrass. 

Our objectives were (1) to compare the forage production of 14 
globemallow accessions representing 4 species to that of alfalfa and 
crested wheatgrass, (2) to compare the utilization of globemallow 
forage by sheep to that of alfalfa and crested wheatgrass, and (3) to 
determine the relationship of morphological and physiological 
attributes of globemallows to the degree of forage utilization by 
sheep. 

Materials and Methods 

Establishment of Pastures 
Seeds of 14 globemallow accessions representing 4 species indi- 

genous to the Intermountain region (S. coccinea, S. grossularifo- 
liu, S. munroana, and S. parvijbliu A. Nels.) plus ‘Hycrest’crested 
wheatgrass [A. cristatum (L.) Gaertn. X A. desertorum (Fisch.) 
Schult.], (Asay et al. 1985) and ‘Spredor 2’alfalfa (Medicago sutivu 
L.) seeds were planted in a sand/peatmoss mixture incontainers in 
the greenhouse. Three-month-old plants were transplanted to 
the field 18 through 20 April 1988. The site was on a Portneuf silt 
loam (coarse, silty, Durixerollic calciorthid) soil near Kimberly, 
Ida. Plant-rooting depth on this site varies from 30 to more than 
100 cm and precipitation averages 230 mm annually. Plants that 

Table 1. Grazing management. 

did not survive transplanting were replaced in May 1988. Plants 
that died during the subsequent winter were replaced 4 and 5 April 
1989. Subsequent to establishment, one of the accessions grown 
from a purchased lot of globemallow seed was found to be a 
mixture of 2 species and results are not shown for that accession. 

Experimental Design 
The experiment had 4 pastures each of which contained 6 repli- 

cations of the 16 plant accessions in a randomized complete block 
design (Fig. 1). Each plot consisted of 4 plants of an accession 
separated by single plants of Hycrest. Each plot was separated 
from adjacent plots by 2 plants of Hycrest. All plants were spaced 
1 .O m apart within and between rows. Pasture 4 was used only as a 
sheep conditioning area to accustom the animals to the experimen- 
tal environment and forage and data were not obtained from 
pasture 4. Replication 6 was harvested for shoot biomass imme- 
diately prior to and after grazing of replications 1 to 5 in each 
pasture. Replications within a pasture were not separated by fenc- 
ing. Pastures were enclosed by electric fences with 4 wires posi- 
tioned at 15,30,5 1, and 76 cm heights. Water was provided in 4-23 
liter plastic tubs located next to the fence on each side of each 43 m 
X 53 m pasture. 

Grazing Procedures 
Ten to 15 range ewes with previous rangeland grazing experience 

were introduced into the conditioning pasture each grazing period 
and permitted to adjust to the experimental site for approximately 
4 days. The other pastures were then grazed in sequence by the 
same animals for as long as required to consume some foliage from 
nearly all globemallow accessions. Different animals were used 
each year. Pastures were grazed in the fall of 1988 and 1989, and 
spring of 1990 and 1991. The timing, duration, and intensity of 
grazing varied with the amount of seasonally available forage 
(Table 1). 

Plant Measurements 
Trichome densities were determined on each plant in replication 

1 of pasture 3 prior to grazing. A piece of transparent plastic tape 
was pressed firmly against the lower surface of the youngest mature 
leaf of each plant. The trichomes adhered to the tape when it was 
removed from the plant. The tape was fastened to a glass micro- 
scope slide and all trichomes counted in each of five 6.5 mm* fields 
per slide at 25X magnification. Trichome length also was measured 
at 25X magnification. 

The phenology of each test plant in all replications was scored by 

Grazing period 

Fall 1988 

Fall 1989 

Spring 1990 

Spring 1991 

Mean 

Mean 

Mean 

Mean 

Date grazing use 
pasture initiated terminated Sheepdays forage use’ 

(number) I 8 October 12 October 56 (;) 

2 12 October I5 October 42 65 
3 15 October I9 October 56 58 

51 62 
1 4 October 7 October 42 62 
2 9 October II October 28 64 
3 1 I October I4 October 42 50 

37 59 
1 30 April 3 May 39 84 
2 4 May 6 May 26 83 
3 7 May IO May 39 80 

83 
1 10 May 12 May :: 79 
2 12 May 15 May 45 78 
3 15 May 17 May 79 

79 

‘Based on consumption of test plants only. 
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an experienced observer just prior to initiation of grazing. The 
scale was 1 = dormant, 2 = vegetative growth only, 3 = flower buds 
present, 4 = flowers open, 5 = globes formed, and 6 = seed shatter- 
ing. Phenology scoring of grass and alfalfa followed this same 
system except that stage 5 corresponded to seed set. 

A natural infestation of rust incited by Puccinea sherardiana 

K&n occurred on the globemallows in September and October 
1989. This also was scored just prior to initiation of grazing using a 
score based on the percentage of the total mature leaf area dam- 
aged by the pathogen. The scale ranged from 0 = no infection and 1 
= a trace to 10% of the leaf surface damaged to a maximal value of 9 
q  91 to 100% of the leaf surface damaged. 

Plant size (shoot biomass) was assessed visually prior to grazing 
on a modified 0 to 5 scale with 0 indicating no vegetative growth 
and 5 indicating growth of the larger plants. A single plant repre- 
senting each score class was selected for each accession and photo- 
graphed. The photographs were used as references when scoring 
plants. Scores were adjusted by 0.25 or -0.25 increments when a 
plant did not exactly match the plant in the appropriate reference 
photograph. Plants were scored in pastures 1 through 3 by 2 
observers in 1988 and by 5 observers in subsequent years. Plants in 
replication 6 of the pastures also were scored for size just prior to 
grazing. 

Two randomly selected plants of each plot in replicate 6 of each 
pasture were harvested just prior to grazing replications 1 to 5 of 
that pasture and the remaining 2 plants of each plot were harvested 
just after grazing of that pasture. Plants were clipped at a stubble 
height of 5 cm in 1988 and 10 cm in subsequent years. Shoot 
biomass samples were dried in a forced draft oven at 60’ C and 
weighed. 

After grazing, all plants in replications 1 through 5 also were 
clipped at a 5 cm height in 1988 and at a 10 cm height in subse- 
quent years. All samples were oven-dried (60” C) prior to weighing. 
Quadratic regression equations were computed for each accession 
at each harvest using shoot weights of plants in replication 6 of 
each pasture as the dependent variable and the corresponding 
mean-size scores as the independent variable. Oven dry weights of 
plants in replications 1 through 5 at the time of grazing were then 
estimated using the appropriate quadratic function for each acces- 
sion and plant size scores as the independent variable. Post-grazing 
plant dry weights were subtracted from the estimated pre-grazing 
weights to compute the amount of plant tissue consumed and 
percent consumption. 

Utilization of fine stems (<2 mm diameter) and leaves was 
independently scored by ocular estimation after grazing had been 
completed. Four observers scored each plant on a scale which 
ranged from 0 = no use to 5 q  100% use. The procedure was similar 
to that used by Johnston (1988a, 1988b) to assess palatability of a 
grass taxa complex. 

Forage selection ratios were computed for each accession in each 
pasture and year (Stuth 1991). The selection ratios compared the 
proportion of forage of an accession or species in the diet of the test 
animals to the proportion of forage of that accession or species 
available in the pasture. It was calculated as 

dry weight of accession consumed 

selection ratio = dry weight of all forage consumed 

pre-grazing forage dry weight of an accession 

pre-grazing forage dry weight of all accessions 

The ratios were based only on the 4 test plants in each plot, i.e., 
weights of border grass plants were considered to be a constant 
within each pasture at each grazing period. 

Statis!icsl Analyses 
Data were reduced and analyzed by the method of least squares 

to fit general linear models (SAS Institute Inc. 1987). Experimental 
units were the individual test plants within plots (Fig. 1). Pastures 
and replicates within pastures were absorbed as needed to reduce 
computer space requirements. Orthogonal differences between the 
grass and forb accessions and between alfalfa and globemallows 
were assessed by single degree of freedom contrasts. Percent 
globemallow forage consumption was regressed on independent 
variables using a full model with the regression coefficents stand- 
ardized. Independent variables included a dichotomous variable 
representing the season of evaluation as well as the continuous 
variables of pre-grazing forage dry weight (g plant-‘), forage dry 
matter (%), phenological stage (score), trichome density (number 
mm-‘), and rust reaction (score). The difference in mortality of 
grazed versus ungrazed plants were analyzed by Chi-square 
procedures. 

Results 

The experiment provided more pasturage in 1988 than in subse- 
quent years and more during fall than spring (Table 1). During the 
4 years, 7 1% of the available forage of test plants was eaten. Initial 
plant stands of all species were nearly 100%. However, mortality 
during the winter of 1988 to 1989 was high (38%), probably due to 
the 5 cm after-grazing cutting height. Plant loss was significantly 
greater among the globemallow species than for crested wheatgrass 
or alfalfa (Table 2). Plant loss also was greater in those replications 

Table 2. Mortality of plants of globemallow (Spiruerakea sp.), crested 
wheatgrass, and alfalfa from October 1988 to May 1989. 

Species 
Accession 

Mortality of plants that were 
grazed not grazed Chi-square 

S. coccinea 
RP40 
RP 76 

S. grossulariifolia 
RP 33 
RP 58 
RP 59 

S. munroana 
RP 53 

S. parvifolia 
RP 34 
RP 35 
RP 36 
RP 54 
RP 55 
RP 56 
RP 73 

Globemallows: 
Wheatgrass: 
Alfalfa: 

Average 

__ 
41 
42 
40 
43 
45 
41 
43 

8 
0 

24 
IO 
27 
33 

62 50 
57 40 
63 17 
47 0 
36 42 
63 27 
73 45 
75 75 
45 75 
54 34 
0 0 
8 0 

47 29 

(%I----- 
4 

x2 
12.0** 
5.0* 
7.2** 
4.1* 
4.4* 
0.7 
0.4 

0.6 
8.2** 
8.8** 
9.2** 
0.2 
4.8* 
3.2 
0.0 
3.6 

21x** 
0.0 
1.1 

20.6** 

l p<o.o5, l *p<o.o1 

which had been grazed than those in which had not been grazed. 
After the first winter, mortality was only 7% for the duration of the 
experiment. 

Both the average estimated available forage per plant and the 
amount of forage consumed during the fall were more than three- 
fold that during the spring grazing periods (Table 3). However, a 
greater proportion of the available forage was consumed in spring 
than in fall of all accessions except Hycrest wheatgrass (P<O.O5, 
Tables 3 and 4). Wheatgrass was utilized less in the spring when the 
sheep consumed only 50% than in the fall when they consumed 
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Table 3. Average plant characteristics and forage production of giobemaiiows (S&zerakeu sp.), crested wheatgrass, and aifaifa during fail (1988 and 
1989) and spring (1990 and 1991) grazing seasons. 

Season Dry forage weight Forage 
Steilate 

Species 
Phenological Dry trichome 

Pre-grazing Consumed Consumption Selection User stage2 matter density Rust’ 
-___(gplantel)____ (%) 

Fail: 
(ratio) (score) (score) (%) (number mm-‘) (score) 

S. coccinea 22 19 78 1.4 2.8 3.4 53 6.8 1.4 
S. grossulariifolia 102 63 63 1.0 2.1 4.5 42 11.7 1.7 
S. munroana 123 70 63 0.9 2.6 4.9 42 15.3 
S. parvifolia 

1.6 
151 84 58 0.9 1.9 4.6 43 11.0 1.8 

Globemaliows: ii7 68 63 1.0 2.2 4.4 44 10.7 1.6 
Wheatgrass: 34 26 74 1.3 4.1 5.4 44 - - 

Alfalfa: 258 190 76 1.2 4.8 4.9 38 - - 

Average 122 74 65 1.0 2.5 .4.4 44 10.7 
LSD (0.05) 

1.6 
26 18 6 0.1 0.3 0.3 7 3.0 0.5 

Spring: 
S. coccinea 3 2 81 0.8 1.2 2.5 40 4.9 - 
S. grossulariifolia 8 6 70 0.9 2.6 2.9 34 6.2 - 
S. munroana 7 6 80 1.1 3.6 2.8 29 6.8 - 
S. parvijolia 10 8 76 1.0 2.8 2.7 31 6.1 - 

Globemallows: 9 7 75 1.0 2.6 2.7 33 6.0 - 

Wheatgrass: 73 37 50 0.6 1.8 2.0 30 - - 

Alfalfa: 137 127 95 1.1 4.8 2.0 21 - - 

Average 26 21 76 I.0 2.7 2.6 32 6.0 - 

LSD (0.05) 8 7 7 0.0 0.3 0.1 10 1.9 - 

‘Forage. use was scored immediately after grazing on a scale of 0 = no forage eaten to 5 = 100% consumption of tine stems (U mni diameter) and leaves. 
ZPhenological stage was scored immediately prior to grazing as I= dormant, 2 = vegetative growth only, 3 q  flower buds present, 4 = flowers open, 5 = fruit formed, and 6 = seed 
shattering. 
‘Rust reaction was scored on a scale of 0 = no infection, I = trace to 10% of the leaf surface diseased, --, 9 = 91 to 100% of the leaf surface diseased. Data are for the 1989 infection. 

Table 4. Statistical significance of sources of variation affecting giobemaiiow (Sphaerdcea sp.), crested wheatgrass, and alfalfa accessions during fail 
(1988 and 1989) and spring (1990 and 1991) grazing seasons as determined by analysis of variance. 

Source 
of 

variation 
Dry forage weight Forage 

Pre-grazing Consumed Consumption Selection User 
Phenological Dry 

stage* matter 

Steiiate 
trichome 
density Rust’ 

Year 
--;;(gplant-‘)---- 

** (2) (ratio) 
l * 

(score) 
** 

(score) 
** 

(%) 
** 

(number mm-‘) (score) 
t* 

Seasons 
Years in fall 
Years in spring 

Accessions 
Grass vs. forbs 
Alfalfa vs. mallows 
Among mallows 

Years X accessions 
Seasons X accessions 
(Years X accessions) 
in fall 
(years X accessions) 

in surinn 

** 
** 
** 
** 
** 
** 
** 
*+ 
** 

** 

** 

** 
** 
** 
+* 
** 
** 
l * 

** 

l * 

l * 

** 

** 
** 
** 
** 
** 
l * 

** 

** 

** 

*+ 

** 

l * 

* 

** 

+* 

NS 
NS 
l * 
** 
** 

NS ** 

** ** 

l * 

** 

** 

** 

** 

** 

** 

i* 

** 

** 
** 
** 
l * 

** 

* 

** 

** 

** 

** 

** 

** 
NS 
NS 
l * 

NS 
** 
** 
** 

NS 

** 

NS 

** 
** 
** 
l * ** 

** 

** 

l * ** 

*+ 

NS 

NS 

NS 

‘M See footnotes Table 3. 
*P<O.OS, ** P<O.Ol, NS IQO.05 

74%. The rankings for percent of available forage consumed in the 
individual years were: 

1988 (fall) : alfalfa>grass>mallow, 
1989 (fail) : grass>alfaifa>maliow, 
1990 (spring) : aifaifa>mallow>grass, and 
199 1 (spring) : alfalfa>mallow>grass. 

It is clear that the sheep utilized forbs to a greater extent than grass 
in the spring and generally consumed alfalfa rather than mallow or 
grass forage. Eighty-five percent of the plants available to the sheep 
were crested wheatgrass. Plants were leafy and green during the 
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spring and fall grazing periods. Because of the design of the exper- 
iment, globemallows comprised 14% of the plant population and 
alfalfa only 1%. 

When the sheep entered a pasture during the fall, they first 
selected crested wheatgrass to eat, then alfalfa, and finally the 
globemallows. During the spring grazing periods, the sheep first 
selected alfalfa, then the mallows, and finally, the wheatgrass. 
Mean percent consumption of available globemallow forage dur- 
ing the 4 years was 80% for S. coccinea, 72% for S. munroana, 67% 
for S. parvifolia, and 66% for S. grossulariifolia (P<O.Oi). Alfalfa 
was most utilized with 86% of the available forage eaten by sheep. 
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The proportion of crested wheatgrass eaten (62%) was less than 
any other species included in the experiment. In all 4 years the 
relative consumption of S. coccinea was greater than that of the 
other globemallow species. Plants of this species are small and 
would not contribute much herbage to grazing animals. 

Plants were more mature and contained significantly (P<O.Ol) 
more dry matter during fall grazing than in spring (Table 3). Plants 
also were more mature in 1988 than in 1989 (phenological stage of 
5.4 versus 3.5) although the mean dry matter contents were not 
greatly different (43.6 versus 43.0%). Differences among the acces- 
sions and species in plant size and pre-grazing forage dry weight 
were significant (P<O.OS) for many contrasts (Table 3). S. parvifo- 
lia plants tended to be larger than those of other mallow species in 
1988 but there were few differences among S. grossulariz~olia, S. 
munroana, and S. parvifolia in 1989. These 3 species consistently 
weighed more than S. coccinea. Alfalfa plants were larger than 
globemallows or crested wheatgrass in each year of experimenta- 
tion. Both alfalfa and crested wheatgrass provided more spring 
forage than the mallows but the forbs were larger than the grass in 
the fall. Although statistically significant (P<O.OS) differences 
were observed among the mallow species and accessions during the 
spring grazing periods, these differences were small when com- 
pared to contrasts involving wheatgrass and/or alfalfa. 

Globemallow stellate trichome density was significantly (P<O.O5) 
greater in the fall than in the spring (Table 3), significantly greater 
in 1989 than in 1988, and significantly greater in 1990 than in 1991. 
In each grazing period, the single S. munroana accession deve- 
loped significantly (P<O.OS) more trichomes per unit leaf surface 
area than other species. S. grossulariifolia consistently had more 
trichomes than S. parvifolia (-0.05). S. coccinea had fewer, but 
larger, trichomes than each of the other 3 species (P<O.Ol). Rust, 
incited by P. sherardiana, was detected only in 1989. The pathogen 
did not attack crested wheatgrass or alfalfa. Small but significant 
(P<O.O5) differences in susceptibility were detected among the 
globemallow species and accessions (Tables 3,4). 

Simple correlations (data not shown) among the attribute means 
of the globemallow accessions averaged for the 4-test years showed 
that the estimated amounts of globemallow forage consumed were 
positively associated with phenological stage (r = 0.87, P<O.Ol) 
and trichome density (r = 0.32, P<O.O5). Consumption was more 
strongly associated with plant characteristics during the fall than 
during the spring. In the fall, the amount of forage consumed was 
positively correlated with phenological stage (r = 0.79, P<O.Ol), 
but negatively correlated with, dry matter content (r = -0.59, 
P<O.Ol) and rust score (r = -0.66, P<O.Ol). In the spring, the 
amount of forage consumed was correlated only with trichome 
density (r = 0.58, P<O.Ol). 

For the 4 years of experimentation, the mean proportion of 
available globemallow forage consumed was not significantly 
(DO.05) associated with any of the plant variables measured (data 
not shown). In the fall, the proportion of available globemallow 
forage consumed was positively associated with dry matter concen- 
tration (r = 0.52, P<O.O 1). In the spring, the proportion of available 
globemallow forage consumed was positively associated with plant 
dry weight (r = 0.72, P<O.Ol), and trichome density (r q  0.55, 
P<O.Ol), but negatively associated,with dry matter concentration 
(r q  -0.41, P<O.O5). The computed percent of available forage 
consumed and the post-grazing scores of the utilization of leaves 
and fine stems were significantly (P<O.Ol) correlated in both fall 
and spring. 

Regression analysis of the percentage of available forage that 
was consumed was restricted to the globemallows. When all 4 years 
of data were included for all accessions, the predictive capability 
was extremely limited with Rr = 0.19. Analogous equations for the 
4 species individually were heterogeneous but 3 of the 4 coefficients 

of the determination were greater than when the data were pooled. 
Coefficients of determination ranged from 0.20 (P<O.Ol) for S. 
coccinea to 0.37 (PCO.01) for S. munroana. Season of grazing was 
the most important single independent variable determining con- 
sumption percent of S. munroana. For S. coccinea it was forage 
dry matter content and for S. grossulariifolia and S. parvifolia it 
was pre-grazing plant dry weight. Predictive capability was slightly 
greater for spring than fall trials. Pre-grazing plant dry weight and 
dry matter percentage tended to be the most important plant 
attributes determining percent consumption. 

For the individual years, the proportions of the variance in 
percent of forage consumed attributed to multiple regression on 
plant attributes were significant (P<O.Ol) but low with Rzequal to 
0.44, 0.24, 0.26, and 0.19 for 1988 through 1991, respectively. 
Pre-grazing plant dry weight negatively affected percent consump- 
tion and was the most important independent variable in each of 
the 4 years. In 1988 and again in 1991, dry matter percent was the 
next most important variable determining percent consumption. 
In 1989, the only year in which a rust infection occurred, the rust 
score and trichome density became the second and third most 
important variables determining consumption of mallow foliage. 

Forage selection ratios of alfalfa and wheatgrass were greater 
than those of all globemallows species except S. coccinea during 
fall grazing (Table 3) but differences among the accessions at this 
season were not significant (PX.05, Table 4). During springgraz- 
ing, the selection ratio for wheatgrass was less than that for alfalfa 
and each of the globemallow accessions. The ratio for alfalfa was 
greater than for any other accession in each year of the experiment 
although the average for alfalfa was not significantly (mO.05) 
greater than the average for the globemallows, and grass was not 
significantly (P>O.O5) different than forbs (Table 4). 

Discussion 

Globemallow plant mortality was high in our experiment during 
the winter of 1988-89 (Table 2). While this partially may be attrib- 
uted to the severity of the post-grazing cutting height of 5 cm in 
1988, grazing significantly (P<O.O5) increased the mortality of 
globemallows. Ungrazed globemallows survived well in dry land 
spaced-plant nurseries in Idaho and Utah (Pendery and Rum- 
baugh 1990). West (1979) found that approximately 5% of S. 
grossularizyolia seedlings survived after 34 years in a salt desert 
shrub community of southwestern Utah. Grazing had no impact 
on survival rate. Wright and Howe (1987) found that mortality of 
juvenile desert mallow (S. ambigua Gray) plants occurred inde- 
pendently of density of conspecifics, and of distance to the nearest 
conspecific adult. It apparently occupied the narrow interspaces 
between larger shrubs and existed with little interaction with its 
neighbors (Howe and Wright 1986). Crested wheatgrass and 
alfalfa survival was not affected significantly by grazing in our 
experiment. Pelton et al. (1988) also concluded that fall grazing of 
alfalfa did not cause a loss of stand or reduce subsequent forage 
production. The ability of crested wheatgrass to withstand grazing 
is well known (Mayland 1986). 

Differences among globemallow accessions in mortality and in 
the effect of grazing on mortality were apparent (Table 2). Both 
accessions of S. coccinea and 1 accession of S. parvifolia, RP 35, 
suffered stand losses of less than 10% when not grazed but of 40% 
or more when exposed to sheep activity. Heterogeneity in reaction 
among accessions within a species was apparent as some S. parvifo- 
lia accessions, e.g., RP 36 and RP 56, had similar mortalities in 
ungrazed and grazed plots. 

S. coccineu plants were lower in stature than the other species 
included in the experiment and also spread by rhizomes. A lesser 
proportion of their shoot biomass appeared to be removed by 
post-grazing clipping than was true for the other species. Trlica et 
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al. (1977) also found that S. coccineu was resistant to defoliation. 
Density of S. coccinea shoots in a shortgrass range increased under 
severe grazing (Hyder et al. 1975). Similarly, we noted that surviv- 
ing S. coccinea plants spread throughout the plot area during the 4 
years of experimentation despite grazing and clipping. By years 2 
and 3, daughter plants could be found throughout a l-m radius 
from each mother plant. 

Pronghorn will starve to death on ranges where both forbs and 
shrubs are not available (Buechner 1950). Parker (1983) stated S. 
munroana was a preferred feed of antelope. Due to its ecological 
abundance and importance in animal diets, S. coccinea was the 
most important perennial forb on a Central Great Plains study site 
and rated second only to blue grama as a forage plant on some of 
the upland soils (Hyder et al. 1975). Howard et al. (1990) found 
that S. coccinea forage was of major importance to sheep and 
pronghorn in east central New Mexico. Similarly, Sphaeralcea 
spp. were second only to black grama [B. eriopodu (Torr.) Torr.] as 
a dietary component of cattle grazing 3 vegetation types in south- 
ern New Mexico (Fatehi 1986). When offered the choice of fall 
growth of crested wheatgrass, alfalfa, or globemallows, the sheep 
in our experiment consumed more of the available grass and alfalfa 
than mallow (Table 3). However, during early spring, alfalfa was 
utilized more than either globemallows or wheatgrass, and mal- 
lows were consumed more readily than the wheatgrass. The com- 
parative intake of globemallows by livestock pastured on mixed 
species stands may in part depend upon the availability and matur- 
ity of the associated species. 

Clipping test plants and border grass after each grazing season 
forced the grasses to maintain a largely vegetative growth habit for 
the subsequent grazing season. Hycrest plants grazed during the 
fall of 1988 and 1989 retained an abundance of green-leafy material 
with few reproductive tillers. This may contrast with situations 
frequently encountered on rangeland where fall-growth, or more 
specifically regrowth, is limited by available soil moisture. Thus the 
abundant green-leafy grass, as appeared during fall of 1988 and 
1989, is not often observed. This may have influenced the con- 
sumption ranking of grass, especially in 1989. 

There was little difference among the globemallow species in the 
proportion of forage consumed when averaged for the 4 years of 
testing. S. coccinea was utilized heavily in the fall but the other 3 
globemallow species were utilized more than S. coccinea in spring. 
Of the variables we measured, pre-grazing plant dry weight and dry 
matter content consistently were among the more important 
attributes determining percent consumption. In the year in which 
rust damaged the foliage, it was the second most important inde- 
pendent factor determining percent consumption. 

A plant attribute that could alter intake is the density of leaf 
hairs (Woodman and Fernandes 1991). Trichomes reduce rumi- 
nant utilization of some forages (Burns 1978). Neither crested 
wheatgrass nor alfalfa have stellate trichomes. Hycrest had 
numerous (35 mm-‘) simple but small t&homes. Alfalfa had fewer 
(10 nun-‘) simple, nonglandular trichomes which were approxi- 
mately 4 times as long as those of Hycrest. In some alfalfa popula- 
tions, these are interspersed with shorter, club-shaped, procum- 
bent, glandular trichomes (Kreitner and Sorensen 1979). Previous 
research showed that these glandular trichomes did not reduce the 
nutritive value of glandular alfalfas compared with eglandular 
populations (Lenssen et al. 1988), or their acceptability by sheep 
(Lenssen et al. 1989). We found that stellate trichome density 
affected consumption of globemallows in the spring but was of less 
consequence in the fall. However, since trichome density was posi- 
tively correlated with percent consumption in 3 of the 4 years, our 
results with globemallows are not consistent with the findings of 
Burns (1978) for other species. This may have occurred because S. 
coccinea had fewer trichomes and was smaller statured than the 

other globemallow species. Correlation of trichome density with 
percent consumption for the 3 globemallow species other than S. 
coccineu was r = 0.03 (PX.O5), r q  0.11.. (P<O.O5), r = -0.02, 
(p>o.O5), and r ~0.03 (PX.05) for the4 years of experimentation. 

The post-grazing utilization scores appropriately indicated the 
relative amounts of available forage consumed. Johnston (1988a, 
1988b) also found this approach to be suitable for determining the 
palatability of Eragrostis curvulu to sheep. In a study of preference 
of cattle for Punicum taxa, Burns et al. (1988) also found that 
scores could be used to assess animal preference for plant species. 

Grazing was quite intense and brief in our experiment. If the 
grazing periods had been extended and availability of grass and 
alfalfa reduced, the animals might have consumed a higher propor- 
tion of the globemallows. However, longer grazing periods would 
have incurred the risk of greater autogenic changes in the plant 
populations (Peterson and Renaud 1989). Rapidly senescing popu- 
lations might be less utilized as grazing progressed (Colebrook et 
al. 1990). Stuth (1991) used “palatability” to refer to those factors 
inherent to a plant species that elicit a selective response by the 
animal and “preference” to indicate a proportional choice by the 
animal of 1 plant species from among 2 or more species. Under the 
conditions of our experiment, alfalfa was both more palatable and 
more preferred by sheep than crested wheatgrass or the globemal- 
low species. In general, globemallow forage consumption (%) 
declined as plants matured and size and dry matter content 
increased. In some grazing periods, consumption declined as stel- 
late trichome density increased or rust infection became more 
severe. 

Conclusions 

Grazing significantly increased the winter mortality of most, but 
not all, globemallows but did not affect the stands of crested 
wheatgrass and alfalfa. S. parvifolia plants provided more forage 
than S. coccinea, S. grossulariifoliu, and S. munroanu. Judged by 
the proportion of available forage that was consumed by sheep and 
by utilization scores, S. coccinea was equally as acceptable as 
crested wheatgrass or alfalfa in the fall and all globemallows were 
used more than crested wheatgrass in the spring. S. grossulariifolia 
was utilized slightly less than S. munroanu or S. purvifolia during 
fall but S. munroana was used more during spring. Pre-grazing 
plant dry weight and dry matter content were important factors 
determining sheep utilization among the globemallow accessions. 
Stellate trichome density was of less consequence than occurrence 
of a rust incited by P. sherurdiana in determining consumption. 
Morphological and physiological variation among the globemal- 
low plants accounted for only 19% of the differences in utilization. 
Sheep preferred forbs rather than grass, and alfalfa rather than 
globemallows or grass in the spring. Alfalfa, wheatgrass, and S. 
coccineu were the most heavily utilized forages in the fall. 
Throughout the experiment, alfalfa provided a greater amount of 
forage than either wheatgrass or globemallows. 
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Abstract 

An extensive food plot program maintained for 4 years on the 
National Red Dirt Wildlife Management Preserve of the Kisatehie 
National Forest, La., failed to produce improvements in southern 
pine-mixed hardwood forest range sufficient to affect quality of 
deer (Odocoileus virginianus) harvested by sport hunters. A com- 
bination of normal forest management practices plus maintenance 
of deer densities at relatively low levels was apparently suffkient 
for maintaining deer in good condition. Other than for public 
relations, the food plot program was not warranted based on 
biological effects. 

Keywords: antler, deer, Kisatchie, Louisiina, National Forest, 
nutrition, Odocoileus vir&ianus 

It is generally known that understory range in upland forests of 
the southeastern United States is low in forage quality from mid- 
summer through winter. Even cows require seasonal supplementa- 
tion with energy and protein sources to maintain high calving 
percentages and for growth of calves (Byrd 1980). Present use of 
National Forest range in the southeastern U.S. is dominated by 
wildlife habitat and recreational hunting. Concern for improving 
wildlife habitat and productivity of game species is growing in 
order to better comply with multiple-use objectives of National 
Forests which include use of the understory range resources. 

Food plots used to supplement diets provided by understory 
range can contribute to increases in body and antler size of white- 
tailed deer (Odocoileus virginianus), especially in poor-quality 
habitat (Johnson et al. 1987, Keegan et at. 1989). However, pre- 
vious demonstrations (Johnson et al. 1987, Keegan et al. 1989) 
have reported on upland pine-mixed hardwood range with high 
animal unit densities of both deer and cattle. National Forest lands 
in Louisiana comprise about 250,000 ha of upland pine-hardwood 
range available for public use. Cattle are excluded from most of the 
forest, and timber thinning plus prescribed burning practices are 
conducted regularly compared to overstocked, unthinned timber 
on private lands where deer responded to forage supplements 
(Johnson et al. 1987). 

Decreased habitat due to conversion of lands to agricultural 
production (Newsom 1984) and an increased demand for hunting 
on private lands (Dudderar 1981) imply that the role of National 
Forests will increase in importance for the hunting public. Maga- 
zine articles tout positive aspects of food plots on deer, and sport 
hunters often request that these practices be used on public lands. 
However, there are no data available to assess whether this type of 
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range improvement is warranted. It is important to know the 
extent to which food plots might affect the deer resource in order to 
determine the feasibility of this practice. The purpose of the study 
was to determine whether food plots well distributed on a managed 
National Forest would increase body weights and antler develop- 
ment of white-tailed deer. Secondarily, biologists with the Kisat- 
chic National Forest and Louisiana Department of Wildlife and 
Fisheries were interested in knowing whether food plots would 
help to increase the harvest rate of deer. 

Study Area 

The study area was the National Red Dirt Wildlife Management 
Preserve of the Kisatchie National Forest. The Preserve, located in 
southcentral Natchitoches Parish in west-central Louisiana, is a 
15,516ha subcomponent of the Kisatchie Ranger District in the 
Kisatchie National Forest. The area is characterized by gently 
rolling to steep hills interspersed with numerous ravines and 
streams. Kisatchie-Oula soils predominate the Preserve. These 
soils are suited poorly for cultivated crops and pastureland because 
of excessive slope, low fertility, and rock outcrops. Average (*SE) 
soil fertility was 7.7 f 1.2 ppm exchangeable phosphorus (Bray 
No. 2), 27.2 f 3.8 ppm extractable potassium, 307.7 f 26.9 ppm 
calcium, 47.2 f 5.4 ppm magnesium, 1.3 f 0.1% organic matter, 
and a logarithmic pH average of 4.9 (n = 18) based on soil fertility 
tests conducted at Louisiana State University Agricultural Cen- 
ter’s Soil Testing Laboratory. 

Approximately 25% of the study area consists of bottomland 
vegetation (Chatham 1959). Bottomlands are highly dispersed and 
a wide variety of vegetation exists therein. The remainder is 
covered by upland vegetation. The flora is described by Dancak 
(1990). Timber harvesting has resulted in a habitat mosaic; clear- 
cuts average 16-20 ha for pine and 6-8 ha for hardwoods. Timber is 
thinned to = 1.88 to 3.76 mr/ ha basal area, dependent on timber 
type, age, and site index (C. Ernst, Other Resources Assistant, 
USDA Forest Service Kisatchie National Forest, pets. commun.). 

Methods 

Selection of Treatment and Control Units 
Prior to initiation of this study, historical data and timber type 

maps were closely examined to select areas with habitat composi- 
tions which were similar. Treatment and control areas were 
selected to have similar amounts of pine, hardwood, and recent 
clearcuts. Deer body weights and kill location data for the 3 years 
prior to the study were used to verify that study unit selections were 
reasonably unbiased. We reasoned that areas producing similar 
sized deer with similar annual harvest rates were biologically sim- 
ilar with respect to our study needs. A priori data from harvested 
deer also provided pretreatment data allowing evaluation of results 
from the aspect of before and after treatment on the same areas. 
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The entire Preserve, excluding the National Red Dirt Wilder- 
ness, which is located on the eastern periphery, was utilized in this 
study. Two treatment units 2,383 ha and 1,489 ha, and 2 control 
units, 2,525 ha and 2,484 ha, were incorporated into the experi- 
mental design. Treatment units were diagonally opposite as were 
control units. Food plots were established on treatment units; no 
food plots were established on control units. A nonfenced buffer 
zone separated the 4 study units to offset the potential problem of 
deer movement among areas. The buffer zone ranged from ~1.2 to 
3.2 km in width. No food plots were established in the buffer and 
deer harvested from this area were excluded from statistical 
comparisons. 

Deer Inventory 
Strip censuses (Hayne 1949) of each study unit were made in 

1987 and 1988. Six persons conducted a census on 4 consecutive 
days in August 1987 and 4 persons conducted a census on 4 
consecutive days in August 1988. A total of 9 and 10 transects were 
surveyed in control units, and 9 and 10 transects were surveyed in 
treatment units in 1987, and a total of 8 transects were surveyed in 
each unit in 1988. Differences in effort between years resulted from 
a lack of available persons. Deer density on each study unit was 
estimated with the Hayne (1949) formula. Average deer density on 
the 4 study units was used to estimate the size of the deer popula- 
tion on the entire Preserve. 

Food Plot Establishment 
Eighteen plots of cool-season and 12 plots of warm-season for- 

age were established in 1 treatment unit; 11 plots of cool-season 
forages and 6 plots of warm-season forage were established in the 
other treatment unit. Total area used for food plots in this study 
was based on findings that 0.4 ha of warm-season food plots and 
0.4 ha of cool-season food plots significantly (P<O.O5) supple- 
mented the diets of -20 and 10 deer, respectively (Johnson et al. 
1987, Keegan et al. 1989). R. Costa, Forest Service Wildlife Biolo- 
gist, Kisatchie Ranger District, estimated the deer population to be 
1 deer/ 10 ha at the onset of the study. Consequently, we grew 
enough cool- and warm-season forages to supplement 1 deer/ ha. 

Warm-season plots were either adjacent to or within 250 m of 
cool-season plots. No plot was closer than 0.1 km from the buffer 
zone and the nearest distance between any 2 plots was 0.3 km. 
Average (ZII SE) distance between any 2 plots was 0.6 f 0.3 km. 
Distribution of food plots was roughly uniform in both treatment 
units and similar to that on Blairstown, where nearly 100% of deer 
used food plots (Johnson et al. 1987). Cool-season food plots were 
0.58 f 0.05 ha and warm-season food plots were 0.44 f 0.03 ha in 
average size. 

Warm-season plots were planted exclusively with American 
jointvetch (Aeschynomene americana L.) in June 1986; half of 
each cool-season plot was planted with Kenland red clover (Trifo- 
Iiumpratense L.) plus Caldwell wheat ( Triticum aestivum L.) and 
half with Mt. Barker subterranean clover (T. subterraneum L.) 
plus Caldwell wheat in October 1986. Jointvetch provided forage 
from = April until November; cool-season forages provided for- 
age from = April until November; cool-season forages provided 
forage from = October to June. 

All food plots received 2,242 kg/ ha of ground agricultural lime- 
stone and 224 kg/ ha of 8-24-24 fertilizer (8 kg nitrogen, 24 kg P& 
and 24 kg KzO per 100 kg) prior to the first growing season. 
Warm-season plots received an additional 11 kg/ ha of borax fertil- 
izer. The following 3 years, 224 kg/ ha of 8-24-24 fertilizer was 
applied in September to each cool-season food plot, and in May to 
each warm-season food plot. Plots were disked * 15 cm deep to 
disseminate the fertilizer and lime and to provide a well-prepared 
seedbed. Seeding rates were 17 kg/ ha jointvetch, 6 kg/ ha red 
clover, 10 kg/ha subclover, and 100 kg/ha wheat. Seeds were 

harrowed into the soil to promote seed-soil contact. 

Deer Use of Food Plots 
Deer exclosures were placed randomly on 10 randomly selected 

jointvetch plots (5 in each treatment unit). Exclosures on joint- 
vetch plots were constructed of hogwire ( = 100 cm* mesh) with 
steel rods used for vertical support. These exclosures covered a 
ground area of = 1 mr and were = 1.8 m tall to prevent deer from 
browsing the tall-growing jointvetch or from reaching in for lower 
growing forages. Exclosures were placed on 20 randomly selected 
cool-season plots. Ten of the 20 cool-season plot exclosures were 
situated randomly in red clover and the remaining 10 exclosures 
were placed randomly in subclover. Exclosures in clover also were 
constructed of hogwire and covered a ground area of = 1 m*. All 
exclosures were lined at the bottom with 0.6 cm mesh hardward 
cloth to prevent grazing by rabbits (Sylvilagus spp). We sampled 
only 10 plots of each type simply to provide an estimate of mean 
production. We expected large variation in yields among plots due 
to differences in soils and scattered precipitation. More intensive 
sampling was not required because we were not interested in statis- 
tically comparing yields between individual plots or plot types. The 
large number of clippings needed for this purpose may have 
affected total yields available to deer. We decided to use only 1 
exclosure per plot to minimize this potential study effect. 

To estimate forage production and deer use, vegetative clippings 
in the center of exclosures and immediately outside exclosures in 
randomly selected positions were collected in June, August, and 
October from 1986 to 1987 forjointvetch and January, March, and 
May from 1987 to 1988 for clovers and wheat. A clipping frame 
with 400-cm2 aperture was used to standardize the amount of 
clipped vegetation. Forages were clipped = 1 cm above ground 
level, and after each clipping, each exclosure was randomly 
replaced on the same plot. Clippings were oven-dried at 60° C for 
48 hours and weighed to the nearest 0.01 g. Deer use was estimated 
by subtracting vegetative yield within exclosures from that obtained 
outside of exclosures. 

Thirty fecal pellet groups in each study unit were collected in 
August, January, and May from 1986 to 1988. Pellet collection 
extended through 2 complete warm-season and cool-season forage 
growth cycles. Pellet groups were placed in separate air-tight plas- 
tic bags, and after the complete seasonal quota of fecal pellets had 
been collected, they were oven-dried at 60” C for 48 hours and and 
ground in a Wiley mill through a 40-mesh screen. Dietary crude 
protein and fecal nitrogen are significantly associated in ruminants 
(Mould and Robbins 1981). All fecal samples were analyzed to 
determine crude protein content in order to provide a gross indica- 
tor as to differences in dietary quality. Johnson et al. (1987) found 
significant differences in fecal crude protein in similar habitat in 
relation to presence or absence of food plots planted with similar 
forages. Fecal samples were analyzed microhistologically for pres- 
ence or absence of food plot forages (Johnson et al. 1987) to assess 
whether deer were moving among treatment and control units. 

Data from Harvested Deer 
A deer check station at the Preserve was staffed by Kisatchie 

National Forest, Northwestern State University, and LSU School 
of Forestry, Wildlife, and Fisheries personnel during the gun- 
hunting portion of the deer seasons. Data were collected for 3 years 
prior to establishing food plots and for 4 years following estab- 
lishment of the food plots. Pretreatment data was used to aid in 
selection of study areas and for baseline assessment of deer condi- 
tion. Forage production and deer use of food plots was estimated 
for 2 years to ensure that deer were using the food plots. The food 
plots were maintained for 4 years and data on harvested deer were 
collected to ensure adequate sample size for analysis and to minim- 
ize any effects due to year of study that might confound our results. 
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Table 1. Mean (k SE) food plot production (kg/ha) and deer use at National Red Dirt Wildlife Management Preserve, Louisiana; 19861988 (n = 30 for 
jointvetcb, red clover, and subclover; n = 60 for wheat). 

Period Forage type Production Deer use Use Forage consumption’ 

Jun 86-Nov 86 
Ott 86-May 87 
Apr 87-Ott 87 
Ott 87-May 88 
Apr 88-Nov 88 

Jointvetch 
Cool-Seasonb 
Jointvetch 
Cool-Season’ 
Jointvetch 

W ha 
1813 f 473 
2373 f 664 
3025 f 783 
1316 f 362 
338 f 60 

kg/ha 
559 f 64 
352 f 60 
750 f 26 
350 * 34 
116 f 16 

% kg/ deer/ day 
20 0.34 
15 0.38 
I6 0.39 
I1 0.43 
34 0.7 

‘Estimate of kg of food plot forages consumed/deer/day based on estimate of I deer/36.0 ha in 1987 and 1 deer/43.3 ha in 1986 and 1988. 
bRed clover, subclover. and wheat. 
‘Red clover and subclover. 

Only results for yearling deer are shown here because this age class 
produced the largest sample size for statistical comparisons. Older 
deer were much fewer in the harvest and were often produced prior 
to the study. Hunters were required to check in and out of the 
station each day, bring killed deer to the station before field- 
dressing, and report kill location by locating their hunting area on 
a large map of the Preserve. The check station was located near the 
center of the 4 study units. Technicians observed the direction from 
which each vehicle came to aid the accurate identification of hunt- 
ing locations. Killed deer were weighed to the nearest pound with a 
Jacobs Detect0 balance scale (New York, N.Y.) and age was esti- 
mated by tooth wear and eruption (Severinghaus 1949). Humerus 
length (distance from proximal tip of the greater tuberosity to the 
distal tip of the lateral epicondyle) was used as an additional index 
of body size. Antler points (22.5 cm) were counted and antler 
measurements (Dancak 1990) on each male with antlers were 
added for an antler score. Total antler score was comprised of the 
number of points (11 cm), the sum of all main beam and antler 
point lengths, plus the widest point of outside antler spread. 

Statistical Analyses 

kg of oven-dry forage/deer/day on food plot units. Annual pro- 
duction of cool-season forage averaged 1,270 f 310 kg/ ha (sub- 
clover), 1,326 f 104 kg/ha (red clover), and 643 f 196 kg/ha 
(wheat). Cool-season forages provided an average of 0.40 kg of 
oven-dry forage/deer/day. These estimates are only slightly lower 
than those reported for private land where food plots apparently 
increased sizes of deer and similar estimates of plot use were 
associated with about 35% to 40% of deer diets (Johnson et al. 
1987). 

Fecal Pellet Results 
Fecal crude protein averaged 17.3 f 1.2% on control units and 

17.0 f 1.3% on food plot units from August 1986 to May 1988 
(Table 2). No significant difference (PLO. 10) in fecal crude protein 

Table 2. Crude protein content (%) of deer samples collected on control 
and food plot units at National Red Dirt Wildlife Management Preserve, 
Louisiana; 1986-1988 (n q  60 samples/treatment/collection period). 

Differences between treatment and control units in mean 
numbers of deer seen/ km of transect were analyzed with Chi- 
square goodness-of-fit test. Differences between treatment and 
control units in deer body weights, humerus lengths, antler points, 
antler scores, and fecal crude proteins were compared with Stu- 
dent’s t tests. Data presented here are means f standard errors. 

Sample period 

Aug 86 
Jan 87 
May 87 
Aug 87 
Jan 88 
May 88 

Control Units Food Plot Units P 

% % 
17.3 St 0.4 16.9 f 0.3 0.39 
14.6 f 0.4 13.4 f 0.3 0.02 
20.9 f 0.4 21.0 f 0.4 0.85 
17.7 f 0.5 17.3 f 0.3 0.55 
13.5 f 0.3 13.4 f 0.2 0.77 
19.7 f 0.4 19.7 f 0.3 0.94 

Results 

Deer Inventory 
In 1987, the deer herd on the Preserve was estimated to be 427 f 

162 deer, which is equivalent to 1 deer/36.4 f 13.8 ha. No signifi- 
cant difference (p>O.90) was found in estimated deer densities 
among the study units in 1987. The estimated deer population 
during 1988 was 356 f 72 deer, (1 deer/43.7 f 8.8 ha). No signiti- 
cant difference (mO.80) in deer density existed among study units 
in 1988. Deer densities on the Preserve were much lower than those 
on private land (1 deer/lo.4 ha) where food plots significantly 
improved deer growth (Johnson et al. 1987). We are reasonably 
confident in our estimates of deer densities because they were 
within 10% of that reported by Aycock (1968) who estimated deer 
population size on the Preserve with a Lincoln Index procedure. 
Hunter success then (1 deer/ 17 efforts) was similar to the success 
rate during our study (1 deer/ 19 efforts). During the whole study 
period, the grand average hunter success rate was 20.2 f 4.0 efforts 
and 17.4 f 2.7 efforts per legally harvested deer from food plot 
versus control units, respectively. 

existed between samples collected on treatment versus control 
units. However, fecal pellets contained significantly (P<O.O 1) 
more crude protein in spring samples compared to winter samples 
for both treatment and control areas. This finding supports the 
idea that the method was adequate for detecting gross differences 
in dietary crude protein that might have occurred between the 
areas. 

We do not believe that the study was confounded by deer move- 
ments among areas. No food plot forages were found in fecal 
pellets collected from control units during the study. Conversely, 
most fecal samples collected on food plot units contained food plot 
forages: August 1986,84%; January 1987,58%; May 1987,82%; 
August 1987,90%; January 1988,83%; and May 1988,90%. Lower 
apparent use of plots was recorded in January because growth of 
the forages was least during the coldest part of winter. 

Body Weights of Deer and Antler Measurements 

Food Plot Production and Deer Use 
Annual production of jointvetch averaged 1,725 f 777 kg/ha 

from 1986 to 1988 (Table 1). Deer use of jointvetch averaged 23 f 
5% of the available forage. Jointvetch provided an average of 0.27 

Mean body weights (whole) of 15year-old males averaged 46.9 
f 1.2 kg on control units and 47.6 f 1.8 kg on food plot units from 
1986 to 1989 (Table 3). Mean body weights (whole) of 1.5year-old 
females averaged 39.0 f 1.6 kg on control units and 40.3 f 0.7 kg 
on food plot units during the same period. No significant differen- 
ces (PLO. 13) were observed in body weights of males or females 
from control versus food plot units. Mean humerus lengths of 
1 S-year-old males averaged 26.2 f 0.1 cm on control units and 
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Table 3. Pretreatment and post-treatment mean (*SE) body weights (kg) 
of 1.5-yr-old male and female deer harvested on control and food plot 
units at National Red Dirt Wildlife Management Preserve, Louisiana; 
1983-1989. 

Year Control units n Food nlot units n P 

Pretreatment Males: 
1983 50.0 f 1.7 
1984 47.7 f 1.6 
1985 47.5 f 1.8 

Post-treatment Males: 
1986 47.8 f 1.2 

9 
7 

11 

54.9 f 2.2 6 0.10 
49.8 f 2.2 8 0.45 
47.4 f 1.5 17 0.96 

18 47.6 f 1.2 26 0.91 
20 51.4 * 1.0 14 0.27 
20 48.4 f 1.2 22 0.39 
17 42.8 f 1.0 11 0.40 

1987 49.1 f 1.5 
1988 47.0 f 1.0 
1989 43.7 f 0.6 

Pretreatment Females: 
1983 40.9 f 3.5 
1984 42.7 
1985 39.5 

Post-treatment Females: 
1986 39.5 f 1.2 
1987 43.4 * 1.6 
1988 37.5 * 2.9 
1989 35.8 f 0.7 

3 42.0 f 3.7 2 0.87 
1 39.3 * 3.4 2 0.67 
1 42.3 f 2.7 4 0.69 

3 
9 
4 

41.8 f 1.4 5 0.31 
39.8 & 2.1 4 0.22 

40.9 1 0.64 
38.6 f 2.3 2 0.13 

26.4 f 0.4 cm on food plot units from 1986 to 1989. Mean humerus 
lengths of 1.5-year-old females averaged 24.6 f 0.5 cm on control 
units and 25.1 f 0.7 cm on food plot units during the same period. 
No significant differences (PZO.20) were observed in humerus 
lengths of males and females from control and food plot units. 
Mean number of antler points of l.S-year-old males averaged 3.7 f 
0.2 on control units and 3.6 f 0.2 on food plot units from 1986 to 
1989. No significant differences (PZ0.13) in antler points were 
observed during this period. Similarly, mean antler scores of 1.5- 
year-old males on control units averaged 8 1.1 f 3.5 and 8 1.5 f 2.0 
on food plot units from 1986 to 1989. No significant differences 
(P>O. 12) in antler scores were observed during this period. Similar 
results were obtained from fawns and older deer of both sexes 
(Dancak 1990). 

cost 
Establishment cost of food plots considering seed, fertilizer, and 

labor was $5661 ha and about $1341 ha/yr for maintenance. The 
grand average expenditure was $87/deer/ yr using our population 
estimates. 

Discussion 

It was not our purpose to closely examine ecological or physio- 
logical relationships between deer and nutritional resources. The 
parameters we measured were specifically to ensure that the food 
plots had been significantly used by deer and that natural deer 
movement did not confound the study. 

Because we detected no differences in body parameters and fecal 
crude protein was similar among control and food plot areas, we 
conclude that diet quality was not significantly improved by the 
food plots. Johnson et al. (1987) conducted the only published 
study providing evidence that food plots actually benefitted deer 
(Blairstown study area). Contrasting major differences between 
these study areas may provide important insights for future stu- 
dies. Both the National Red Dirt Wildlife Management Preserve 
and Blairstown are comprised of planted and volunteer pine and 
mixed pine-hardwood forests. Both areas are predominated by 
infertile sandy and silt loam soils which are erodible. However, 
Blairstown has higher deer densities, greatly overstocked timber 
and the deer share their habitat with 150 cows. Assuming 1 cow 

eats as much forage as 5 deer, this represents 750 deer units plus 
about 100 actual deer. This herbivore density is about 1 deer unit 
per ha compared to about 1 per 40 ha for the Preserve. Obviously, 
the 2 areas represent gross extremes in habitat management with 
the Preserve being superior to Blairstown with respect to natural 
habitat for deer. 

In addition to finding no apparent short-term biological effects 
of food plots on the deer, we also found no effects on hunter 
success. Our data should not be interpreted as suggesting that the 
food plots failed to attract deer. The large numbers of hunters who 
invade public areas simultaneously for short seasons probably 
affect deer movements and temporal feeding patterns differently 
than deer are affected on private land with less disturbance. 

Summary and Management Implications 

The high cost of the food plot program was not justified biologi- 
cally in that deer did not increase in body size or antler develop- 
ment. In addition, neither population estimates nor hunter success 
suggested any differences in deer productivity between treatment 
and control areas. If deer density had been higher and native 
forages less available, the effects of food plots on deer growth 
might have been different. 

Based on the results of this study, food plots in the Kisatchie 
National Forest can not be recommended for a deer management 
program. A small number of food plots could be installed to 
appease segments of the public who demand visual evidence of 
management activity, but the expense and lack of effects on deer do 
not support use of funds for supplemental feeding of deer at 
present ecological densities in the Kisatchie National Forest. 

Seeds for deer food plots are being vigorously marketed com- 
mercially through sports magazines and hunters are questioning 
public agencies regarding plantings and their potential effects. 
Hunters often expect and imagine dramatic short-term effects of 
management. There have been little practical data available to 
wildlife biologists upon which to base management decisions or 
discussions with the public regarding food plots. The results of this 
study should be of interest to a wide audience of professionals 
responsible for management of public lands. Our results support 
the contention that when deer are biologically healthy and popula- 
tions are well within carrying capacities of the range, expensive 
food plot programs are not likely to have dramatic effects. Furth- 
ermore, because the positive results of the Johnson et al. (1987) 
study were not large, it is not likely that the public would perceive 
any effects that might occur in some areas. 
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Abstract 

Globemallows (Sphueralcea spp.) are native, drought-resistant 
forbs of interest for inclusion in seed mixtures for semiarid range- 
land renovation. Little is known of their nutritional value for 
ungulates. We measured element concentrations in representative 
globemallow species and evaluated their adequacy for livestock 
nutrition. We also correlated forage selection by sheep (Ovisaries) 
with element concentrations. Alfalfa (Medicago sativa L.), crested 
wheatgrass [Agropyron cristatum (L.) Gaertn. X A. desertorum 
(Fisch.) Schult.], and 13 accessions of globemallows [S. coccinea 
(Pursh) Rydb., S. grossulari~olia (H. & A.) Rydb., S. munroana 
(Dougl) Spach., and S. panjfolia A. Nels.] were transplanted into 
replicated grazing trials in southern Idaho. Herbage was sampled 
and the pastures were grazed by sheep in the fall of 2 years and in 
the spring of the following 2 years. Concentrations of Ca and Mg in 
crested wheatgrass were lower than in forbs. Differences between 
seasons were greater than the differences among globemallow 
species. Forage selection ratios were positively associated with the 
N concentration of globemallow leaves and with the Ca:P ratio of 
globemallow stems but were negatively associated with stem Zn 
concernratIons. Herbage from pastures containing crested wheat- 
grass with globemallows and/or alfalfa would meet the dietary 
element requirements of beef cattle (Bos taurus) and sheep. 

Key Words: Agropyron, grazing behavior, Medicago, nutrient 
concentrations, pasture, rangelands, sheep 

Element concentrations in forbs often remain relatively high as 
forbs senesce (Cook 1983). Consequently, forbs can extend the 
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grazing season and increase total livestock production on grazed 
lands. Cook (1983) stated, “Thus, for no other reason than to meet 
protein and phosphorus requirements of grazing animals, grass- 
land ranges should be managed for a mixture of forbs and grasses 
in the stand.” Many forbs are digested more rapidly than grasses 
(Holechek et al. 1989) and leguminous forbs in a sward minimize 
the incidence of grass tetany (Robinson et al. 1989). 

Globemallows (Sphueralcea spp.) are drought-tolerant native 
perennial forbs that grow well with bunchgrasses in mixed species 
stands varying from salt desert sites to dry foothills in sagebrush 
(Artemisia spp.) and pinyon-juniper [ Pinus edulis Engelm./ P. 
monophylla Torr. & Frem.-Juniperus osteosperma (Tot-r.) Little] 
dominated ranges (Plummer et al. 1968, Sharp et al. 1990). 
Adapted globemallow species may be appropriate components of 
seed mixtures for rangeland seedings (Pendery and Rumbaugh 
1986, 1990). Sheep (Ovis aries) preferred spring growth of globe- 
mallows to that of crested wheatgrass [Agropyron cristatum (L.) 
Gaertn. X A. desertorum (Fisch.) Schult.] (Rumbaugh et al. 1993). 
Forbs, including 2 species of globemallow, generally were pre- 
ferred over grasses by pronghorn (Antilocapra americana Ord), 
sheep and cattle (Bos taurus)in New Mexico studies (Howard et al. 
1990). Sphaerulcea angustifoliu [(Cav.) Don] was the most impor- 
tant forb in the diet of goats (Capro hircus) grazing desert grass- 
land in northern Mexico (Mellado et al. 1991). Forbs, including S. 
coccinea, were comparable to alfalfa hay for improving low- 
quality forage diets of beef steers (Arthun et al. 1992). 

Development of appropriate element supplementation strate- 
gies for livestock depends upon knowledge of the elements pro- 
vided by plant species at various stages of phenology. Our objec- 
tives were to measure the element concentrations in fall and spring 
growth of 4 globemallow species, to relate those concentrations to 
published values of livestock nutritional requirements, and to 
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determine whether these element concentrations influenced dietary 
selection by sheep. Crested wheatgrass and alfalfa were used as 
standards. 

Materials and Methods 

Establishment of Pastures 
Three-month-old plants of 13 globemallow accessions represent- 

ing 4 species indigenous to the Intermountain Region [S. coccineu 
(Pursh) Rydb., S. grossulariijolia (H. & A.) Rydb., S. munroana 
(Dougl) Spach., and S. parvifoliu A. Nels.] plus ‘Hycrest’ crested 
wheatgrass (A. cristatum X A. desertorum) (Asay et al. 1985) and 
‘Spredor 2’ alfalfa (Medicago sativu) were transplanted from a 
greenhouse to the field on 18-20 Apr. 1988. The study site was on a 
Portneuf silt loam (coarse, silty, Durixerollic Calciorthid) soil near 
Kimberly, Ida. Rooting depth on this site varies from 300 to more 
than 1,000 mm and average annual precipitation is 230 mm. The 
measured 12-month precipitation preceding each grazing period 
was 204, 247, 230, and 190 mm for 1988, 1989, 1990, and 1991, 
respectively. Plants that did not survive transplanting were replaced 
in May 1988. Plants that died during the subsequent winter were 
replaced on 4 and 5 Apr. 1989. 

Experimental Design 
The experiment had 4 pastures, each of which contained 6 

replications of the 15 plant accessions in a randomized complete 
block design. Each plot consisted of 4 plants of an accession 
separated by single plants of crested wheatgrass. Each plot was 
separated from adjacent plots by 2 rows of crested wheatgrass 
plants. All plants were spaced 1.0 m apart within and between 
rows. Pasture 4 was used as a sheep conditioning area to accustom 
the animals to the experimental environment, and forage was not 
sampled in that pasture. Replication 6 in pastures 1,2, and 3 was 
used to measure pre- and post-grazing herbage biomass. Only 
replications 1 to 5 in each pasture were grazed. Details of the 
agronomic and livestock management of the pastures are provided 
by Rumbaugh et al. (1993). 

Sampling and Chemical Analyses 
Herbage was sampled in the fall (October) of 1988 and 1989 and 

in the spring (May) of 1990 and 1991. Stems were manually separ- 
ated from the leaves and finer petioles (<I mm) of plants harvested 
in replication 6 of each pasture. All samples were placed in a forced 
draft oven (60’ C) until dry and ground in a Wiley mill to pass 
through a l-mm screen. Herbage subsamples were digested in 
HNOs/ HC104, diluted with H& and analyzed for Na, Cu, Fe, Mn, 
and Zn by atomic absorption (AA) spectroscopy (Greweling 1976). 
An aliquot of the initial digest was diluted to contain 1 mg liter-’ 
and Ca and Mg were determined by AA and K was determined by 
flame emission on the same instrument (Greweling 1976). Phos- 
phorus was determined by the ammonium metavanadate-am- 
monium molybdate procedure (Greweling 1976). Nitrogen was 
determined by semimicro kjeldahl procedures (83.7, 83.8) to 
include nitrates (Bremner 1965). 

Statistical Analyses 
Data were analyzed by the method of least squares to fit general 

linear models. Orthogonal differences between crested wheatgrass 
and the forb accessions and between alfalfa and globemallows were 
assessed by single degree of freedom contrasts. Mean element 
concentrations within each year of test were correlated with acces- 
sion forage selection ratios analogous to those proposed by Stuth 
(1991) and described by Rumbaugh et al. (1993). 

Results and Discussion 

Mean element concentrations (mg g-‘) of alfalfa that are often 
used in nutrition studies are 17 Ca, 3 P, 20 K, and 2.7 Mg (NRC 

1958). Reported concentrations in crested wheatgrass are 4.1 Ca, 
2.1 P, and 2.8 Mg. Element concentrations measured in alfalfa 
grown in southern Idaho and adjacent states averaged 14 Ca, 2.2 P, 
22 K, and 2.7 Mg (Clark et al. 1987). Crested wheatgrass from 2 
sites in Nebraska contained 2.8 Ca, 1.5 P, 14 K, and 1 .O Mg (Clark 
et al. 1987). We obtained similar values in our grazing trial. (Table 
1). 

Narrowleaf globemallow [S. ongustifoliu (Cav.) Don] foliage 
was reported to contain (mg g-‘) 33 Ca, 27 K, 3.6 Mg, and 3.1 P 
(NRC 1958). These concentrations of Ca and K exceed those of the 
globemallow species included in our experiment. Munroe globe- 
mallow (S. munroana) foliage grown in northern Utah contained 
(mg g-‘) 6-19 N, 13-17 Ca, lo-21 K, 2.7-4.3 Mg, and 1.1-2.6 P 
(B.M. Pendery, personal communication). In that experiment, Ca 
and Mg concentrations were highest in the fall and lowest in the 
spring whereas N, P, and K concentrations were highest in spring. 
In our experiment, levels of N and Mg in S. munrouna were higher 
than previously measured (B.M. Pendery, personal communica- 
tion) but levels of other elements were comparable (Table 1). 
Nitrogen concentration of S. coccinea in northern Colorado 
peaked at 28 (mg g-l) in May (Simonson et al. 1982). This concen- 
tration was lower than in the leaves of the S. coccinea accessions we 
sampled, but higher than the concentrations in the stems of our 
study plants. When seasonal effects on all species included in our 
experiment were considered, leaf Ca was highest (P<O.O5) in fall 
and leaf N and P highest (P<O.OS) in spring. Stem N (P<O.Ol), P 
(P<O.Ol), and K (P<O.O5) were higher in spring than fall but stem 
Na was higher in fall than spring (P<O.Ol). 

Leaves of the globemallow species differed (P<O.O5) in concen- 
tration of Cu, Mn, Na, P, and Mg. Stem element concentrations of 
the species differed (P<O.O5) only for Cu, K, Mg, Na, and Zn. 
These differences were greater in leaves than in stems (Table 1). 
The high concentration of Na in the low statured S. coccinea did 
not appear to be the result of soil contamination because Fe values, 
used as a measure of soil contamination (Mayland and Sneva 
1983), did not differ among species (mO.05). Calcium, Mg, P, Cu, 
and Na concentrations in globemallow leaves and stems generally 
tended to exceed those in crested wheatgrass, but the concentra- 
tions of N, K, Mn, and Zn tended to be greater in crested wheat- 
grass stems than in globemallows stems. Single degree of freedom 
contrasts indicated that alfalfa did not differ significantly (DO.05) 
from globemallows in the concentration of any element other than 
Fe in either leaf or stem tissues. Crested wheatgrass stems con- 
tained significantly more Fe than alfalfa stems and significantly 
less (P<O.Ol) Ca than the stems of forbs. Globemallows contained 
more leaf Fe than either crested wheatgrass or alfalfa (P<O.O5). 
When compared to the forbs, crested wheatgrass is characterized 
as having a very high K/ Mg ratio and a very low Ca/ P ratio. 

The dynamics of some macro-elements in some forage species 
are known to vary primarily as a function of whether the tissues are 
alive or dead (Greene et al. 1987). Species, absolute age of tissue, 
and growth patterns also can alter element concentrations. All of 
the tissues analyzed in our experiments were alive at the time of 
harvest. The Portneuf soil is more productive than many rangeland 
soils upon which crested wheatgrass is seeded and, as a result, 
probably all species did not senesce as early in the season as they 
would on less fertile range sites. Differences in phenological stage 
among the species at harvest also were minor (Rumbaugh et al. 
1993). Differences among years in which forage was sampled were 
significant (P<O.O 1) for all element constituents and ratios in both 
leaves and stems, with the exception of stem Ca (data not shown). 
For approximately half of the element constituents, seasonal 
affects were significant (P<O.O5). 

Greene et al. (1987) concluded that seasonal patterns of element 
concentrations were similar in forages of comparable phenology 
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Table 1. Element concentrations in leaves and stems of giobemaiiow and alfalfa and in leaves plus stems of crested wheatgrass. Seasonai means are based 
on ail accessions. 

Genus Species Microminerals Macrominerals Ratios 
Season Cu Fe Mn Na Zn Ca Mg N P K K/(G+Mg) K/ Mg Ca/P 

S. coccinea I8 1230 61 
S. grossulariifolio 14 1560 62 
S. munroano I6 1200 58 
S. parvifolia 15 1400 60 

Globemaliows I5 1400 60 
Wheatgrass 10 550 99 
Alfalfa 12 610 66 

Species mean 14 1090 68 
LSD (0.05) 3 310 6 

S. coccineo 21 
S. grossulari~ifolia I5 
S. munroona I4 
S. parvifolia I6 

Glohemallows 16 
Wheatgrass 10 
Alfalfa 9 

Species mean 14 
LSD (0.05) 4 

Seasonal mean 

Fall 13 1680 78 430 37 
Spring I6 890 48 210 42 

Fall 14 430 31 620 31 
Spring 16 400 25 240** 36 

Grand mean 14 750 52 350 36 

_____________pgg-l________ _ 

460 31 
22 

:: 20 
440 23 
420 24 
550 99 
190 17 
400 35 
180 7 

1050 30 
160 41 
150 41 
240 42 
340 40 
70 45 

27 
:! 38 
330 5 

810 44 
320 33 
280 28 
470 32 
470 34 

70 45 
370 18 
390 33 
240 6 

_____________mgg-‘_________ --meq-- ---ratio--_ 
Leaves 

24 5.2 
24 5.4 

;: 60 5’7 
25 5:6 

6 1.8 
28 4.9 
22 4.8 

1 0.5 

Stems 
16 4.7 
14 4.5 
13 5.6 
14 5.4 
14 5.1 

6 9 ::5” 
12 4.2 
2 0.6 

Leaves 
30 5.7 
17* 4.8 

Stems 
I3 3.8 
14 5.9 
17 4.5 

32 3.2 18 0.4 4.2 
38 3.9 I8 0.3 3.5 
37 3.6 18 0.3 3.2 
38 3.6 18 0.3 3.3 
37 3.6 18 0.3 3.5 
35 2.1 23 1.6 13.2 
41 3.0 I7 0.3 3.4 
37 3.2 19 0.5 5.1 
2 0.4 1 0.0 0.5 

IO 
8 
8 
8 

: 
12 
9 
1 

23 2.4 18 0.5 4.2 10 
23 2.3 20 0.5 4.3 8 
21 2.3 22 0.6 3.9 7 
22 2.3 22 0.5 4.1 8 
22 2.3 21 0.5 4.1 8 
35 2.1 23 1.6 13.2 3 
23 1.9 20 0.8 5.7 9 
24 2.2 21 0.8 5.9 7 
2 0.2 2 0.1 0.6 3 

30 2.7 I7 0.3 3.6 12 
43’ 4.3* I9 0.5 4.7’ 4* 

I5 I.2 
32** 3.4** 
31 2.7 

:E 
0.4 
0.8; 

20 0.6 

3.8 I2 
6.0* 4 
5.5 8 

*afTbe difference between the seasonal means for the indicated plant part is statistically significant at PcO.05 or P<O.Ol, respectively. 

and ontogeny. Herbage P levels of a southern mixed-grass prairie 
were below the requirements of spring calving cows regardless of 
the season of the year (Pinchak et al. 1989). Calcium concentration 
exceeded the livestock requirements throughout the year whereas 
K and Mg concentrations ranged from adequate during periods of 
rapid vegetation growth to marginally inadequate during periods 
of water- (drought) or temperature- (winter) induced dormancy. 
Plant and animal breeding have been suggested as appropriate 
procedures to reduce the incidence of grass tetany or hypomag- 
nesemia in cattle @leper et al. 1989, Greene et al. 1989). The high 
levels of foliar Mg in alfalfa and globemallows indicate that graz- 
ing management practices that perpetuate these palatable forbs 
may be as effective as breeding grass for increased foliar Mg or 
animals for reduced incidence of hypomagnesemia. However, 
grass tetany usually occurs when temperatures facilitate acceler- 
ated grass growth, but are not yet warm enough for appreciable 
forb growth. 

Macroelement requirements for sheep (mg g-’ diet dry matter) 
are Ca (2.0-8.2), P (1.6-3.8), K (5.0-&O), Mg (1.2-1.8), and Na 
(0.9-1.8) (NRC 1985). Microelement requirements for sheep (pg 
g-l of the dietary dry weight) are Fe (30-50), Mn (20-40), Zn (20-33), 
and Cu (7-11). The nutritive requirements for medium frame, 
yearling heifers are approximately the same as those for sheep 
(NRC 1984). In our study, most of the forage sampled met these 
nutritive requirements in both fall and spring although crested 
wheatgrass was deficient in Na (Table 1). Arthun et al. (1992) also 
concluded that maintaining palatable forbs, such as S. caccineu, on 
rangelands should reduce the need to supply cattle with protein 
during periods when grasses are dormant. 
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Globemallows are preferred dietary components of rangelands 
for several species of ruminants (Howard et al. 1990, Mellado et al. 
1991, Rumbaugh et al. 1993). In this study, sheep preferred forage 
that contained high concentrations of leaf N and high stem Ca/ P 
ratios and avoided stems with high concentrations of Zn (Table 2). 

Table 2. Simple correlation of forage selection ratios with element con- 
centrations in the leaves and stems of giobemaiiows. 

Elements and Correlation coefficients 
element ratios Leaves Stems 

--------__-_-_r____________ 
Calcium -0.05 0.32 
Copper 0.02 -0.03 
iron -0.21 -0.24 
Magnesium 0.09 0.27 
Manganese -0.07 -0.18 
Nitrogen 0.40** 0.07 
Phosphorus 0.23 0.01 
Potassium 0.22 -0.33 
Sodium 0.09 0.41 
Zinc 0.07 -0.67** 
Calcium/ Magnesium -0.09 -0.23 
Calcium/ Phosphorus -0.11 0.52’ 
Potassium/ Magnesium -0.12 -0.25 

'9**KO.05 and pYO.01, respectively. 

Some of these preferences might be due to other factors, e.g., the 
sheep may have preferred young, succulent leaves which were also 
high in N. In general, a pasture containing crested wheatgrass and 1 
or more species of globemallow or alfalfa would meet the dietary 



element requirements of sheep and most classes of beef cattle Greweiing, T. 1976. Chemical analysis of plant tissue. Cornell Univ. Agr. 
provided that forb plant density and animal intake were adequate. Exp. Sta. Vol. 6, No. 8. Ithaca, N.Y. 

Conclusions 
Concentrations of herbage macro- and micro-elements differed 

among globemallow species. Average concentrations also differed 
between forbs and crested wheatgrass. The element contents of 
globemallows and alfalfa were similar. Sodium was more concen- 
trated in stems than in leaves. Nitrogen, P, and K levels were higher 
in the spring than in the fall whereas Na levels were higher in the 
fall. Calcium and Mg levels in crested wheatgrass were not ade- 
quate for sheep and cattle pasturage without element supplementa- 
tion. Pastures containing crested wheatgrass and globemallows or 
alfalfa would be nutritionally adequate for livestock in both spring 
and fall. Sheep preference for certain accessions, as measured by 
selection ratios, was positively related to leaf N levels and stem 
Ca/ P ratios. High stem Zn concentration was negatively related to 
sheep preference. 
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Abstract 

Research was conducted at the Sonora Research Station during 
a 4-year period (1984 to 1988) to measure differences in herbaceous 
vegetation response between two ‘I-pasture l-herd grazing systems. 
Grazing tactics were short duration (SDG-7 days graze, 42 days 
rest) and high intensity, low frequency (HILF-14days graze, 84 
days rest). Stocking rate for the 2 treatments was 10.4 ha/auy. 
Total aboveground net primary production (ANPP) varied signifi- 
cantly among years but not between grazing treatments. Signifl- 
cant, divergent shifts in composition did occur over the 4 years as a 
function of grazing treatment. Shortgrass production in the SDG 
pastures increased from 45% of the total ANPP for year 1 to 74% 
for year 4. Shortgrass ANPP in the HILF pastures comprised 44% 
of the total herbaceous production for year 1 and 51% for year 4. 
Midgrass ANPP in SDG pastures comprised 3.8% of the herbact 
ous production for year 1 and 13.6% for year 4. Midgrass produc- 
tion in the HILF pastures represented 4.7% for year 1 and 33.9% 
for year 4. Our data indicate the SDG system did not promote 
secondary succession from shortgrasses to midgrasses as effec- 
tively as did the HILF system. 

Key Words: vegetation change, standing crop, primary production 

Grazing’systems are a specialization of grazing management 
which defines systematically recurring periods of grazing and de- 
ferment for 2 or more pastures or mapagement units (Sot. for 
Range Manage. 1989). Developmental research on several systems 
was initiated at the Sonora Research Station in 1939. The basic 
impetus underlying this research was to assess their effectiveness in 
reducing sheep death losses to poisonous plants. Modification of 
the early systems eventually led to the development of the Merrill 
[4 pastures, 3 herds, 12 month graze, 4 month rest] grazing system 
in 1949 (Merrill 1954). Subsequent research has documented the 
benefits of the Merrill grazing system to both livestock and vegeta- 
tion (Kothmann and Mathis 1970; Kothmann et al. 1971, 1978; 
Reardon and Merrill 1976; Taylor et al. 1980; Taylor 1989). Multi- 
pasture, l-herd grazing system research was initiated at the Sonora 
Research Station in 1970. The initial design consisted of 7 equal- 
sized pastures and 1 herd of livestock, with 21 day graze and 126 
day rest periods. Livestock movement was based on a calendar 
date and stocking rate was set to achieve moderate use. The 2 
dominant successional mid-grasses, (sideoats grama [Bouteloua 
curtipendulu (Michx) Torr.] and Texas cupgrass [Eriochloa seri- 
tea (Scheele) Munro] responded favorably to the grazing system, 
but livestock performance was reduced, especially at heavier stock- 
ing rates and during periods of limited plant growth (Taylor et al. 
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1980). About 7 years after this high-intensity, low-frequency 
(HILF) type grazing system was established, grazing and rest 
periods were reduced to 7 and 42-days, respectively (i.e., short- 
duration grazing system (SDG)). It appeared that midgrasses 
decreased and shortgrasses increased under SDG grazing but it 
was uncertain as to whether this was grazing system or year effects. 

Previous studies on the Sonora Research Station (Merrill and 
Young 1959), reported that clipping commonly curly mesquite- 
grass [Hiluriu Belurzgeri (Steud.)Nash] at 4-week intervals pro- 
duced higher forage yields than other less frequent clipping treat- 
ments. Commonly curlymesquite, a stoloniferous shortgrass, is 
often the dominant grass on Edwards Plateau rangeland in the 
lower range condition classes. It is very competitive and can pre- 
vent the establishment of midgrasses (Smeins 1988). This study 
tested the hypothesis that longer rest (and grazing) periods of a 
HILF system would result in greater forage production and be 
more effective in promoting secondary succession from short- 
grasses to midgrasses than an SDG system. 

Methods 

Study Area 
The study was conducted on the 1,377-ha Sonora Research 

Station located (31° N; 100’ W) on the southern edge of the 
Edwards Plateau resource region. Elevation is about 640 m. The 
average growing season is about 240 days (from March through 
October). Long-term average annual precipitation (1918-1988) is 
60.9 cm. Peak precipitation months are May, June, and Sep- 
tember. Growing season precipitation averaged 40.9 cm over 70 
years. Growing season precipitation totaled 43.3,45.3,49.5, and 
52.4 cm for the years 1985, 1986, 1987, and 1988, respectively. 
Growing season precipitation totaled 26.6 cm in 1983 and 15.2 cm 
in 1984 (Fig. 1). 

The predominant soils at the station are Tarrant silty clay and 
Tarrant stony clay (members of the clayey-skeletal, montmorillo- 
nitic, thermic family of Lethic Haplustalls), with some Kavett silty 
clay soils in the low-lying areas. These soils overlay a fractured 
limestone substrate. Vegetation is a complex mixture of grasses, 
forbs, and woody species. Dominant midgrasses are sideoats 
grama, cane bluestem [Bothrfochlou burbirzodis (Lag.) Herter], 
Texas cupgrass and Wright threeawn (Aristidu wrightii Nash). The 
dominant cool-season grass is Texas wintergrass (St@ leucotri- 
cha Trin. & rupr.). Dominant shortgrasses are common curlymes- 
quite, red grama (Boutelouu trzjldu Thurb.), hairy tridens [Erio- 
neuronpilosum (Buckl.)Nash] and hair grama (Boutelouu hirsutu 
Lag). Dominant woody species are live oak [ Quercus fisijormis 
(Small) Sarg], juniper (Juniperus spp.), Mexican persimmon 
(Diospyros texunu Scheele) and honey mesquite (Prosopisglurzdu- 
losu Torr. var glundulosu). For a complete description of the 
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climate, soils, and vegetation at the research station see Smeins et 
al. (1976). 

Treatment and Sample Plots 
The study site was the 7 HILF (1970-77) and SDG (1977-80) 

pastures (32.4 ha/pasture) discussed earlier. In 1980 the 7 pastures 
were subdivided into 14 pastures of 16.2 ha each. The 14 pastures 
were managed as a l-herd SDG system until 1984 when two 
7-pasture, l-herd grazing systems (SDG and HILF) were initiated. 
The graze/rest periods for the SDG treatment were 7 and 42 days, 
compared to 14 and 84 days for the HILF treatment. Each treat- 
ment was grazed with a combination of heifers, ewes, and nannies 
at a ratio of 1: 1: 1 animal unit equivalents. Stocking rate for the 2 
treatments was 10.4 ha/auy for the 4-year study. 

One Low Stony Hill and 1 Valley range site within each of 2 
paired pastures per grazing treatment were selected for study. 
Valley sites are characterized by Kavett silty clay soils with slopes 
<I% overlying a fractured caliche layer and limestone substratum. 
Low Stony Hill sites are characterized by Tarrant soil series con- 
sisting of very shallow soils derived from limestone with slopes 
from 1 to 5%. 

Vegetation Sampling 
Herbage standing crops were estimated throughout each grow- 

ing season. Immediately prior to each grazing event, 5 sets of three 
l-m* paired quadrats were randomly located within each range site 
for each of the 4 pastures. The first quadrat in each set was located 
randomly and the remaining 2 quadrats were located near the first 
in areas with similar standing crop and composition. Quadrats to 
be clipped prior to and after grazing and to be caged and clipped 
after grazing were randomly selected. Vegetation was harvested to 
ground-level and separated into 6 forage categories: warm-season 
midgrasses (e.g., sideoats grama, cane bluestem, and Texas cup- 
grass); warm-season shortgrasses (red grama, hairy tridens, hair 
grama, and curly mesquite); cool-season grasses (Texas winter- 
grass); threeawns (Aristida spp.); annual grasses and forbs. Fol- 
lowing drying (60“ C) and weighing, live/ dead and leaf/ stem ratios 
were estimated by scattering subsamples of each forage category 
over a 30 X 60-cm board with permanently marked transect lines 
and recording intercepts as either live or dead or leaf or stem. The 
mulch remaining in quadrats after clipping was collected with a 
vacuum cleaner, sifted through a mesh screen to reduce soil con- 
tamination, then ovendried and weighed. 

Aboveground net primary production (ANPP) was calculated 
by forage class by summing the incremental increases in the live 
component or the sum of both live and dead components (Wiegert 
and Evans 1964, Heitschmidt et al. 1982). Live/dead and leaf/stem 
ratios were determined only on the grass component of the vegeta- 
tion and for the first 3 years of the study. 

Data Summarization and Statistical Analyses 
Total and individual forage class standing crop estimates were 

subjected to analyses of variance utilizing a split block mode1 
(Hicks 1973). Main effects were grazing system (fixed), site (fixed), 
and year (random). Pastures within grazing systems were consi- 
dered replications (random). Grazing system and site were whole 
plots with year as the split plot. The error term for testing signifi- 
cant effects of grazing system (GS) was pastures (P) within grazing 
system plus year (Y) X grazing system - year X site (S) X pasture 
within grazing system (i.e., error term q  P(GS) + Y*GS - 
Y*S*P(GS). Error term used for testing site was S*P(GS) + Y*S - 
Y*S*P(GS). Error term used for testing year effect was Y*P(GS). 
Residual was used to test for Y*S, Y*GS, Y*P(GS), and S*P(GS). 
Duncan’s multiple range test was used for mean separations where 
appropriate (Steel and Torrie 1960). Percent live/dead data were 
transformed using the square root, arcsine procedure (SAS 1985). 
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Fig. 1. Precipitation (March through September) for a ‘IO-year average, 1 
and 2 years prior to and 4 years of the actual study. 

Results and Discussion 

ANPP 
These data show that total ANPP (grass and forbs) increased for 

both grazing treatments during the 4-year study. This increase was 
relatively uniform and was the result of above-average precipita- 
tion during the 4 growing seasons. Below-average growing season 
precipitation during the 2 years preceding this study along with 
previous heavy stocking had severely reduced the standing crop of 
herbaceous vegetation. Once favorable precipitation returned, the 
vegetation responsed with increases in production from both graz- 
ing systems. 

Total ANPP (grass and forbs) varied significantly among years 
(P=O.O5) but not between grazing systems (Table 1). Total ANPP 

Table 1. AMIUII growing season (March-October) aboveground net 
primary production (ANPP) from species/species groups by years and 
treatments. 

Species/ Years Treatments 
Species groups 1985 1986 1987 1988 SDG’ HILF 

________________g/m2________________ 

Grass + Forbs 103& 125’ 231’ 177b 163’ 154a 
Grass 59’ 118b 154” 128” 122” 
Forbs 44” 76’ 

169; 
36’ 32’ 

Midgrass 4b ;’ 27”b 4:’ 8” 32” 
Shortgrass 45b 106” 100’ 109” 109’ 71b 
Twc? 6 sb 2”b 19” 12’b 15” 
3-awn 3 ab 4ab 9’ 6ab ;: 5” 

Litter 17’ 38’ 68b 105’ 53” 73” 

ISDG (Short duration grazing) 
2HILF (High-intensity, low-frequency) 
‘means of species/species groups within rows by years and within rows by treatments 
not followed by the same letter differ significantly (P<O.OS). 
‘TWG (Texas Wintergrass). 

ranged from 23 1 g/m* in 1987 to 103 g/m* in 1985. Total ANPP 
averaged 163 g/m* for the SDG treatment and 154 g/m* for the 
HILF (P=O.50). Total ANPP of grasses also varied significantly 
among years (PzO.05) ranging from 169 g/m* in 1988 to 59 g/m* in 
1985. Total grass production averaged 128 g/m2 for the SDG 
compared to 122 g/m* for the HILF (P=O.67); thus, the hypothesis 
that grazing system would increase ANPP was rejected. 

Total ANPP was greater for the deep range site 208 g/m* com- 
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Fig. 2. Growing season (March-October) aboveground net primary pro- 
duction (ANPP) from species/species groups from different range sites. 
Values with different letters within species/species groups differ signi& 
cantly at ~~0.05 according to Duncan’s multiple range test.20 

pared to 111 g/m2 for the shallow range site (PzO.04). Grass 
production averaged 163 and 88 g/m* for the deep and shallow 
sites, respectively (PzO.05). Midgrass production was not signifi- 
cantly different between sites (Fig. 2) but varied significantly 
among years (Fig. 3), from 4.3 g/m* in 1985 to 43 g/m* in 1988. 
Production of shortgrasses, forbs, and Texas wintergrass produc- 
tion was significantly greater from the deep sites compared to the 
shallow sites (Fig. 3); however, three-awn production was greater 

MYear 1 UYear 2 q  Year 3 WYear 1 

Shortgress Midgrass ----_~---- __--_---__ O-WC) (TIC) (3-awn) (3-awn) 

Fig. 3. Aboveground net primary production (percent of total grass pro- 
duction) from grass species/grass species groups. 

on the shallow sites. Forb production was influenced by fall and 
winter precipitation and varied significantly among years (PzO.01) 
from 7 g/ m2 in 1986 to 76 g/m* in 1987 (Table 1). Forb production 
was similar for the 2 grazing systems (PzO.85). 

Warm-season perennial shortgrass production was significantly 
greater (PzO.05) for the SDG system (109 g/m*) compared to the 
HILF system (71 g/ m2). Warm-season perennial midgrass produc- 
tion averaged 32 g/m* for the HILF treatment compared to 8 g/m* 
for the SDG treatment but these means could not be compared due 

to a significant (PzO.05) pasture within grazing system interaction. 
The significant pasture within system effect for the midgrass 

analysis occurred because one of the pastures in the HILF system 
did not respond with a major increase in production from the 
midgrass component. For year 1 warm-season midgrass produc- 
tion in the HILF system represented 5.2 and 6.2% of the total 
herbaceous vegetation for pastures 2 and 4, respectively, and 7.5 
and 6.8%for pastures 1 and 3 in the SDG system, respectively. For 
year 4 warm-season midgrass production represented 9.6 and 
45.9% of total vegetation production for HILF pastures 2 and 4 
and 3.1 and 16.8% for SDG pastures 1 and 3, respectively. Pasture 
2 (HILF) and pasture 1 (SDG) had been equal parts of 1 pasture for 
over 75 years prior to the initiation of this study. Pasture 3 (SDG) 
and pasture 4 (HILF) had originally been 1 pasture for approxi- 
mately the same period of time. Because of past differences in 
grazing treatments, pastures 3 and 4 were in better range condition 
at the start of this study and the vegetation was able to respond to 
the current grazing treatments faster than vegetation in pastures 1 
and 2. 

Percent composition of herbaceous vegetation in the SDG sys- 
tem changed to a greater dominance of shortgrasses over the 4-year 
study while composition of grasses in the HILF system changed to 
a greater dominance of midgrasses. Shortgrass production in the 
SDG pastures represented 45% of the total herbaceous production 
in 1985 and 74% in 1988. Shortgrass production in the HILF 
pastures represented 44% of the total herbaceous production in 
1985 and 51% in 1988. Midgrass production in the SDG pastures 
represented 3.8% of the herbaceous production for 1985 and 13.6% 
for 1988. Midgrass production in the HILF pastures represented 
4.7% for 1985 and 33.9% for 1988. 

Previous research on the Sonora Research Station revealed that 
midgrass cover was maintained under a moderately stocked HILF 
grazing strategy but declined under heavily stocked SDG grazing 
(Thurow et al. 1988). Midgrass composition was also reduced at 
moderate stocking rates under SDG grazing (Ralphs et al. 1990). 

Litter was highly variable among years (P=O.O2). Litter ranged 
from 17 g/m* in 1985 to 38,68, and 105 g/m* for 1986,1987, and 
1988, respectively. Litter averaged 94 g/m* for the deep site and 28 
g/m2 for the shallow site (PzO.16). Litter in the HILF system (73 
g/m*) and in the SDG system (53 g/m*) were not significantly 
different. 

Harvest efficiency for this study averaged 22% for both grazing 
systems based on estimated animal demand and growing season 
forage production, well within the range of moderate stocking. A 
moderate stocking rate is that level when 25% of the current 
vegetation production is consumed by grazing animals (Kothmann 
1984). 

Percent Live/Dead-Leaf/Stem 
Total grass live leaf, dead leaf, live stem, and dead stem averaged 

36, 40, 10, and 14%, respectively, for the 3-year period. SDG 
pastures had (P=O.O3) more live grass leaf than HILF (P=O.O3), but 
there was no difference in percentages of dead leaves. Total leaf 
percentage (live+dead) was greater (PzO.08) for the SDG than 
HILF system. Total percentage of stems was significantly greater 
for HILF than (P=O.O8) SDG\pastures. 

Sod grasses from HILF had greater (P=O. 11) amounts of dead 
leaf and dead stems than sod grasses from the SDG system. Mid- 
grass live leaf (38%) and total leaf (76%) was greater (PzO.04) from 
SDG than from HILF system (33 and 72’%, respectively). Percent 
dead leaf was similar for both grazing systems (PzO.72). Percent 
live stem, dead stem and total stem were greater (PzO.16, PzO.07, 
and P=O.O4, respectively) for midgrasses in the HILF system than 
the SDG system. 
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Conclusions 

Dynamics of midgrass production from the HILF system 
resulted from 2 major influences: (1) The favorable growing season 
precipitation for each year of the study; and (2) the long rest 
periods. 

Midgrasses in the SDG system had proportionally more total 
leaves and fewer stems than midgrasses in the HILF system. 
Apparently the shorter rest period of the SDG system allowed a 
more frequent harvest of the midgrasses, thus maintaining them in 
a more vegetative than reproductive state. 

SDG systems may not improve range condition (Pitts and Bry- 
ant 1987, Skovlin 1987) and may even be detrimental to mid- 
grasses. Ralphs et al. (1990), documented a significant decrease in 
midgrass production in a grazing system with 3-day grazing and 
50-day rest periods at both moderate and heavy stocking rates. 

Palatable species that are not abundant (i.e., midgrasses for this 
study) may receive excessive use and therefore may require longer 
rest periods than shortgrasses to recover. Optimum length rest 
periods for common curlymesquite in the SDG system may have 
enhanced the competitive ability of shortgrasses at the expense of 
midgrass production. 

Management Implications 

Expectations of rapidly improving deteriorated rangeland using 
SDG grazing tactics is a false perception for Edwards Plateau 
rangeland. Regeneration of preferred species is a slow process due 
to the presence of competing vegetation, and influenced by precipi- 
tation, soil type, intensity, and frequency of grazing, and length of 
deferment. 

Grazing systems implemented on rangelands have generally 
been designed to improve or maintain range condition. Certain 
criteria must be met before grazing systems can accomplish this 
goal. Two important criteria are: (1) Grazing cycles (i.e., HILF 
with at least 80-90 days of rest) should be implemented during the 
major part of the growing season (approximately niid-April 
through September for the Edwards Plateau); (2) Moderate rates 
of stocking should not be exceeded (i.e., forage harvested by graz- 
ing animals should not exceed 25% of current forage growth). 
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Abstract to the effects of grazing strategies on frequency and intensity of 
defoliation. 

Stocking rates and grazing strategies may alter botanical com- 
position of rangeland vegetation by altering frequency and inten- 
sity of defoliation of individual plant species. We used long- 
interval time-lapse photography to study frequency and intensity 
of defoliation of western wheatgrass (Pzscopyrum smithii[Rydb.] 
A. Love) and blue grama (Bouteloucl groeilis [H.B.K.] Lag. ex 
Steud.) tillers under continuous season-long and time-controlled 
short-duration rotation grazing by steers at 2 stocking rates. Fre- 
quency, intensity, and variability of defoliation of both grasses 
were similar under both grazing systems. Western wheatgrass 
tillers were grazed more frequently under heavy than under mod- 
erate stocking, and in 1990 more herbage was removed the second 
time a tiller was grazed under heavy stocking. Blue grama tillers 
were grazed more frequently under heavy than under moderate 
stocking in both years under rotation grazing, but only in 1990 
under continuous grazing; more herbage was removed under heavy 
stocking the second time a tiller was grazed. Under heavy and 
moderate stocking, respectively, 19% and 36% of western wheat- 
grass tillers and 42% and 54% of blue grama tillers were ungrazed 
throughout the grazing season. Few western wheatgrass tillers 
were grazed more than twice, and few blue grama tillers were 
grazed more than once. Stocking rates have much greater potential 
than grazing systems for altering frequency and intensity of defoli- 
ation and subsequent changes in botanical composition of range 
plant communities. Results of grazing studies support this 
conclusion. 

Increasing stocking rate increased frequency and severity of 
defoliation (Hart and Balla 1982, Briske and Stuth 1982, Curl1 and 
Wilkins 1982, Pierson and Scarnecchia 1987, Ruyle et al. 1988). 
Grazing strategies have much less effect. Gammon and Roberts 
(1978a, 1978b, 1978~) found no significant differences in defolia- 
tion frequency and intensity between continuous and 6-paddock 
rotational grazing. Gillen et al. (1990) reported little effect of 
grazing schedule on percent of tillers defoliated or height to which 
tillers were defoliated. 

In all these studies except Hart and Balla (1982), the techniques 
used required frequent and intensive measurements of individual 
plants, with considerable disturbance of the stand. Hart (1970) 
pioneered the use of long-interval time-lapse photography for 
nondestructive estimates of grazing effects on individual plants. 
Hart and Balla (1982) used the technique to estimate frequency and 
intensity of grazing of western and crested wheatgrass (Pascopy- 

rum smithii [Rydb.] A. Love and Agropyron desertorum [Fisch.] 
Schult.), and Springfield (1974) used it to estimate forage produc- 
tion and utilization of shrubs. Stuth et al. (1987) used time-lapse 
photography at 5-minute intervals to monitor grazing of 0.1 ha 
areas of grassland. 

Key Words: P~scopyrum smithii, Bouteloua gracilis, time-lapse 
photography, rotation grazing, season-long grazing, grazing systems 

Savory (1988) claimed that intensive time-controlled short- 
duration planned rotation grazing will shift botanical composition 
of rangeland vegetation toward more palatable, more nutritious, 
more successionally advanced, and more all-around desirable 
plant species. This improvement is to be achieved by “hoof action”, 
which improves water and nutrient cycling and favors establish- 
ment of desirable plant species, and by control of frequency, sever- 
ity, and timing of defoliation of key plant species. Inasmuch as 
considerable doubts have been cast on the benefits of “hoof action” 
(St. Clair et al. 1984; Balph and Malechek 1985; Graetz and Tong- 
way 1986; Thurow et al. 1986; Weltz and Wood 1986; Warrenet al. 
1986a, 1986b, 1986~; Abdel-Magid et al. 1987; Pluhar et al. 1987; 
Weigel et al. 1990; Hart et al. 1993), more attention should be paid 

Western wheatgrass and blue grama (BOUtelOUQgrQCih [H.B.K.] 
Lag. ex Steud.) are major constituents of range vegetation and 
cattle diets on mixed-grass prairie rangelands in the Central High 
Plains (Samuel and Howard 1982). Black et al. (1937) found that 
blue grama was much less affected by clipping than was western 
wheatgrass. Clarke et al. (1947) found that forage production of 
needleandthread (Stipa comota Trin. 8c Rupr.) was affected more 
by frequency of use than was that of blue grama. Buwai and Trlica 
(1977a, 1977b) found that multiple defoliations of western wheat- 
grass produced proportionately greater reductions in subsequent 
herbage production and total nonstructural carbohydrate concen- 
tration than did similar defoliations of blue grama. Therefore, one 
might expect that increasing frequency and intensity of defoliation 
would reduce the proportion of western wheatgrass in the stand 
and increase that of blue grama. 

Manuscript accepted 8 Aug. 1992. 

Intensive rotation grazing might decrease the patchiness of graz- 
ing often observed under season-long grazing. Under season-long 
grazing, up to 22% of western wheatgrass tillers and 16% of crested 
wheatgrass tillers were not grazed at all, while up to 5 1% and 59%, 
respectively, were grazed 3 or more times (Hart and Balla 1982). 
Hormay and Evanko (1958) found 40% of Idaho fescue (Festuca 

idahoensis Elmer) plants were overgrazed (stubble 2.5 cm or shor- 
ter) while 15% were not grazed at all. Rotation grazing also 
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removes animals from each paddock before they have a chance to 
graze new regrowth of previously grazed plants. This may benefit 

Tible 1. Dates on which marked tillers were photographed under season- 
long continuous or short duration rotation grazing strategies, 1983 and 

the more palatable plant species. 1990. 
Changing the frequency and intensity of defoliation of plant 

species might alter botanical composition and condition of range- 
lands. We tested the hypotheses that increasing stocking rate 
would increase frequency and intensity of defoliation of western 
wheatgrass and blue grama, but that grazing strategy would not. 
However, intensive rotation grazing might reduce variability in the 
amount of forage removed per tiller and thus increase uniformity 
of grazing. 

Continuous 
1983 

Rotation 
1990 

Continuous Rotation 

Materials and Methods 
This experiment was conducted as part of the grazing study 

reported by Hart et al. (1988). Pastures were grazed 16 June-27 
October 1983 at 1 steer/3.0 ha (moderate stocking, M) or 2.25 ha 
(heavy stocking, H). They were grazed 4 June-10 October 1990 at 1 
steer/2.4 ha (M) or 1.8 ha (H). Forage production (peak standing 
crop) and utilization [(peak standing crop -end-of-season residu- 
e)/ peak standing crop] were estimated as described in Hart et al. 
(1988). 

---------------Datephotographed______________ 
24 Jun 23 Jun 22 May 18 Jun 
8 Jul 28 Jun 18 Jun 21 Jun 

28 Jul 27 Jul 19 Jul 18 Jul 
1 I Aug 4 Aug 22 Aug 24 Jul 

1 Sep 29 Sep 12 Sep 30 Aug 
26 Sep 6 Ott 12 Ott 7 Sep 

I Nov 

If a tiller had grown, the percent growth was estimated. 

In 1983, a pair of 25-m transects were laid out in each continu- 
ously grazed pasture under heavy and moderate stocking and in 
one paddock of each short-duration rotationally grazed pasture 
under heavy and moderate stocking in 1 of the 2 replications. 
Along 1 transect of each pair, the western wheatgrass tiller nearest 
each l-m mark was encircled by a poultry leg band wired to a spike, 
and the spike was driven into the ground. Along the other transect, 
the blue grama tiller nearest each l-m mark was similarly marked. 
Five colors of leg bands were used in a regular rotation to aid in 
identifying the number of each tiller along a transect. 

In 1983, because transects were not replicated, chi-square was 
first computed for each grass from the data on number of times 
grazed during grazing season, with 4 classes (grazed 0, 1, 2, or 3 
times) within 4 populations (CM, CH, SM, and SH). When signiti- 
cant (m.05) differences were detected among populations, chi- 
square values were computed for the appropriate subsets of data. 
Data on percent removed at each grazing was analysed as 4 popula- 
tions with unequal sample numbers. 

In 1990,2 pairs of 10-m transects were laid out in each continu- 
ously grazed pasture under heavy and moderate stocking and in 1 
paddock of each short-duration rotationally grazed pasture under 
heavy and moderate stocking in both replications. Western wheat- 
grass tillers were marked along 1 transect of each pair and blue 
grama tillers along the other transect as in 1983. 

In 1990, data on times grazed and percent removed was sub- 
jected to analysis of variance, first with grazing strategies and 
stocking rates as treatments and sub-treatments, respectively, 
blocks as replications, and transects within blocks as sub-samples. 
As block effects never approached significance (p_y).O5), data 
were re-analysed with blocks, blocks X treatments and sub- 
treatments, and transects within blocks pooled as the error term. 
When analysis of variance indicated significant differences (KO.O5), 
Tukey’s Highest Significant Difference was used to separate 
means. 

Results and Discussion 

Thus in 1983, 25 tillers of each grass species were identified in 
each grazing system X stocking rate combination, all in replication 
1. In 1990,40 tillers of each species were identified in each combi- 
nation, 20 in each replication. 

Grazing strategies had no effect on peak standing crop or utiliza- 
tion. Peak standing crop was 1,670 kg/ ha in 1983 and 1,560 kg/ ha 
in 1990. Utilization was estimated at 44% and 48% under moderate 
and heavy grazing, respectively, in 1983 and 39% and 48% in 1990. 

At intervals marked tillers were photographed against a gridded 
background. Date and pasture identification were on cards at- 
tached to the background; tiller numbers were on dials built into 
the background. Tillers in short-duration rotationally grazed pas- 
tures were photographed at the beginning and end of each grazing 
period, 3 per year, in the paddock where they were located. Tillers 
in continuously grazed pastures were photographed at 14- to 25 
day intervals in 1983 and 21- to 34-day intervals in 1990, with 3 
dates each year within 1 to 3 days of the beginning of a grazing 
period on the short-duration rotationally grazed pastures. There 
were 2 exceptions. The last interval in 1983, from near the begin- 
ning of the last grazing period under rotation grazing to the end of 
grazing, was 36 days. In 1990, tillers under continuous grazing were 
photographed 31 August near the beginning of the last grazing 
period under rotation grazing, but the photographs were ruined 
during developing and tillers were re-photographed 12 September. 
Dates on which tillers were photographed are listed in Table 1. 
When a leg band marking a tiller disappeared, a similar replace- 
ment tiller was marked. Only 6 tillers were replaced during the 2 
years, and no tillers were lost to senescence. 

Grazing strategy had no effect on the percent of western wheat- 
grass tillers grazed once, twice, 3 times, or not at all; data from 
continuous and rotation grazing are pooled in Table 2. Stocking 
rates had marked effects. In both years, fewer tillers were ungrazed 
under heavy than under moderate stocking. In 1983, more wheat- 
grass tillers were grazed once under heavy than under moderate 
stocking, but not in 1990, when more tillers were grazed twice 
under heavy stocking. In 1983 only 4% of the western wheatgrass 
tillers observed were grazed 3 times; in 1990 none were. 

In 1983, an average of 73% of aboveground biomass was 
removed from wheatgrass tillers grazed the first time; from tillers 
grazed a second time, 74% of the remaining biomass was removed. 
Neither strategy nor stocking rate had any effect on percent bio- 
mass removed. At the first grazing in 1990, more was removed 
from western wheatgrass under rotation than under continuous 
grazing at the moderate, but not at the heavy, stocking rate (Table 
3). Within strategies, stocking rate had no effect. At the second 
grazing, 39% was removed under moderate vs. 74% under heavy 
stocking. 

At the end of each year, photographs of each tiller were put in 
chronological order and examined. If a tiller had been grazed 
between 2 consecutive photographs, the percent removed was 
estimated from reductions in tiller height and leaf size and number. 

Hart and Balla (1982) reported that increasing stocking rate 
markedly increased frequency of grazing of western wheatgrass but 
only occasionally increased the amount removed. They also 
reported higher frequencies of grazing than were observed in this 
study, with some tillers grazed 4 times. Forage production in the 2 
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Table 2. Frequency of grazing of western wheatgrass and blue grams tillers under season-long continuous or short-duration rotation grazing strategies 
and moderate or heavy stocking rates, 1983 and 1990. 

_________ _____ Timesgrazed ______________ 
Grass Year Strategy rate 0 1 2 3 

______ ________ %oftihersgrared ______________ 
Western 1983 Continuous Moderate 31a 43b 22a 4a 

wheatgrass & rotation Heavy 17b 67a 12b 4a 
1990 Continuous Moderate 39a 5lb 10b Oa 

& rotation Heavy 20b 55ab 25a Oa 

Blue grama 1983 Continuous Moderate 6Oa 32b 8a Oa 
Heavy 56ab 40ab 4a Oa 

Rotation Moderate 64a 32b 4a Oa 
Heavy 48b 48a 4a Oa 

1990 Continuous Moderate 32b 63a 5bc Oa 
Heavy 28b 6Oa 12a Oa 

Rotation Moderate 58a 40b 2c Oa 
Heavy 38b 54a 8b Oa 

‘.bPercentages for the same grass, year, and column, followed by the same letter, are not significantly different (pIO.05). 

years of their study was much lower, 970 and 1,020 kg/ ha, than the 
1,670 and 1,560 kg/ ha recorded in the 2 years of this study. Grazing 
pressure of Hart and Balla (1982) was 15.9-32.4 cow-calf days/ Mg 
of forage produced, vs. 26.5-45.6 steer-days/ Mg in this study. Hart 
and Balla’s (1982) grazing seasons were 110,143,147, and 185 days 
vs. 133 and 128 days in 1983 and 1990, respectively. 

Table 3. Herbage removed from western wbeatgrass and blue grama tillers 
at the first grazing under season-long continuous or short-duration 
rotation grazing strategies and moderate or heavy stocking rates, 1983 
and 1990. 

1983 1990 
Stocking Std Std 

Grass System rate Mean error Mean error 

________%removed________ 
Western Continuous Moderate 71a 5.7 70b 5.4 
wheatgrass Heavy 75a 5.4 60bc 5.3 

Rotation Moderate 69a 6.5 90a I.5 
Heavy 76a 6.1 79ab 4.2 

Blue grama Continuous Moderate 34a 7.0 57a 4.8 
Heavy 40a 4.7 49a 3.5 

Rotation Moderate 46a 7.1 50a 7.3 
Heavy 40a 6.9 54a 5.2 

‘.bMeans for the same grass and year, followed by the same letter, are not significantly 
different (EO.05). 

Under continuous grazing, the only effect of stocking rate on 
frequency of grazing on blue grama occurred in 1990. Although 
few tillers were grazed twice under any treatment, in 1990 more 
were grazed twice under heavy stocking under both grazing strate- 
gies. But under rotation grazing, fewer tillers were ungrazed and 
more were grazed once under heavy than under moderate stocking 
in both years. The probability that a blue grama tiller will be grazed 
increases with increasing stocking rate, and the increase is greater 
under rotation grazing. No blue grama tillers were grazed 3 times. 

Percent of biomass removed from blue grama tillers at the first 
grazing was unaffected by strategy or stocking rate in either year; 
40% was removed in 1983 and 52% in 1990 (Table 3), again reflect- 
ing higher stocking rate in 1990. At the second grazing, more was 
removed under heavy stocking than under moderate, 100% vs. 45% 
in 1983 and 72% vs. 45% in 1990, although the difference was 
significant (m.05) only in 1983 and few tillers were grazed twice 
under any treatment. Strategy had no effect on intensity of 
defoliation. 

Western wheatgrass tillers that were regrazed after the first 
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grazing were those from which less herbage (PrO.05) was removed 
at the first grazing. In 1983, tillers grazed twice had 55% of their 
biomass removed at the first grazing, vs. 79% removed from tillers 
not grazed again. In 1990 60% and 75%, respectively, were 
removed at the first grazing from tillers regrazed later and those 
not grazed again. No significant differences were observed in blue 
grama; tillers regrazed later lost 39% at the first grazing vs. 46% 
from tillers not regrazed. 

Variation in the amount of herbage removed at the first grazing 
was not much influenced by stocking rate or grazing system. The 
standard error of the amount removed at the first grazing was not 
significantly higher under rotational than under continuous graz- 
ing, except on western wheatgrass tillers in the moderately stocked 
pastures in 1990 (Table 3). Variation in defoliation among tillers on 
the same plant may be advantageous. Forage production may be 
greater after defoliation to different heights or defoliation of only 
some of the available plants or tillers than after uniform defoliation 
(Matches 1966, Smith 1968, Smith et al. 1975, Stroud et al. 1985). 

One of the objectives of rotation or planned grazing is to prevent 
early grazing or regrowth (Savory 1988). But in the case of western 
wheatgrass this objective may be irrelevant because western 
wheatgrass produces little re-growth after mid-July, regardless of 
treatment. Under continuous grazing in 1983, biomass of ungrazed 
wheatgrass tillers increased 16% from 24 June to 8 July but only 3% 
for the rest of the season. Biomass of ungrazed western wheatgrass 
tillers increased 15% from 28 June to 27 July under rotation 
grazing, but only 2% from then until the end of the grazing season. 
Most of this growth probably occurred early in the period. In 1990, 
biomass increased 35% from 21 June to 18 July under rotation 
grazing and 39% from 18 June to 19 July under continuous graz- 
ing, but only 5% and 1% thereafter under rotation and continuous 
grazing, respectively. Both 1983 and 1990 were very favorable 
years, with forage production of 1,670 and 1,560 kg/ ha respec- 
tively, well above the average of approximately 1,100 kg/ ha (Hart 
1991). Blue grama tillers continue to grow through August, but 
again regrowth is not a management consideration because so few 
tillers are grazed more than once. 

Frequency and occasionally intensity of grazing of western 
wheatgrass and blue grama tillers increased with stocking rate. 
Similar responses have been previously reported in crested and 
western wheatgrasses (Hart and Balla 1982), brownseed paspalum 
(Paspalum plicatulum Michx.; Briske and Stuth 1982), perennial 
ryegrass (Lolium perenne L.; Curl1 and Wilkins 1982), interme- 
diate wheatgrass (Elytrigiu intermedia [Host] Nevski; Pierson and 
Scarnecchia 1987), and Lehmann lovegrass (Eragrostis lehmanni- 
ana Nees; Ruyle et al. 1988). Because severe defoliation is usually 
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less damaging to blue grama than to western wheatgrass, blue 
grama often increases as stocking rate increases, while western 
wheatgrass decreases (Sarvis 1941, Klipple and Costello 1960, 
Houston and Woodward 1966, Launchbaugh 1967, Sims et al. 
1976). 

In conclusion, grazing strategies had little effect on frequency, 
severity or variation of grazing of western wheatgrass or blue 
grama. Therefore it is not surprising that grazing strategies have 
had little effect on botanical composition of rangelands (Sarvis 
1941; Denny and Barnes 1977; Denny and Steyn 1977; Denny et al. 
1977; Gammon and Roberts 1978a; Heitschmidt et al. 1985, 1987; 
Pitts and Bryant 1987; Hart et al. 1988; Bryant et al. 1989; Taylor 
1989). 
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Abstract 

A 9-year grazing trial was conducted to compare shortgrass 
vegetation and steer responses under intensive-early stocking (IES) 
at 2 stocking rates to season-long stocking (SLS). The stocking 
rates were (1) equal to SLS, with twice as many steers used for the 
first half of the SLS grazing season (2X-IES), and (2) greater than 
SLS, with 3 times as many steers used for the same period (3X- 
IES). The hypothesis tested was that SLS and 2X-IES would be 
similar and sustainable in terms of productivity and vegetation 
composition, whereas 3X-IES would be different and not sustain- 
able. The 3 treatments were assigned to 6 pastures in a randomized- 
complete block. Grazing was initiated on or near 1 May each year 
and continued until about 15 July for IES and about 1 October for 
SLS. Steers were weighted at initiation of grazing and in mid-July, 
and SLS steers were weighed in October. Vegetation data were 
collected in July and October in each pasture from 10 randomly 
located plots. Species composition of grasses was estimated, and 
grasses and forbs were clipped separately to determine biomass 
availability. Steer total gain and average daily gain (ADG) under 
SLS and 2X-IES were equal (C-0.10) during the early season, but 
3X-IES gain and ADG were less (P<O.OS). Total-season gain was 
greater under SLS (P<O.O5) than either IES treatment, but total- 
season ADG was equal to that under 2X-IES. Steer production per 
ha was equal under SLS and 2X-IES, but greater under 3X-IES 
(P<O.O5). Western wheatgrass [Pascopyrum smithZ(Rydb.) L&e] 
and buffalograss (Buchloe dactyloides (Nutt.) Engelm.) composi- 
tion did not change over time under SLS and 2X-IES, but 
decreased and increased, respectively, under 3X-IES (P<O.O5). 
Blue grama (Boutelouugrucilis(HBK.) Lag. ex Steud.) and annual 
grasses displayed initial composition differences (P<O.lO) among 
grazing treatments, but not differential composition shifts over 
time (nO.10). Grass and total biomass availability were reduced 
(P<O.lO) over time by 3X-IES. The hypothesis was supported: 
SLS and 2X-IES were equal in terms of both livestock perfor- 
mance and vegetation responses, but livestock performance and 
biomass availability were reduced and vegetation composition 
changed under 3X-IES. Thus, 3X-IES was not sustainable. While 
SLS and 2X-IES appear biologically equal, using them simultane- 
ously on separate land areas may reduce market variability risk by 
marketing twice per year. 

Key Words: grazing system, native range, beef cattle, stockers, 
weight gain 

Intensive-early stocking (IES) is a grazing management practice 
based on seasonal suitability and is designed to improve the effi- 
ciency of converting vegetation to livestock products while sustain- 
ing the natural resource. Under IES, stocker cattle are placed on 
rangeland in the spring at double the number recommended for 

Contribution 92-250-J from the Kansas Agricultural Experiment Station. 
The authors thank H. Jansonius for technical assistance. 
Manuscript accepted 7 June 1992. 

JOURNAL OF RANGE MANAGEMENT 46(2), March 1993 

season-long stocking (SLS), but are removed at the midpoint of the 
SLS grazing season. The result is double stocking density (animal 
units/ ha) during the grazing season, but a stocking rate (animal 
unit-months (AUM)/ ha) equivalent to SLS. The purposes are to 
concentrate grazing during the period of highest nutritional quality 
of the forage, thus increasing livestock production, and to allow a 
late-season rest so that desirable species enter the dormant season 
in high vigor. 

On tallgrass prairie in eastern Kansas (Smith and Owensby 
1978) and eastern Oklahoma (McCollum et al. 1990) and on short- 
grass prairie in eastern Colorado (Klipple 1964), individual animal 
performance under IES was equal to or slightly greater than under 
SLS during the early grazing season, despite the doubled stocking 
density. In all 3 studies, gain under IES was 65-67s of that by SLS 
cattle for the entire grazing season, resulting in a 19-34% increase 
in gain per unit of land. On tallgrass prairie, IES maintained or 
improved desirable species composition and productivity (Smith 
and Owensby 1978, McCollum et al. 1990). However, on short- 
grass prairie, IES changed species composition and reduced bio- 
mass production (Klipple 1964). Owensby et al. (1988) subse- 
quently compared IES at 2, 2.5, and 3 times (2X-, 2.5X-, and 
3X-IES) the number of cattle recommended for SLS on tallgrass 
prairie. Steer gains were equal, resulting in increased gain per land 
unit as stocking rate increased. The late-season rest allowed tall- 
grass prairie vegetation to sustain productivity at all stocking rates 
tested. 

The objective of this study was to compare responses of short- 
grass vegetation and stocker cattle growth under IES at 2 stocking 
rates (2X-IES and 3X-IES) to SLS. Our hypothesis was that 
2X-IES would be equal to SLS and sustainable, in terms of vegeta- 
tion composition and steer production, but that 3X-IES would not 
be sustainable or as productive on this vegetation type. 

Materials and Methods 

Study Site 
The study was conducted on the Fort Hays Branch Experiment 

Station located near Hays, in west-central Kansas. The climate is 
semiarid with a long-term mean annual precipitation of 57 1 mm, of 
which 77% occurs during April through September. Mean precipi- 
tation during the study was 540 mm, with 5 years above and 4 years 
below the long-term mean (Fig. 1). 

The study area was composed primarily of a loamy upland range 
site with small inclusions of limy upland and loamy lowland. These 
inclusions were primarily the slopes and bottoms of small drain- 
ages, respectively. Soils were Typic Argiustolls on loamy upland, 
Typic Haplustolls on limy upland, and Cumulic Haplustolls on 
loamy lowland range sites. The vegetation was typical of shortgrass 
plains. Dominant species were western wheatgrass [ Puscopyrum 
smithii (Rydb.) L&e], buffalograss (Buchloe ductyloides (Nutt.) 
Engelm.), and blue grama (Bouteloua gracilis (HBK.) Lag. ex 
Steud.). Subdominant species were Japanese brome (Bromus 
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Fig. 1. Total annual and growing season precipitation (mm) and deviation 
of each from the long-term means of 570 and 437 mm, respectively. 

japonicus Thunb.) and western ragweed (Ambrosia psilostachya 
DC.). Numerous other grass and forb species occurred in minor 
amounts (Launchbaugh 1967). 

Grazing Treatments 
The study was initiated in 1980 and continued through 1988. 

Three grazing treatments were included. The control was SLS at 
1.4 ha per steer for a 5-month grazing season (1 May to 1 October). 
Previous long-term research indicated that this stocking rate was 
sustainable on this site (Launchbaugh 1957). The other 2 treat- 
ments were IES at 2 stocking densities, 0.7 ha per steer for 2X-IES 
and 0.5 ha per steer for 3X-IES, for a 2.5-month grazing season (1 
May to 15 July). Double-stocked IES (2X-IES) yielded an equal 
stocking rate to SLS (0.4 ha per AUM) and 3X-IES yielded a 
stocking rate of 0.3 ha per AUM. At initiation of the trial, treat- 
ments were assigned to 6 pastures in a randomized-complete- 
block. The blocking factor was the area of limy upland and loamy 
lowland range site in the pastures. Each treatment remained on the 
same pastures throughout the study. Pastures were 12.5 ha (block 
1) or 14.6 ha (block 2), so steer numbers per pasture were 9 or IO,18 
or 20, and 27 or 31 for blocks 1 or 2 of SLS, 2X-IES, and 3X-IES, 
respectively. Actual dates that grazing was initiated and termi- 
nated each year are shown in Table 1. 

Experimental Livestock 
Yearling steers (12 to 14 months of age) of British breeding 

Table 1. Dates of initiation and termination of grazing, number of days of 
grazing, and initial weight of steers used each year for SLS and IES 
treatments. 

Year 
Termination Grazing period 

Initiation IES SLS IES SLS wt 

1980 6 May 
1981 15 Apr 
1982 4 May 
1983 11 May 
1984 4 May 
1985 2 May 
1986 1 May 
1987 30 Apr 
1988 28 Apr 

18 Jul 
1 Jul 

20 Jul 
23 Jul 
16 Jul 
I5 Jul 
14 Jul 
16 Jul 
29 Jun 

_ _ _ _ (Days) _ _ _ _ 

1 act 73 148 304 
17Sep 77 155 259 
4oct 77 153 272 
3oct 73 145 278 
3oct 73 152 I 
1 act 74 152 

29 Sep 74 151 
2oct 77 155 308 
7 Sep 62 132 342 

‘Livestock weights for 19841986 were not used. 

(Hereford, Angus, or Hereford X Angus) with a mean initial 
weight of 294 kg (Table I) were used in most years of the study. The 
exceptions to this were 1985 and 1986, when a study comparing 
steers with different frame scores (derived from different breed 
combinations) was superimposed on this experiment. Addition- 
ally, during 1984 through 1986, a supplementation experiment was 
superimposed on this study by feeding 1.8 kg of sorghum grain 
daily to all steers on 1 replicate of each treatment and not supple- 
menting the other replicate. This eliminated the opportunity to 
statistically analyze the livestock gain data for those 3 years, and 
they were deleted from the data set. Therefore, livestock response 
data from 1980 through 1983 and 1987 through 1988 were ana- 
lyzed. Steers had continuous ad libitum access to salt throughout 
the grazing season. All steers were implanted once with a growth 
promotant (either Ralgro@, Compudose@, or Synovex-So) at 
initiation of grazing each year. 

Data Collection 
All steers were weighed at initiation of grazing and in mid-July at 

termination of IES grazing; SLS steers were weighed at termina- 
tion of their grazing season. Weights were recorded in the morning 
after a 12-to 15-hour stand without feed or water. 

Vegetation data were collected twice per year in all pastures, at 
the termination of IES grazing in mid-July, and at the termination 
of SLS grazing in early October, except in 198 1 when data were not 
collected in October. Ten 0.3 X 0.6 m (0.18 m*) plots were ran- 
domly located in each pasture at each collection time. Forbs were 
clipped from the plot, composition of grasses and sedges (Carex 
spp. L.) was visually estimated, and then they were clipped and 
bagged separately from the forbs. Grass and sedge composition 
was estimated for 6 groups: western wheatgrass, buffalograss, blue 
grama, annual grasses, standing dead, and miscellaneous (all other 
grass species and sedges). Annual grasses was mostly Japanese 
brome. Standing dead included all grass and sedge species; all 
other categories included only current year’s growth. Visual esti- 
mation was done separately by 2 people and results were averaged 
for each plot. Clipped samples were dried at 100° C to a constant 
weight. 

Data Analysis 
All data were analyzed using the General Linear Models proce- 

dure of the Statistical Analysis System (SAS Institute, Cary, N.C.). 
Least squares procedures were used to estimate means. Following 
significant F tests, means were separated using singledegree-of- 
freedom contrasts. All tests were considered significant at KO. 10. 

Steer response, including total gain per head, average daily gain 
(ADG) per head, gain per ha, and final weight were analyzed using 
analysis of covariance. Main effects were grazing treatment, year, 
and the treatment X year interaction in a repeated measures treat- 
ment structure. Initial weight was used as a covariate. This model 
was run once using the SLS data for the IES grazing season, then 
rerun after substituting the SLS data for the entire SLS grazing 
season. We felt that data for both time seasons of SLS should not 
be incorporated into the same model with IES, because both SLS 
time period responses were derived from the same experimental 
units and could not be considered independent and random sam- 
ples. A separate model was used to compare gain per head and 
ADG between the first and last halves of the SLS grazing season. 
Mean effects in this model were portion of the grazing season, year, 
and season X year in a repeated measures treatment structure. 

Vegetation data from all years of the study were analyzed. It was 
assumed that supplementation in some pastures did not influence 
forage utilization because Vanzant et al. (1990) reported that sup- 
plementation of grain sorghum at 1.8 kg did not reduce intake of 
immature forage. Dependent variables were percent composition 
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of each of the 7 species groups (western wheatgrass, buffalograss, 
blue grama, annual grasses, standing dead, miscellaneous g.rasses, 
and forbs), and yield of grasses, forbs, and total herbage. Because 
our interest in species composition change was among years as the 
study progressed, and not in composition changes within years, the 
composition data were combined within years by using the mean of 
the July and October data sets for each pasture. Within-year effects 
on the biomass responses were of interest because of differential 
stocking densities and grazing seasons, so these data were not 
composited across July and October. The vegetation data were 
analyzed using analysis of covariance to evaluate heterogeneity of 
slopes (Freund and Littell 1981). This analysis allowed the evalua- 
tion of our 2 objectives: comparison of treatments and detection of 
changes through time that would indicate sustainability. For the 
species composition data, the model contained grazing treatment 
as a class effect, year as a covariate, and the treatment X year 
interaction. A significant treatment X year interaction indicated 
that the regression slopes among grazing treatments were different. 
These were interpreted as differential effects of grazing treatments 
over time. A significant treatment effect indicated different inter- 
cepts for the individual treatment regressions that were interpreted 
as differences in initial composition. For the biomass categories, a 
similar model was used, except month (July and October) and its 
2-and 3-way interactions with treatment and year were added in a 
repeated measures treatment structure. 

Results and Discussion 

Steer Response 
Total gain, ADG, final weight, and production per ha all 

responded (P<O.O5) to grazing treatments (Table 2). This was true 
for SLS responses during both the early season and the total 

Table 2. Influence of grazing treatments on steer total gain, ADG, final 
weight, and production per hrl. 

Grazing treatment2 
SLS 

Variable early season total season 2X-IES 3X-IES 

Gain/ hd (kg) 52.5f1.2’ 92.5f1.3’ 49.8fl.O” 40.3f1.0bZ 
ADG (kg) 0.72f.01’ 0.63fO.l” 0.68f.01” 0.55f.01b~ 
Final Wt (kg) 346.3f1.3’ 386.3f1.4’ 343.7fl.l” 334.4fl.lb’ 
Gain/ ha (kg) 38.1f1.8” 66.7f I .9’ 71.5f1.5b’ 81.7f1.5cY 

‘Least squares means f standard error (n=2). 
ZSLS = Season-long stocking, data reported for SLS response during IES grazing 
season and season-long; 2X-IES = intensive-early stocking with twice as many steers as 
SLS; 3X-IES = intensive+arly stocking with 3 times as many steers as SLS. 
‘.b.cMean comparison of early-season SLS, 2X-IES, and 3X-IES. Unlike superscripts 
within rows signify difference among means (p10.10). 
‘.“.‘Mean comparison of total-season SLS, 2X-IES, and 3X-IES. Unlike superscripts 
within rows signify differences among means (p10.10). 

season. Mean separations indicated that early-season gain, ADG, 
and final weight were all equal under SLS to those under 2X-IES 
(p>O.lO), but were reduced under 3X-IES (P<O.lO, Table 2). 
Additionally, total-season ADG under SLS was similar to ADG 
under 2X-IES (p>O. lo), resulting in greater total gain and final 
weight for SLS (P<O.lO). Steer gain per ha was equal for total- 
season SLS and 2X-IES (mO.10) and greater for 3X-IES 
(P<O.lO). The increased stocking rate under 3X-IES resulted in 
greater production per ha, despite reduced performance per indi- 
vidual. Production per ha was less during early-season SLS than 
for all other grazing treatments (P<O. 10). 

Steer performance variables did not display (DO. 10) treatment 
X year interactions for early or total season, or year effects for 
total-season responses (-0. IO), but did respond to years (P<O. 10) 
in the early season. Years with the poorest and the best early- 
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season steer performance (1980 and 1987, respectively) were differ- 
ent (P<O.lO), with all other years intermediate and equal to the 
extreme years (Table 3). Differences in precipitation (Fig. I) or 
genetic capability of the steers among years probably contributed 
to this variation. 

Table 3. Gain per head and ADG under SLS partitioned into the early and 
late halves of the grazing seazon for each year and early gain w z percent 
of total gtin. 

Year 
Gain’ ADG2 

early late early late 

1980 
_.;_(kg)______ %3 

55:s’ 
51.4’ 41 

1981 52.4” 52 
1982 58.8’ 36.6b 62 
1983 49.2’ 34.1” 59 
1987 65.2” 25.4b 72 
1988 45.3” 33.4’ 58 

‘Standard error = 7.8 (n=2). 
*Standard error q  0.11 (n=2). 

_______(kg)b_;8;__ 
0.48’ 
0.72” 0:67’ 
0.76” 0.48b 
0.67” 0.47” 
0.86’ 0.32b 
0.74” 0.47b 

‘The percentage of total SLS gain achieved during the first half of the grazing season. 
‘,?Jnlike letters within each yearly pair indicate early- and late- season gain or ADG 
were different (KO. IO). 

Season X year interacted (P<O.lO) in the model comparing 
early- to late-season total gain and ADG under SLS (Table 3). The 
mean percentage of total-season gain achieved in early season was 
57% and ranged from 41 to 72%. Early-season gain per head and 
ADG were greater than late-season responses in only 2 and 3, 
respectively, of the 6 years (P<O.lO), with the remaining years 
displaying equal responses among seasons (DO. 10). 

The small and inconsistent differences between early- and late- 
season gains under SLS was unexpected (Table 3). Previous IES 
studies (Klipple 1964, Smith and Owensby 1978, and McCollum et 
al. 1990) consistently demonstrated that 65% of total gain occurred 
in early season, with little variation among years. Apparently, the 
decline in forage quality as the growing season progresses is not as 
rapid or consistent among years on shortgrass prairie as was dem- 
onstrated in the studies on tallgrass prairie (Smith and Owensby 
1978, McCollum et al. 1990). Although Klipple’s (1964) study was 
conducted on shortgrass prairie, later dates of livestock removal 
(about 10 August and 10 November for IES and SLS, respectively) 
probably reduced late-season steer growth compared to this study. 
Because of the small difference in seasonal gain in this study, 
2X-IES did not provide the gain efficiency necessary to increase 
production per ha over SLS (Table 2), as occurred in the studies 
cited above. Additionally, steer gain was reduced under 3X-IES, in 
contrast to Owensby et al. (1988), wherein gain was equal at 2X-, 
2.5X- and 3X-IES. Economic analyses (McCollum et al. 1990) 
suggested that steers need to gain at least 60% of SLS potential gain 
during early-season grazing for IES to be economically advan- 
tageous. This break-even target was tangibly exceeded in only 1 
year, was nearly equalled in 3 years, and the percentage was sub- 
stantially less in 2 years (Table 3). 

Vegetation Composition Reponse 
Western wheatgrass and buffalograss displayed grazing treat- 

ment X year interactions (P<O.O5), but not grazing treatment 
effects (DO. lo), indicating similar intercepts and different slopes 
(Fig. 2). In other words, composition was similar in the first year of 
the trial, but differential treatment responses occurred over time. 
For both species, slopes were not different from 0 for SLS and 
2X-IES (-0. lo), but western wheatgrass decreased (P<O.OO 1) 
and buffalograss increased (P<O.OOOS) under 3X-IES. For both 
species, the 3X-IES slope was different from the SLS and 2X-IES 
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Fig. 2. Species or species group composition responses to season-long stocking (SLS), double-stocked intensive-early stocking (2X-IES), and triple- 
stocked intensive-early stocking (3X-IES). Markers connected by crooked lines are the actual data. Similar markers connected by straight lines are the 
regressions through those data. 

slopes (P<O.O5), whereas SLS and 2X-IES slopes were similar 
(DO.10). 

Blue grama and the annual grasses group displayed grazing 
treatment responses (P<O. IO), but not treatment X year interac- 
tions (DO. lo), indicating different intercepts and similar slopes 
among grazing treatments (Fig. 2). In other words, initial composi- 
tion was different, probably because of previous grazing history, 
but differential changes in composition of these 2 components did 
not occur during the study. Both IES treatments had greater initial 
amounts of blue grama and lower initial amounts of annual grasses 
than SLS (P<O.lO), but were equal to each other (DO.10). 
Although IES may concentrate livestock grazing during the early 
season when Japanese brome is most nutritious and palatable, it 
does not appear to be a means of reducing its contribution to 
species composition. 

2X-IES (p>O.lO), but grass biomass declined under 3X-IES 
(P<O.OS). The 2X-IES and 3X-IES slopes were different (P<O. lo), 
with the SLS slope being intermediate and equal to both IES slopes 
(DO.10). However, the SLS slope for total biomass responded 
differently. It declined over years (P<O. 10) like 3X-IES, and only 
2X-IES was not different from 0 (DO. 10). In this case, the SLS 
and 3X-IES slopes were equal (DO. 10) to each other and different 
from 2X-IES (P<O. 10). 

Grass and total biomass also displayed month effects (P<O.O5), 
but month did not interact with grazing treatment or year 
(DO. 10). Biomass in July [2458&l 11 kg/ ha (meanfSE) for grass 
and 2,637f113 kg/ ha for total] was greater (P<O.O5) than biomass 
in October (2,032fllS kg/ha for grass and 2,219f120 kg/ha for 
total) for both categories. 

The miscellaneous grasses group, standing dead, and forb com- 
position did not respond (C-0.10). 

Vegetation Biomass Response 
Grass and total biomass both exhibited treatment X year inter- 

actions (P<O.lO, Fig. 3), but not grazing treatment effects 
(DO. 10). Forb biomass did not display any responses (DO. 10). 
Although the actual slope coefficients for grass and total biomass 
were almost identical for each grazing treatment regression, differ- 
ences occurred in the estimate comparisons among biomass cate- 
gories. Grass biomass slopes were not different from 0 for SLS and 

The data supported our hypotheses that vegetation responses 
under 2X-IES would be equal to those under SLS and plant 
communities would be sustainable under 2X-IES and SLS, but not 
under 3X-IES. The 3X-IES treatment caused a reduction over time 
in western wheatgrass (Fig. 2), the major cool-season grass species, 
and an increase in buffalograss, an important warm-season com- 
ponent. Shifts from cool- to warm-season grasses under repeated 
early-season use has been documented previously (Jameson 1991). 
Interestingly, blue grama did not display a similar response to 
buffalograss, even though it is a warm-season grass. The shift from 
western wheatgrass to buffalograss under 3X-IES corresponded 
with reduced grass and total biomass (Fig. 3), indicating 
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Fig. 3. Grass and total biomass responses to season-long stocking (SLS), double-stocked intensive-early stocking (2X-IES), and triple-stocked 
intensive-early stocking (3X-IES). Markers connected bv crooked lines are the actual data. Similar markers connected by straight lines are the 
regressions through th& data. 

that buffalograss, a shortgrass, could not produce as much bio- 
mass as western wheatgrass, a midgrass. However, Klipple (1964) 
even found reduced total biomass at 2X-IES, particularly for 
midgrasses (presumably mostly western wheatgrass). 

The reduction in total biomass under SLS over time was disturb- 
ing. Examination of Figure 3 indicated that this response was 
primarily because of severely reduced biomass in 1986. About 32 
ha of the study area was subjected to a wildfire on 17 February 
1986. To maintain equal perturbation, the remainder of the study 
area was burned on 25 February 1986. Winter wildfires reduce 
biomass production during the following growing season (Launch- 
baugh and Owensby 1978). The grass, forb, and total biomass 
responses were reanalyzed with the 1986 data removed from the 
data set. Statistical significance and interpretation did not change 
for grass or forb biomass, but the slope for total biomass under 
SLS no longer declined over years (DO. 10). The 3X-IES slope 
still declined (P<O. 10). When the negative influence of the wildfire 
was removed, the biomass data supported the hypothesis that SLS 
and 2X-IES were equal and sustainable, but that 3X-IES was not. 

The lack of response in vegetation composition and productivity 
on shortgrass prairie at 2X-IES contrasted with improvements on 
tallgrass prairie at 2X-IES (Smith and Owensby 1978). Addition- 
ally, the changed composition and reduced productivity under 
3X-IES contrasted with the minor and inconsequential changes on 
tallgrass prairie at 3X-IES compared to 2X-IES (Owensby et al. 
1988). The difference in responses appears related to the impor- 
tance of cool-season grasses as major forage-producing compo- 
nents of the plant community. Intensive-early grazing favors 
warm-season grasses because a sufficient portion of their growing 
season coincides with the late-season rest to allow replenishment 
(or perhaps improvement) of vigor. However, cool-season grasses 
are disfavored by IES because most, if not all, of their growing 
season occurs during the grazing season. Thus, they are at a com- 
petitive disadvantage with the warm-season grasses (Jameson 
1991). This was evident in the reduction of western wheatgrass on 
shortgrass prairie and Kentucky bluegrass on tallgrass prairie 
(Smith and Owensby 1978). Improved composition and productiv- 
ity were attained on tallgrass prairie where desirable forage grasses 
were all warm-season and undesirables were primarily cool- 
season, even when the stocking rate was increased (Owensby et al. 
1988). However, because of the importance of retaining cool- 
season productivity on shortgrass prairie, IES will only maintain 
composition and productivity at an equal stocking rate to SLS 
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(2X-IES) and will cause deterioration at an increased stocking rate 
(3X-IES). 

Biomass responses between July and October were not as 
expected. On tallgrass prairie, IES typically yielded less biomass 
than SLS in mid-July, but yielded biomass equal to (McCollum et 
al. 1990) or greater than (Smith and Owensby 1978) that produced 
by SLS by October. This suggests a grazing treatment X season 
interaction that did not occur in the present study. Instead, bio- 
mass declined under all treatments from July to October, even 
though IES was not stocked during this time period. Evidently, 
regrowth subsequent to steer removal was negligible, while bio- 
mass losses to senescence, decomposition, and insect or wildlife 
grazing continued to occur. This response provides further evi- 
dence of differential benefit from late-season rest between tallgrass 
and shortgrass prairie. We concur with Klipple (1964) that “lack of 
grazing after July, if it benefitted the vegetation at all, did not 
provide sufficient benefit to offset the adverse effects of accelerated 
stocking during the early part of the growing season.” 

Management Implications 

These results imply that 3X-IES should not be used on short- 
grass prairie and possibly other range types where vigor and pro- 
ductivity of cool-season grasses is important. Double-stocked IES 
and SLS are essentially interchangeable, both in terms of vegeta- 
tion and steer response. We concur with Bernard0 and McCollum 
(1987) that IES still provides 2 positive alternatives when inte- 
grated into total ranch management. These are: (1) mixing IES and 
SLS on different land areas reduces market variability risk by 
allowing marketing twice per year and (2) IES allows periods of 
rest for integrating range improvements that require rest without 
reducing livestock numbers or overstocking other land areas. 
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Abstract 

Recent concerns about range condition measures are not the 
first concerns about measuring the health of rangelands. To exam- 
ine why change has not occurred in this area, this paper explores 
the historical development of the range condition concept in the 
context of the life cycle of a scientific theory. Dyksterhuis’ contrl- 
bution and significant impact on the concept of range condition 
reflects the close tie between an underlying ecological theory of the 
time, that grazing alters species composition in a predictable 
manner, and his fleid method which measured that change as the 
difference between the relative composition of the current and 
climax vegetation. The evolution of the range condition concept 
differs in significant ways from the evolution of scientltlc theories 
such as Ciements’cllmax theory. These differences include the lack 
of an intellectual center for research on range condition and reflect 
the institutionalization of technology to measure range condition. 
Success of alternative models for range condition may require an 
underlying theory lied to a field method to successfully capture 
the consensus of the range community. 

Key Words: history of science, range health, succession, climax, 
multiple steady states 

Recent interest in the assessment of rangeland health has lead to 
the establishment of 2 committees with the objective of improving 
rangeland inventory measurements (Busby 1991, Smith 1991). 
These committees are not the first to raise concerns about the 
health of rangelands, inventory methods, or the measurement of 
range condition (GAO 1982, Smith 1896, U.S. Senate 1936). Yet 
amidst these concerns, the range science and management com- 
munity continues to teach range condition measures (Heady 1975, 
Stoddart et al. 1975) and to use range condition as the standard for 
health (USDA SDS and Iowa State Univ. Statistical Lab. 1987, 
USDI BLM 1988). Why did recommendations of earlier commit- 
tees not initiate change, if change was prescribed? Why has the 
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concept of range condition been retained within the range science 
and management community for so long, if change is needed? 

Philosophers of science espouse the idea that scientific know- 
ledge progresses, not as a simple aggregation of objective state- 
ments, but rather by the complete abandonment of earlier theories 
and the adoption of a new theory or model (Crane 1972). While we 
sometimes think of theories as all encompassing, such as a unified 
field theory in physics, the diversity of different research fields 
within a major area of research reflects different theoretical mod- 
els. Ideas are born, cast into the investigative milieu, mature, and, 
in dying, give birth to new scientific ideas. This life cycle of ideas 
has been given structure by historians of science. An analysis of the 
range condition concept, as a scientific idea, may offer insight into 
the historical role of change in the development of the range 
condition concept. This paper will review the life cycle of the 
climax and succession theory developed by Clements (1916) and 
examine the historical development of the range condition con- 
cept. Implications to the evolution of the range condition concept 
will also be addressed. 

Intellectual and Social Development of Research Fields 
Crane (1972) described the development of a research field as a 

2-step process: (1) the development of an “innovation,” either 
theoretical as in the postulation of a theory or technical as in the 
development of a new technique, and (2) the diffusion of this 
innovation to other scientists. The innovation is contrary to cur- 
rent theories or accepted models within the discipline and, as such, 
represents a discontinuity in the development of the current major 
theories. The innovation represents “a novel orientation toward 
the phenomena and a new methodology for solving a class of 
problems” (Tobey 1981, p. 113). This contrary idea establishes 
tension within the field. The second step, the diffusion of this 
innovation, occurs through personal contact, instruction, estab- 
lishment of training and degree programs, collaborative research, 
and publication. 

According to Crane (1972), the intellectual development of a 
new research field involves 4 stages. Stage 1 is the period in which 
the innovation is first proposed and discussed within the scientific 
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community. Within stage 2, scientists tackle problems using the 
innovation. This period has been referred to as “normal science” 
and is usually initiated by the publication of a seminal work 
describing the innovation. Stage 3 reflects the period when some 
problems are solved and other problems (anomalies) appear that 
cannot be solved by the application of the innovation. In stage 4, 
the research field disappears, a result of increasing controversy 
associated with the anomalies, or exhaustion of the field’s problems. 

Paralleling the intellectual development is the social develop- 
ment of the research’s field. Within stage 1, the scientific commun- 
ity interested in this research is small and has little social organiza- 
tion. As more scientists investigate the innovation, groups of 
collaborators develop. This scientific network has been referred to 
as the invisible college, because institutional affiliation does not 
identify the research field. The institutional development is strong- 
est within the normal science stage, stage 2. Within stage 3, the 
community fragments as problems are solved or not solved and, 
finally in stage 4, the community disintegrates. 

The pattern of these stages is reflected in the logistic curve of the 
cumulative number of publications within the research field (Crane 
1972, Tobey 1981). In stage 1, publication output reflects the small 
size of the invisible college (Fig. 1). Within stage 2, increased 

Stage 1 Stage 2 Stage 3 Stage 4 

Fig. 1. Cumulative numbers of published articles associated with each 
stage in the life cycle of a reseuch field (after Tobey 1981). 

collaborations, graduate training, and general acceptance result in 
an exponential rise in numbers of publications. As problems are 
solved, fewer problems remain. Problems not solved increase con- 
troversy and disinterest in the innovation. The rate of increase in 
publications declines in stage 3. Finally, few publications appear in 
stage 4 as little research is undertaken. 

Intellectual and Social Development of Succession and 
Climax Theory 

Tobey (1981) described the life cycle of the climax theory of 
Clements using the above model. A brief characterization of the 
stages for this theory follows. 

The Innovation; Stage 1 
In the early 1900’s, Clements proposed that vegetation was 

dynamic, constantly changing, and, like an organism, reproduced, 
grew, matured, died, and reproduced itself. This theory contrasted 
to the then-prevalent view that vegetation was static and unchang- 
ing (McIntosh 1985). Clements (1905) also developed a field tech- 

nique where composition (number of individuals by species) and 
structure of the vegetation were recorded within a quadrat. The 
practice then current in field botany was to describe vegetation 
with species lists compiled during walks through large areas. 

Clements and his major professor, Bessey, initiated a new way of 
synthesizing plant community dynamics (Tobey 198 1). Tobey cited 
the start of this innovative period as 1895, one year after Bessey 
arrived at the University of Nebraska. By 1916, many scientists 
who studied under Clements at the University of Nebraska were 
using his methods to discover ideas about natural ecosystems, 
publishing their research results (Fig. 2), and disseminating this 
scientific and methodological approach. 

I- 

,- 

,- 

I- 

Fig. 2. Cumulative number of articles associated with the “climax” 
research fleld (after Tobey 1981). 

Normal Science; Stage 2 
In 1916, Clements published his seminal work entitled Plant 

Succession: an Analysis of the Development of Vegetation. His 
successional theory rested upon the assumption that vegetation 
could be classified into “formations” representing a group of plant 
species acting as an organic entity. The formation was “the climax 
community of a natural area in which the essential climatic rela- 
tions are similar or identical”(Clements 1916, p. 126). All succes- 
sional units within a region developed along 1 linear path toward a 
single formation, determined by the climate. This theory of vegeta- 
tion dynamics has been referred to as the mono-climax theory. 

In the innovation stage, the ideas were tied solely to Clements; in 
the normal science stage, these ideas diffused throughout the aca- 
demic community. The University of Nebraska, even after Cle- 
ments left, was the intellectual center for this theory (McIntosh 
1985, Tobey 1981). Collaborative research efforts tied the Univer- 
sity of Nebraska to other Great Plains schools such as Kansas State 
College and North Dakota Agricultural College. The influence of 
Great Plains researchers on the development of these successional 
ideas increased over the 1917-1941 period of normal science: they 
authored less than half of the most often cited literature of the early 
part of this period (1916-1929) but nearly 75% of the most often 
cited grassland ecology literature in the latter part (1929-1949). 

Tobey (1981) describes the community associated with the nor- 
mal science period as “tradition oriented, noncritical, closed to new 
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ideas.” While collaboration diffuses the new idea and method into 
the academic community, collaboration also indicates who is a 
member of the invisible college. By looking at authorship and 
citation patterns, Tobey draws a picture of a closed network. Of all 
multiple-authored papers, 42% were co-authored by F. Albertson, 
F. Clements, H. Hanson, or J. Weaver. Of all grassland ecology 
papers, 33% of all citations were to scientists within this field. 
Major external critics, such as Tansley at Oxford University and 
the plant sociologists of the Braun-Blanquet School, were not cited 
(Tobey 1981). This research community was primarily a self- 
referencing and inward-looking group. 

Competing Theories; Stages 3 and 4 
While Clements theorized that climate alone controlled climax, 

other scientists questioned the narrowness of this mono-climax 
description of a stable community. As early as 19 11, Cowles critic- 
ized Clements’ theory of primary succession (newly formed soils) 
versus secondary succession (denuded soils) as lumping similar 
causal factors. After extensive study of the tropical montane forest, 
Shreve (1914) argued that there were no means to determine which 
habitat was in the closest “adjustment to its own complex of 
physical conditions,” the regional “climax.” Gleason (1917) criti- 
cized the concept that a unit of vegetation was an organic entity. In 
1920, Tansley could not accept the assumption that edaphic factors 
cannot determine climax. 

Tobey (1981) demarcates stage 3 as the period 1942-1950 and 
stage 4 as 1951-1955 (Fig. 2). Even though external criticism had 
greatly undermined Clements’theory by the 1950’s, Tobey ascribed 
the Anal demise to Great Plains scientists reporting the inability of 
Clements’ theory to predict the consequences of the 1930’s drought 
on the Great Plains. 

In the external criticism of the climax theory during the late 
1940’s and early 1950’s, there were the beginnings of new theories 
on succession and community dynamics. The frustation of com- 
munity ecologists with then-current theory was expressed in 1947 
by AS. Watt (quoted by McIntosh 1985, p. 106), “It is now a half 
century since the study of ecology was injected with the dynamic 
concept, yet in the vast output of literature stimulated by it there is 
no record of an attempt to apply dynamic principles to the elucida- 
tion of the plant community itself and to formulate laws according 
to which it maintains and regenerates itself.” However, in 1953, 
Whittaker would cite more than 17 papers on divergent interpreta- 
tions of climax and succession. The external criticism suggested 
change in the climax theory, the internal research suggested 
change, and by the mid-1950s, community ecologists had left Cle- 
ments’ climax theory and were testing alternative theories. 

Intellectual Development of the Range Condition Concept 

Succession as a Factor in Range Research; The Innovative Period 
The first published reference to the utility of successional stages 

in range management was the paper read before the Botanical 
Society of Washington, D.C., 1 year after the appearance of Cle- 
ments’ seminal publication. In this paper, Sampson (1917) des- 
cribed knowledge of succession as “well nigh indispensable to the 
working out of a judicious system of management”(p. 596). Samp- 
son (1919) described how successional stages could be used to 
detect overgrazing, what plants were reliable indicators of over- 
grazing, and how these indicators could be used as guides in 
revegetation and the maintenance of forage. He tied successful 
revegetation to the degree of depletion of the soil, as long as other 
conditions remained constant, and cautioned that succession was 
best promoted by a grazing plan based on “the life history of the 
different species, and notably upon the time of seed maturity” (p. 
7). 

This application of successional theory allowed range scientists, 

much as it did grassland ecologists, to study the influence of 
grazing on plant communities within a theoretical framework. 
Clements (1916) identified livestock grazing as a factor initiating 
plant invasion and the processes of plant succession. Sampson 
(1923) went on to identify research areas important in understand- 
ing how grazing could be used to promote succession of range 
ecosystems: (1) the reproductive ecology of dominant plant spe- 
cies, including aggressive invaders; (2) the competitive ability of 
plants to establish soil cover under different grazing methods and 
without grazing on similar lands; (3) potential forage yield; (4) 
yearly variation in the productivity of the different vegetation 
types; and (5) the effects of different methods of handling the stock 
on successional replacement of undesirable (nonpalatable and poi- 
sonous) plants by palatable, nutritious, and high-yielding species, 
preferably perennials. These ideas of Sampson and the collabora- 
tive work of grassland ecologists such as Albertson and Weaver 
and with range scientists (Wasser 1977) fostered the development 
of a range research community studying succession, the use of 
indicator species, and the influence of grazing on rangeland vegeta- 
tion (Albertson 1937, Ellison 1949, Forsling 1931, Hanson and 
Whitman 1938, Hanson et al. 1931, Humphrey 1949, Humphrey 
and Lister 1941, Reid and Pickford 1946, Sampson 1919, Sarvis 
1920, Stoddart 1935 as referenced in Spence 1938, Weaver and 
Fitzpatrick 1932). 

Attempts to formalize the relationship between grazing and 
succession led to the development of terminology and methodol- 
ogy specific to rangelands. In the late 1930’s, Stoddart used the 
term “vegetative condition class” to describe successional stage 
(Spence 1938). McArdle et al. (1936) summarized Forest Service 
data using 4 range depletion classes, where depletion was relative 
to pristine range conditions. Attempts to officially define methods 
to determine range condition were made by the Interagency Range 
Survey Committee in 1937. The Committee adopted the range 
reconnaissance method of range survey, and numerous surveys 
were made during 1938 using this method. Disenchantment within 
the Soil Conservation Service (SCS) with this method initiated the 
development of other methods (Helms 1990). Within the Pacific 
Coast Region of the SCS, guides to determining range condition 
had been published for 16 different vegetation types by 1948. 
Condition class rating was defined on the basis of similarity to 
potential forage yield, composition of forage plants within 3 
groups (desirable, less desirable, and undesirable), amount of lit- 
ter, and erosion condition (e.g., Clark 1948). By 1949, Dyksterhuis 
complained that “there are many different bases for range condi- 
tion classification” and that “some no longer have the original 
ecologic basis.“The technical aspects of inventorying range health 
shifted the focus from the ecology of range ecosystems to tech- 
niques of measuring change. 

A Seminal Paper by Dyksterhuis; The Normal Science Period 
Dyksterhuis (1949) described a quantitative approach for assess- 

ing range condition. The standard for comparison was developed 
by establishing 3 classes of plant species (decreasers, increasers, 
invaders) based on their response to grazing. The relative composi- 
tion of the 3 classes shifted as the vegetation regressed from climax 
to a disturbed state. Relative coverage of plant species within these 
3 classes was estimated in the field and compared to standard cover 
values for that location. Different sites required different standards 
for comparison. 

The critical differences in approach between this paper and 
earlier papers attempting to quantify the condition of rangeland 
were that all plant species could be grouped as to their response to 
grazing and the temporal change of these groups was continuous 
and measurable. According to Dyksterhuis (1949) his range condi- 
tion concept differed from other current ideas because: 1) site 
classification was not dependent upon current vegetation; 2) forage 
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production was considered a basis for range condition classfica- 
tion; 3) empirical groups of plants were replaced with an ecological 
classification, and 4) the widely used concept of forage density was 
replaced with “the quantitative relations of vegetation based on 
total annual forage production.” 

Dyksterhuis incorporated not only successional theory into his 
concept of range condition, but also research on plant indicators. 
He broadened the idea of climax beyond that of Clements (1916) to 
include edaphic or physiographic climaxes (Dyksterhuis 1958). He 
referred to the different climaxes as “sites,*’ and the term “range 
site” came to be associated with different types of climax vegeta- 
tion. While individual plant indicators had long been associated 
with certain successional stages, he offered a simplication: 3 kinds 
of species within the plant community, that were of distinctly 
different value to grazing managers. 

Holechek (1981) described the appearance of Dyksterhuis’paper 
as one of the 3 most important events that occurred during the 
1940’s in range management, stating that this paper influenced 
range management theory more than any other single publication. 
No other definition or explanation of range condition was as 
explicit or reproducible in the field. For instance, early guides by 
the Pacific Coast region of the SCS separated classes by highly 
qualitative differences, such as “rather heavy invasion” to repres- 
ent fair condition (Humphrey and Lister 1941). Later guides deve- 
loped within this region quantified classes by the presence or 
absence of plant species desirable as livestock forage (e.g., Clark 
1948). Ellison (1949) based range condition on soil stability and 
floristic composition, but did not offer a quantitative field method. 
The ties to the ecological literature and the quantitative aspect, as 
well as its use in the 1930’s and 1940’s by Oklahoma and Texas SCS 
conservationists (Dyksterhuis 1949), led to widespread acceptance 
of Dyksterhuis’ definition of range condition. 

The publication of Dyksterhuis’ 1949 paper signals the end of the 
innovation period, stage 1, in which the idea of range condition was 
proposed, and the beginning of the normal science period, stage 2. 
Publications after 1949 and into the late 1960’s explored the rela- 
tionship between range condition and insects (Nerney 1958) 
runoff (Leithead 1959), plant vigor (Goebel and Cook 1960), live- 
stock production (Cook et al. 1962), grazing management (Valen- 
tine 1967), and wildlife management (Berg 1966). More thanjust a 
methodological technique to determine overgrazing, range condi- 
tion was used as a stratification of the ecosystem in order to test 
whether hydrological, botanical, or physiological aspects differed 
across condition class. 

The late 1940’s and early 1950’s have other characteristics of 
normal science. The range condition concept was presented in the 
first range textbooks (Sampson 1952, Stoddart and Smith 1943). 
These first editions reference papers leading to the development of 
range condition and range site concepts but do not mention the 
papers critical of successional theories or climax, on which the 
concept rested (Smith 1989). This inwardly looking omission is 
typical of the normal science period. It is ironic that range scientists 
and managers were solidifying their use of climax while commun- 
ity ecologists were debating the very existence of community types 
and climax (e.g., Gleason 1939). 

To examine the development of range condition as a research 
field after 1949, articles published within the Journal of Range 
Management (JRM) were considered a sample of the larger field of 
range research, and those articles in JRMon range condition were 
taken to be indicative of the specialized field, range condition. 
Volume 1 was published in 1948, only 1 year before Dyksterhuis’ 
seminal paper appeared. The 1948-1982 index and the annual 
indices from 1982-1990 were searched for articles with keywords 
“range condition.” In addition, the titles of all articles were scanned 
for the words “range condition.“The use of keywords and titles is 

JOURNAL OF RANGE MANAGEMENT 46(2), March 1993 

similar to the methods of Tobey (1981). 
A total of 78 articles was published in JRM on range condition 

through 1990 (Fig. 3). More than half of these articles were pub- 
lished before the middle of the period, 1962. This rapid rise of 

J 
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Fig. 3. Cumulative number of articles on range condition published in the 
Joumaf of Range Manugemettt (squares with x’s) and in other sources 
(filled squares). 

publications is typical of the normal science stage. A segmented 
regression model (Seber and Wild 1989) of number of articles 
published against year r2 = 0.994) identified a significant break in 
the annual rate of publications in 1961. The slope over the 
1948-1961 period was 2.5 1 articles year-’ and the slope over the 
1962-1990 period was 1.30. Perhaps stage 2 ended and stage 3 
began in the early 1960’s. No transition between stages 3 and 4 
could be identified in the analysis; the slope of a 1980-1990 regres- 
sion was not significantly different from either a 1962-1979 regres- 
sion or the overall 1962-1990 regression. This raises the possibility 
that the changes in the field might not be reflected in JRM or that 
the field has entered stage 4 (Fig. 3) considering also that number 
of publications increased slowly after the 1950’s. 

Competing Theories; Stages 3 and 4 
Stage 3 should reflect fruitful research, or, at least, useful appli- 

cation of the range condition concept and, perhaps, the appearance 
of problems with the concept. Range condition was still being used 
as an organization construct in research after 1961 (e.g., Cook et al. 
1962, Berg 1966). However, different schools of thought on range 
condition were evident by the mid-1950’s (Costello 1956). Metho- 
dological concerns about the significance of erosion (Ellison 1949) 
and forage production (Humphrey 1949) in the determination of 
range condition were raised the same year Dyksterhuis’ paper was 
published. By 1962, range condition methods were not discussed 
nor was Dyksterhuis’ 1949 paper cited in a range reseach methods 
conference (Subcommittee on Range Research Methods of the 
Agricultural Board 1962). In another 1962 research methods con- 
ference, a committee report asked the question: “What attributes 
best express range condition and trend?” (USDA Forest Service 
1963, p. 14), implying not only that no definite answer was known 
but that range condition was viewed as an expression of several 
attributes rather than species composition alone. 

The decline in numbers of articles on range condition in JRM 
after 1961 may also reflect a shift in the focus of range research 
from describing the condition of range ecosystems to research on 
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more intensive practices. The period in the late 1950’s and 1960’s 
saw much research on vegetation change and brush control, range 
fertilization, range seeding, range spraying, and other types of 
range improvement (Holechek 1981). It is possible that the vegeta- 
tion changes resulting from these practices could not easily be 
described by a classification system designed to reflect successional 
change. 

To determine if the 1961 decline in rate of publications was a 
specific to JRM, a literature search was made of other sources of 
articles on range condition. Again, the keyword “range condition” 
and titles were used to obtain articles. Computerized literature 
searches included Biosis (1969-1991), Agricola (1970-1991), CAB 
Abstracts (1972-1991) Life Sciences Collections (19781991), 
Agris International (1974-1990), Zoological Record (1978-1990), 
and Scisearch (1980-1986). For publications prior to the compu- 
terized database, I searched references in textbooks by Sampson 
(1952), Stoddart and Smith (1943, 1955); Current Literature as 
reported in JRMoverthe 1961-1968 period; theses over 1955-1967 
reported in JRM, indexes in Journal of Forestry (1902-1990), 
Ecology (1920-1990), Ecological Monographs (1931-1990), Jour- 
nal of Wildlif Management (1937-1990), Agronomy Journal 
(1930-1990), and the Journal of Soil and Water Conservation 
(1946-1990); bibliographies such as Renner et al. (1938) which 
covered the literature from 1895 to 1933, Hickey (1977), and Beetle 
(1954); the National Agricultural Library card catalog covering 
1862-1965; Wyoming Range Management Issues (1948-1971); 
and references in Lauenroth and Laycock (1989). A total of 243 
publications outside of JRMwas obtained for the period 1895-1990. 

The trend in the cumulative number of publications outside of 
JRM paralleled the trend within JRMduring stages 1 and 2 (Fig. 
3). Articles on range condition appeared prior to the first issue of 
JRM, as is expected if Dyksterhuis’ 1949 paper in JRM marks the 
beginning of stage 2. The 1961 break in the range condition publi- 
cations in JRM contrasts with the relatively flat trend at this time 
in literature published in other sources. The curves separate in the 
early 1970’s, and the 1978-1990 annual average rate of publications 
on range condition in other sources was 7.5 articles year-’ com- 

* pared to 1.5 in JRM (Fig. 4). 
This rise in the 1970’s in published articles in sources other than 

JRM reflects international interest in the concept of range condi- 

1930 1940 1950 1960 1970 1980 1990 

Fig. 4. Number of publications on range condition published in the Jorr- 
nalofRungeManagement and in other sources, plotted as 3-year moving 
averages with symbols as in Figure 3 (after Tobey 1981). 

tion. During the 1961-1969 period, only 3% of all publications on 
range condition reported work conducted outside of the United 
States. During the 1970-1977 and 1978-1990 periods, the percen- 
tages were 38 and 36, respectively. U.S. scientists on sabbaticals or 
foreign assignments, foreign scientists visiting the United States, 
and students from foreign countries obtaining advanced degrees in 
the United States applied the concept of range condition to range- 
lands in other countries. Many of these international articles paral- 
leled the earlier articles on range condition in the United States, in 
that some explored the connection between range condition and 
ecological processes while others described the range condition of 
an area (Payne et al. 1972, Foran 1973, Demarchi 1973, Lendon et 
al. 1976, Torres et al. 1978). The First International Rangeland 
Congress was held in 1978, providing an opportunity for enhanced 
communication between international scientists. 

Slayter (1975) presented 3 reasons why range condition should 
not be used in arid Australian shrublands. The earliest paper 
presenting a general critique of the range condition concept was 
given at the First International Rangeland Congress (Smith 1978). 
Since then, critiques have attacked 3 assumptions that Smith 
(1989) identified: (1) climax is pristine vegetation in equilibrium 
with climate and soil, (2) climax is the only vegetation furnishing 
adequate soil protection and, therefore, is the most productive 
species composition for a given site, and (3) retrogression due to 
grazing stress and succession after removal of that stress are viewed 
as opposing and reversible linear responses. Scientists presented 
anomalies in very arid areas with highly erratic precipitation (Wes- 
toby 1980), areas dominated by exotic species (Westoby 1980), 
annual grasslands (Dyksterhuis 1949, Laycock 1991), forested 
lands (Dyksterhuis 1949, Hall 1978), areas having a long history of 
use where “climax”vegetation is not known (Westoby et al. 1989), 
and areas which do not revert to climax when management is 
removed (Slayter 1975). In addition, scientists faulted the range 
condition concept for its total dependency on botanical composi- 
tion (Wilson and Tupper 1982). Lack of an identifiable transition 
between Stages 3 and 4 in JRMpublications may be related to that 
observation that, with few exceptions, articles critical of range 
condition have been published outside of JRM. 

The second and third editions of the range textbooks by Heady 
(1975) and Stoddart et al. (1975), respectively, were published in 
1975, still without reference to papers critical of climax and the 
successional theories that underlie the range condition concept. 
Increased criticism coupled with the continued acceptance and use 
reflect the tensions of Stage 3. 

The 1980’s saw increasing numbers of workshops and publica- 
tions critical of the range condition concept. The role of range 
condition in federal land management was evaluated in a 1980 
National Research Council workshop (National Research Council 
1984). The Range Inventory Standardization Committee recom- 
mended in 1983 that the Society for Range Management not use 
the “vaguely defined term range condition.” Problems with the 
range succession model were addressed in 4 papers at the 1984 
International Rangeland Congress (Westoby et al. 1989). Short- 
comings of the range condition concept were addressed in an 
unpublished symposium at the 1984 meeting of the Ecological 
Society of America, and in symposia at the 1982,1985 (Lauenroth 
and Laycock 1989), and 1992 annual meetings of the Society for 
Range Management. Foran et al. (1986) described the ecological 
theory underlying the range condition concept as inadequate. 
Mentis et al. (1989) described a pardigm shift in South Africa 
where range science is moving away from equilibrium models. 

One indication of the passage to Stage 4 may be the Westoby et 
al. (1989) description of this “rethinking” of range vegetation 
dynamics as paralleling the earlier revision of successional theories 
by community ecologists. While Lauenroth and Laycock (1989) 
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both praised and criticized the concept, Scarnechia (1991) criti- 
cized the authors for focusing too much on criticisms and not 
offering an alternative model. Nonequilibrium community dy- 
namics, alternative steady states, and transition thresholds have 
been offered as components in alternative theoretical models for 
range vegetation dynamics (Archer and Smeins 1991, Friedel1991, 
Laycock 1991). Amidst this criticism is the on-going use of the 
traditional method of determining range condition by federal 
agencies (USDA SCS and Iowa State Univ. Statistical Lab. 1987, 
USDI BLM 1988), and the consequent need to teach this concept 
to university students who are potential future federal employees, 
and to retain this concept in research and extension to support 
range management by federal agencies. 

The Potential for Change in the Range Condition Concept 

Lack of change in the range condition concept has been con- 
trasted with progress in ecological theories (Risser 1989). If treated 
as a theory, the development of the range condition concept differs 
from the development of the climax theory. Unlike the climax 
theory, which came to be associated with more researchers than 
Clements, the range condition concept remains associated with a 
single scientist, Dyksterhuis. In the climax theory life cycle, highly 
prolific authors linked a network of institutions. No set of prolific 
authors represented the invisible college of the range condition 
field. Only 6 authors published more than 1 article on range 
condition and no one wrote more than 3 articles on range condition 
published in JRM. No academic institution became the intellectual 
center for research on range condition, as the University of 
Nebraska was the intellectual center for climax theory. According 
to Crane (1972), this absence of a social organization may suggest 
that the research role was not institutionalized in the discipline. 
Researchers used range condition as an organizing principle dur- 
ing the 1950’s and 1960’s, but the lack of a social organization or 
invisible college may have limited the futher evolution of the theory 
underlying the range condition concept. 

Theories are rejected only when enough anomalies exist that 
cannot be ignored and an alternative theory is waiting in the wings 
to replace it. Anomalies have been cited where the assumptions 
that Smith (1989) identified fail. However, anomalies in the United 
States, primarily associated with marginal rangelands, are few. 
Alternative theories also allow the recognition of anomalies 
(Lightman and Gingerich 1991). International discussions of mul- 
tiple steady states resulted in a recognition of increasing numbers 
of anomalies. Still, this accumulation of anomalies based on scien- 
tific studies has been insufficient to bring about the universal 
rejection of the range condition concept. 

A research field evolves from the development of an innovation, 
either a theory or a method (Crane 1972). Clements offered both a 
new theory and a new method. Dyksterhuis’ success also reflects a 
close tie between a theory, that grazing can influence the succession 
of a community in a predictable manner, and a method that 
quantifies differences between the relative species composition of 
the current vegetation and the climax. Dyksterhuis’ method not 
only allowed extensive areas of rangeland to be assessed reliably, 
but also allowed management to be prescribed based on the predic- 
table nature of succession and its response to the grazing distur- 
bance. Historical as well as current range institutions have desired 
to assess the health of rangelands, and while these institutions have 
differed as to their methodological approaches, this fundamental 
premise of the predictable nature of succession has guided 
management. 

Standardization of the Dyksterhuis’ technique by the SCS 
caused widespread application, and probably the retention of the 
concept in teaching and extension. The lack of change in the range 
condition concept may reflect the lack of flexibility among agency 

technicians tied to institutionalized methods in contrast to inde- 
pendent researchers. If range condition is treated as technology, 
then the criteria for rejection, and the motivation for change, may 
be different than for scientific theories. Ecological theories are not 
as affected by institutionalization and the entire community can be 
engaged in the process of refining or evolving the theory/ method. 

The concept of range condition may evolve along with on-going 
research within the range community and in other ecological fields 
(Risser 1989). But this examination of the historical nature of the 
range condition concept suggests that future innovations will 
require an underlying theory linked to a field method in order to 
succeed and be widely accepted. Little attention has been given to 
the dilemma of applying the alternative theories to management on 
extensive areas of rangeland. Perhaps the range science commun- 
ity must connect technology to new theory before the range condi- 
tion concept can be replaced. 
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Abstract 

Methodology for assessing trend in range condition is still evol- 
ving. This paper demonstrates use of Dice’s community similarity 
coefficient, 2a/(2a + b + c), with communities present at 3 times and 
a notional community as a goal. Coefficients range from 0 (indicat- 
ing a complete lack of similarity) to 1 (indicating complete similar- 
ity). Similarity is classed as low (0 - 0.25), moderate (0.26 - 0.50), 
high (0.51 - 0.79, or full (0.76 - 1). Study of time-goal coeffrcent 
graphs is suggested for deciding whether trend is up, down, or 
static. Defining goals and lack of statistical tests are major limita- 
tions. The goal concept and use of data standardization are 
discussed. 

Key Words: change, intercepts, management goals, resource 
values, standardization 

Change is a reality of life on the range. Although modern range 
managers may use data derived from geographic information sys- 
tems and satellite imagery, the traditional job of assessing trend in 
range condition remains. But there is no common agreement on the 
best way to approach the task. Like others, the approach suggested 
in this paper has its problems, and methodology is still developing. 

Methods of analysis based on classification and ordination are 
being developed (Foran et al. 1986, Hacker 1983, Ratliff and 
Westfall 1989). Such approaches frequently involve computer pro- 
grams and complex calculations that require specialized training. 
The basics involve computing resemblance functions-single values 
expressing how 2 samples resemble each other or are dissimilar 
(Ludwig and Reynolds 1988). Such functions integrate differences 
between samples that are expressed individually by multiple 
variables. 

Coefficients of community similarity are resemblance functions. 
They express how nearly 2 communities resemble each other. 
Some are relatively easy to compute and understand and appear to 
offer a comparatively simple approach to trend assessment. The 
objectives of this paper are to demonstrate and to stimulate 
research on the use of such a coefficient for that purpose. 

Similarity 
Community similarity is frequently used in plant ecology to 

compare different stands. The coefficients of Dice, Jaccard, and 
Ochiai are recommended when species presence-absence data are 
used (Janson and Vegelius 1981, Ludwig and Reynolds 1988). 
However, species quantities may also be used (Mueller-Dombois 
and Ellenberg 1974). A coefficient of 0 indicates complete lack of 
similarity (there are no common species or values), and a coeffi- 
cient of 1 indicates complete similarity (all species or values are 
common). Both extremes are unlikely, especially when a specific 
site is monitored over long time periods. 

Manuscript accepted 10 June 1992. 

Goal Concept 
The potential natural community (PNC), the highest develop- 

ment attainable under present environmental conditions without 
human interference (RISC 1983), may be the goal for a particular 
site. Like climax, however, PNC assumes succession and suffers 
from ambiguity in defining stages to a stable end state (Smith 
1989). 

As with the climax and PNC concepts, defining goals for differ- 
ent sites will stimulate debate. Nevertheless, management must 
have a goal; otherwise it is without direction. A goal is the stand- 
ard, reference, or benchmark of comparison for communities pres- 
ent at different times; it is a community having desired characteris- 
tics. Whatever the goal, it must be defined by the variables used in 
assessing the actual community and be within reach of management. 

A goal may thus be the PNC or a community of high value to a 
specific animal species, or aesthetics, or watershed protection, or 
forage production, or some combination of resource products. 
While not ecologically desirable perhaps, the goal conceivably may 
be a low successional but stable community. Such a community 
may be desired or at least needed for specific products, or it may be 
accepted as a goal because management cannot effect change to a 
more desired state without a major input of off site resources. 

Trends 
Trend is directional change (RISC 1983) and will indicate 

whether the goal is being approached. Coefficients of community 
similarity can be used to place stands along a single axis. Over time, 
therefore, the positions of the communities present on a site will 
indicate trend relative to the goal. For example, the axis may 
represent a sere with climax or PNC being the desired end point. In 
that case the degree of similarity to PNC indicates the ecological 
status of the present community (RISC 1983). As suggested, the 
desired end point or goal can relate to a resource value. In that case 
the degree of similarity indicates the status of the present commun- 
ity relative to that desired for producing a given product or mix of 
products. 

The communities present at successive times of assessment may 
be judged against the goal by using time-goal similarities; they may 
be judged against each other by using time-time similarities. Time- 
time similarity coefficients aid understanding of fluctuations and 
assessment of trends indicated by time-goal similarities. 

Methods 

Community Similarity 
Coefficients indicate the proportional amounts of similarity 

between communities, and those of Dice, Jaccard, or Ochiai will 
serve equally well. That of Dice [D = 2a/(2a + b + c)] is used because 
of its mathematical equivalence to Sorensen’s coefficient, which is 
better known (Wolda 1981). I prefer Dice’s formulation to 
Sorensen’s because the factors (a, b, and c) refer to cells of a 2 X 2 
table, as common in enumeration statistics. Factor values may be 
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numbers of species. When they are species quantities, however, “a” 
is the sum of the values common to both communities, i.e., the 
smaller of each pair. 

Four equally proportioned similarity classes were suggested for 
judging the status of a community relative to the PNC (RISC 
1983): early seral(0 - 0.25), midseral(0.26 - 0.50), late seral(O.51- 
0.75), and PNC (0.76 - 1). As a convenience, I used those propor- 
tions. In order to avoid confusion with successional terms, how- 
ever, I have called the respective similarity classes low, moderate, 
high, and full. 

Data 
I selected 3 data sets obtained at 5-year intervals by a modified 

line intercept technique. The plot was a belt transect 30.5 m long 
and 127 cm wide on the Harvey Valley grazing allotment of the 
Lassen National Forest, California. Plant species intercepts were 
measured on 100 line segments centered on and set perpendicular 
to the belt center. Total length of line measured each time was, 
therefore, 127 m. 

Goal 
For purposes of demonstrating the use of community similarity I 

took as my goal a notional community composed largely of silver 
sagebrush (Artemisia cana Pursh.) and Nevada bluegrass (Poa 
nevadensis Vasey ex Scribn.), with lesser amounts of other peren- 
nial grasses. Total live plant cover (60%) was represented by 76.2 m 
of intercept on the transect. Composition of the live plant cover 
was silver sagebrush (5%), meadow barley (Hordeurn brachyan- 
therum Nevskii.) (5%), mat muhly (Muhlenbergia richardsonis 
Trin.) (5%), Nevada bluegrass (3%), and bottlebrush squirreltail 
(Sitanion hystrix [Nutt.] J.G. (Sm.) (10%). Black sagebrush 
(Artemisia arbuscula Nutt.), basin sagebrush (A. tridentata Nutt.), 
cheat grass (Bromus tectorum L.), and perennial and annual forbs 
were not desired, although for a specific objective they may have 
been. 

When the goal can be well defined and a site has the potential to 
reach the goal, a narrow range of values (0.91 to 1 .O, for example) 
may be required for accepting full community similarity. 

Standardization 
Large quantities or dominance of a species (relative to others) at 

each measurement can mask the influence of important but rela- 
tively small changes in other species. To avoid or reduce the risk of 
such affects, each.row of data were transformed (standardized) by 
dividing all intercepts of a species by the largest (Ludwig and 
Reynolds 1988). In order to maintain the original relationships, 

i.e., the relation between amounts of species “s” at time 1 and 
species “s” at time 2, standardization was across all times and 
included the goal. Values for all variables then ranged from 0.0 to 
1.0. 

Results and Discussion 

Community Similarity 
An intercept is the distance occupied by a plant along a line. The 

sum of intercepts for a species on a given length of line may be used 
to compute its percent cover or composition or both. Here inter- 
cepts and their standardized values (Table 1) are used directly in 
computing community similarity. 

With abundant silver sagebrush and annual forbs, similarity was 
high for the times 1 and 2 communities, full for times 1 and 3, but 
only moderate for times 2 and 3 (Table 2). That effect was due to 
the intercepts of silver sagebrush. Between times 1 and 2 there was a 
marked decrease in silver sagebrush (the result of herbicide spray- 
ing) and annual forbs increased. The rapid recovery of silver sage- 
brush by time 3 brought its intercept to within 13% of that at time 1, 
but it was twice that at time 2. Annual forbs had virtually vanished 
along with meadow barley by time 3, but the increase in silver 
sagebrush counteracted their loss. 

Much ground must be captured by perennial grasses in order to 
reach the goal. Temporary perturbations, such as that caused by 
herbicide, may be needed to advance the site toward the goal-to 
break a state of suspended succession (Laycock 1989). 

With the overriding influences of silver sagebrush and annual 
forbs removed by data standardization (Table l), the picture of 
trend was more clear. While it may not always happen, the coeffi- 
cients of community similarity were in the order expected for a 
gradually improving resource (Table 2). 

Data sets may contain a mixture of different kinds of quantita- 
tive variables (species composition, herbage production, soil pro- 
perties, surface conditions, and plant heights, for example). Through 
data standardization techniques those variables necessary for valid 
assessments of trend for different resource values can be incorpo- 
rated into the coefficient of community similarity. Of course, only 
variables included at time 1 may be used in computing the similari- 
ties of that community and those of subsequent times. 

Assessment 
How large a difference between coefficients of community sim- 

ilarity is necessary to declare a significant trend? Given a large 
number of samples, “D” is approximately normally distributed, 
and when it is used to examine ecological association of 2 species, a 

Table 1. Species characteristics used to calculate coefftcients of community similarity for time-time and time-goal comparisons, Harvey Valley grazing 
allotment, Lassen National Forest, California. 

Characteristic 
Interceptsl Standardized* 

Time Time 
Species 1 2 3 Goal 1 2 3 Goal 

___________________cm____________________ 
Annual forbs 

__________--------P~opo~ion---------_______ 
1,309 2,365 3 0.553 1.000 0.001 

Basin sagebrush 64 1.000 
Black sagebrush 39 1.000 
Bottlebrush squirreltail 17 32 104 762 0.022 0.042 0.136 1.000 
Cheat grass 3 1.000 
Mat muhly 9 3 381 0.024 0.008 1.000 
Meadow barley 32 25 381 0.084 0.066 1.000 
Nevada bluegrass 4 5 2,286 0.002 0.002 1.000 
Silver sagebrush 5,276 2,290 4,600 3,810 1.000 0.434 0.872 0.722 

Totals 6,740 4,725 4,715 7,620 4.659 1.568 1.019 4.722 

‘Total transect length was 12,700 cm measured on 100 line segments. 
%tercepts/greatest intercept for the species. 
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Table 2. Factor values and community shnihuity coefficients (D) for time-time and time-goal comparisons, Huvey Valley grazing allotment, Lassen 
National Forest, California. 

Characteristic 

Species intercepts 

Factor 

: 
C 

D= 

l-2 

3,641 
1,084 
3,099 
0.64 

Time-Time 
l-3 

4,620 
95 

2,120 
0.81 

Comparisons 
Time-Goal 

2-3 1-G 2-G 3-G 

2,332 3,859 2,360 3,922 
2,383 3,761 5,260 3,698 
2,393 2,881 2,365 793 
0.49 0.54 0.38 0.64 

Standardized data 
: 

1.075 0.895 0.487 0.828 0.568 0.869 
0.493 0.124 0.532 3.894 4.154 3.853 

C 3.584 3.764 1.081 3.831 1.000 0.150 
D= 0.345 0.315 0.376 0.177 0.181 0.303 

confidence interval can be computed (Janson and Vegelius 1981). 
Most range related monitoring, however, involves only 1 transect 
or at best a nonrandom cluster of 3 per site. Because there is 1 
replication per time a variance cannot be computed, and statistical 
tests of change in community similarity are not available. The 
decision criterion must, therefore, be arbitrary. 

Trend can be represented by the change of site (community) 
position in ordination space through time (Foran et al. 1986). 
Though less rigorous, trend can also be assessed by observing a 
graph of the coefficients of each time with the goal or goals (Fig. 1). 

0.1 
1 

0.7 - 

0.6 - 

0.5 - 

0.4 - 

0.3 - 

0.2 - 

0.0 ; I I I I 
time 1 time 2 time 3 time 4 

Community assessment times 

7 

Fig. 1. Coefficients of community similarity for 3 hypothetical goals (2 
resource values, RVl & RV2, and the potential natural community 
[PNC]) with the communities present at 4 times of assessment. 

A basically flat line (or trajectory) indicates little or no change in 
the community on the site; hence, trend is static. Sharp changes 
indicate rapid change in the community. Rising lines indicate trend 
toward the goal, while falling lines indicate trend away from the 
goal. 

Defining the goals for different sites and lack of statistical tests 
of change are seen as the principal drawbacks to using community 
similarity in trend assessment. Working together range managers, 
ecologists, and others can set the goals and work out appropriate 
analyses. Doing so requires a willingness to get on with the job. 

Literature Cited 

Foran, B.D., G. B&in, and K.A. Shaw. 1986. Range assessment and 
monitoring in arid lands: the use of classification and ordination in range 
survey. J. Environ. Manage. 2267-84. 

Hacker, R.B. 1983. Use of reciprocal averaging ordination for the study of 
range condition gradients. J. Range Manage. 36:25-30. 

Janson, S., and J. Vegelius. 1981. Measures of ecological association. 
Gecologia 49:371-376. 

Laycock, W.A. 1989. Secondary succession and range condition criteria: 
introduction to the problem, p. I-15. In: W.K. Lauenroth, and W.A. 
Laycock (eds.), Secondary Succession and the Evaluation of Rangeland 
Condition. Westview Press, Boulder, Colo. 

Ludwig, J.A., and J.F. Reynolds. 1988. Statistical ecology...a primer on 
methods and computing. (With program diskette). John Wiley & Sons, 
N.Y. 

Mueller-Domhois, D., and H. Ellenberg. 1974. Aims and methods of 
vegetation ecology. John Wiley & Sons, N.Y. 

Ratiiff, R.D., and S.E. W&fall. 1989. Monitoring plant community 
change: an application of quadrat classification + discriminant analysis. 
Vegetatio 8&l-9. 

RISC: Range Inventory Standardization Committee. 1983. Guidelines and 
terminology for range inventories and monitoring. Rep. to Board of 
Directors, Sot. Range Manage. February 1983. Albuquerque, N.M. 

Smith, E.L. 1989. Range condition and secondary succession: a critique, p. 
103-141. In: W.K. Lauenroth, and W.A. Laycock (eds.), Secondary 
Succession and the Evaluation of Rangeland Condition. Westview Press, 
Boulder, Colo. 

Wolda, H. 1981. Similarity indices, sample size and diversity. Gecologia 
50:296-302. . 

JOURNAL OF RANGE MANAGEMENT 46(2), March 1993 141 



J. Range Manage. 
46:142-147, March 1993 

The constituent differential method for deter- 
mining live and dead herbage 

ROBERT L. GILLEN AND KENNETH W. TATE 

Authors are associate professor and former senior agricullurist. Agronomy Department, Oklahoma Stare Univer- 
sity, Stillwater 74078. _ ” 

Abstract 

Determination of live and dead herbage fractions from mixed 
herbage samples requires hand separation or specialized iabora- 
tory procedures. The constituent differential method is designed to 
determine the relative proportion of live and dead components in a 
mixture based on the difference in dry matter concentration 
between the components. Our objective was to evaluate several 
characteristics of the constituent differential method under geld 
conditions in tallgrass and mixed grass vegetation. Estimation of 
live standing crop by this method is most sensitive to the dry matter 
content of the total mixture and the dead component but becomes 
less sensitive as the difference between these variables increases. 
Time-of-day was not usually associated with dry matter content of 
the herbage components if sampling began after the herbage was 
thoroughly dry to the touch. Suggested sample sizes in large exper- 
imental units for estimating dry matter content are 40-50 samples 
for herbage mixtures, 10 samples for live herbage, and 5 samples 
for dead herbage. In 4 field trials the average value for percent live 
herbage determined by hand separation and the constituent differ- 
ential method differed by 1.6 percentage units, which was non- 
significant (P)O.lO). The constituent differential method is a rela- 
tively rapid and accurate method for determining live and dead 
herbage fractions. 

Key Words: dry matter content, forage sampling, live:dead ratios, 
tallgrass prairie 

The relative amount of live and dead material in herbage is an 
important variable for many studies including those involving 
dynamics of herbage growth and animal nutrition. Hand separa- 
tion is the most accurate and standard method of determining live 
and dead herbage fractions or species composition (Bonham 1988) 
but it is also the most time consuming and several alternative 
procedures have been devised. The major alternatives are pigment 
extraction (Hunter and Grant 1961, Lauenroth et al. 1980), point 
samples analysis (Heady and Van Dyne 1965), microhistological 
analysis (Johnson 1986), and the constituent differential method 
(Hunter and Grant 1961). All but the last of these alternatives 
require laboratory preparation of samples. 

The constituent differential method is designed to determine the 
relative proportion of 2 components in a mixture based on the 
difference in concentration of some constituent in the components. 
It was first used to determine the species composition of a 2-species 
mixture based on dry matter, crude protein, or calcium content 
(Cooper et al. 1957). Hunter and Grant (1961) used the method 
with dry matter content to determine live and dead fractions. In 6 
field trials, the average percentage of live material was 72% for the 
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constituent differential method compared to 66% for hand separa- 
tion. The authors noted the method was sensitive to surface mois- 
ture on the herbage, which limited its application in their region. 

We felt the constituent differential method had potential as a 
rapid procedure for estimating live and dead components of her- 
bage mixtures. However, the method needed more complete analy- 
sis before its full-scale adoption in our sampling plans. Our objec- 
tive was to evaluate the constituent differential method using dry 
matter content with respect to sensitivity to measurement errors, 
time-of-day effects, sample size requirements, and accuracy under 
actual field conditions. 

Study Areas 

Field sampling for the studies was done on several sites on the 
Oklahoma State University Research Range about 21 km south- 
west of Stillwater (36’ 3’ N, 97’ 14’ W) and the Marvin Klemme 
Range Research Station about 15 km southwest of Clinton, Okla- 
homa (35” 22’ N, 99” 04’ W). The climate is continental at both 
locations. Average precipitation at Stillwater is 83 1 mm with 65% 
falling as rain from May to October. Mean temperature is 15’ C 
with average monthly temperatures ranging from 2. lo C in Janu- 
ary to 27.8’ C in August (Myers 1982). Average precipitation at the 
Klemme Station is 663 mm with 79% received from May to 
October. Mean temperature is 16.1° C with average monthly 
temperatures of 3.2O C in January and 28.4O C in July (Moffatt and 
Conradi 1979). The average frost-free growing period extends 
from April to October and totals 204 and 206 days for Stillwater 
and the Klemme Station. 

All study sites at Stillwater supported tallgrass plant communi- 
ties in high seral condition. Major plant species included little 
bluestem[ Schizachyrium scoparium (Michx.) Nash], big bluestem 
[ Andropogon gerardii Vitman], indiangrass [ Sorghastrum nutans 
(L.) Nash], switchgrass [Punicum virgatum L.], tall dropseed 
[Sporobolus asper (Michx.) Kunth], and western ragweed [Am- 
brosiapsilostachya DC.]. Study sites at the Klemme Station sup- 
ported mixed grass plant communities in high seral condition. 
Major plant species included sideoats grama [ Bouteloua curtipen- 
dula (Michx.) Torr.], blue grama [Bouteloua gracilis (H.B.K.) 
Lag. ex Steud.], buffalograss [Buchloe dactyloides (Nutt.) Engelm.], 
silver bluestem [ Bothriochloa saccharoides (SW.) Rydb.), western 
ragweed, and curlycup gumweed [ Grindelia squarrosa (Pursh) 
Dun.]. 

Methods 

The constituent differential method is based on the fact that if 2 
herbage components differ in dry matter content their respective 
fractions in a mixture can be determined if the dry matter content is 
known for each component as well as for the mixture. This is a 
reversal of the calculation often used to balance livestock rations 
for protein or mineral content. Dry matter content of the mixed 
sample is a weighted average of the dry matter content of the live 

JOURNAL OF RANGE MANAGEMENT 46(2), March 1993 



Table 1. Description of abbreviations used in equations. 

Abbreviation Description 

DMT dry matter content of total herbage 
DMD dry matter content of dead herbage 
DML dry matter content of live herbage 
PCDF percent dead herbage in mixture, field weight basis 
PCLF percent live herbage in mixture, field weight basis 
PCL percent live herbage in mixture, dry weight basis 
TOTALF field weight of total herbage 
TOTAL dry weight of total herbage 
LIVE dry weight of live herbage 

and dead components. The weighting factor is the proportion of 
the field weight contributed by each component. The relationship 
can be written as (see Table 1 for abbrevitions): 

DMT = DMD*PCDF+DML*PCLF (1) 
100 

equation (9) with respect to each of the independent variables. The 
derivatives were then divided by percent live herbage to express the 
relative rate of change. These functions were plotted continuously 
over the normal observed range of 1 independent variable of 
interest while the other 2 independent variables were held constant 
at a few levels reflecting their normal range. 

Thirteen field trials were conducted to determine the possible 
effect of time-of-day of sampling on the method. During normal 
sampling activities for other studies, the time of day was noted 
when each pure live and dead herbage sample was collected. Time 
was converted to total minutes from midnight and correlated with 
dry matter percent for the live and dead herbage samples. Signifi- 
cant positive correlations would suggest the herbage was drying 
during the day, which could introduce bias into the calculations. 

Also, 

PCDF = (lOO-PCLF) 

Substituting equation (2) into equation (1) results in: 

DMT = DMD*(lCG-PCLF)+DML*PCLF 
100 

(2) 

(3) 

Sample means and variances for dry matter contents of herbage 
mixtures and live and dead herbage were calculated from several 
individual trials. Stein’s equation (Steel and Torrie 1980) was used 
to calculate the sample size required in each trial to estimate the 
mean with a deviation no larger than 5% of the true mean with P = 
0.05. These results were plotted in a cumulative frequency distribu- 
tion to assess the sample size required to meet the precision stand- 
ards over a range of conditions. 

Equation (3) can be rewritten as: 

PCLF = @MT--DMD) * 100 
(DML-DMD) 

In addition, 

(4) 

LIVE =m *TOTALF* _ DML 
100 100 

and, 

(5) 

PCL = LIVE* 100 
TOTAL 

(6) 

Inserting equation (5) into equation (6) gives: 

pcL = PCLF*TOTALF*DML 

TOTAL * 100 
(7) 

Equation (7) further simplifies to: 

pcL = PCLF * DML 
DMT 

(8) 

Four trials were conducted to test the methodology under field 
conditions. For the first 2 trials, thirty 0.1-m* plots were clipped to 
ground level and hand separated into live and dead fractions in the 
field. An additional 6 samples of pure live or pure dead herbage 
were collected over the time period the plots were being clipped. 
The pure samples were obtained by clipping herbage in the imme- 
diate vicinity of the clipped plots and hand separating into live and 
dead fractions. At least 20 g field weight of each component were 
gathered for the pure samples. All herbage samples were weighed 
in the field and re-weighed after being oven-dried at 45O C. The live 
and dead fractions were then calculated from the hand-separated 
samples and by the formulas for the constituent differential 
method. In the last 2 trials, forty-five 0.1-m* plots were clipped to 
ground level and weighed in the field. Ten pure live and dead 
samples were also collected and weighed. The plot samples were 
taken directly to the laboratory and hand-separated. All herbage 
samples were then oven-dried at 45’ C. Live and dead fractions 
were calculated from the hand-separated samples and by the for- 
mulas for the constituent differential method. All field weighing 
was done to the nearest gram with Pesola spring-scales. Dried 
samples were weighed to the nearest 0.1 g with an electronic 
balance. The null hypothesis that the difference in the live fraction 
estimated by the 2 methods was equal to 0 was tested using a r-test. 

Finally, inserting equation (4) into equation (8) results in: Results and Discussion 

PCL=(DMT-DMD) t DML * 1oo (9) 
(DML-DMD) DMT 

The dead fraction can be obtained by subtraction from the 
results of equations (5) and (9). Cooper et al. (1957) present equa- 
tions (4) and (9) but were not explicit in the complete derivation of 
the equations. 

Sensitivity Analysis 
The sensitivity of the constituent differential method will be 

discussed in terms of relative changes in percent live herbage in 
response to absolute changes in the 3 independent variables. Rela- 
tive change in the dependent variable expresses the seriousness of 
possible errors in measurement of the independent variables. 

Equation (9) indicates the percent of the total dry weight con- 
tributed by the live component can be calculated if the dry matter 
contents are known for the total mixture, the live fraction, and the 
dead fraction. These dry matter contents can, in turn, be calculated 
by obtaining field weights and oven-dry weights of the total her- 
bage and the 2 components. 

Sensitivity analysis was performed to determine the influence of 
the 3 independent variables-dry matter contents of the total 
herbage, live fraction, and dead fraction, on the accuracy of the 
method. The rate of change of the dependent variable, percent live 
herbage, was determined by calculating the partial derivative of 

The calculation of percent live herbage is most sensitive to dry 
matter contents of the total mixture and the dead herbage. Under 
certain conditions, percent live herbage can change as much as 11% 
in response to a l-percentage-unit change in dry matter content of 
the total mixture (Fig. 1). A similar change in dry matter content of 
the dead herbage can result in relative changes in percent live 
herbage as large as 8% (Fig. 2). Percent live herbage changes most 
rapidly when dry matter contents of the total mixture and the dead 
herbage are close together, especially when dry matter content of 
the total mixture is 65-70% and dry matter content of the dead 
herbage is below 85%. As the difference between these 2 independ- 
ent variables increases, the calculation becomes less sensitive. The 
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Fig. 1. Relative rate of change of the percent of live herbage in the mixture 
as a function of the dry matter content of the total mixture. 

response to dry matter content of the total mixture is not depend- 
ent on dry matter content of live herbage. 

The sensitivity to changes in dry matter of live herbage is fairly 
consistent over the range of observed conditions (Fig. 3). The 
response to dry matter content of live herbage is little affected by 
the level of dry matter content of dead herbage and is not affected 
by the level of dry matter content of the total mixture. 

When dry matter content of dead herbage is >!Xl% (the usual 
case), the relative change in percent live herbage in response to a 
l-percentage-unit change in dry matter contents of the total mix- 
ture or live herbage varies only from 4 to 6% over the range of 
observed values of these 2 independent variables. In the same 
region, the response to a l-percentage-unit change in dry matter 
content of dead herbage would be <4%. 

The sensitivity analysis has implications for field use of the 
constituent differential method since sensitivity can also be inter- 
preted as potential error. Accurate measurement of dry matter 
content of the total mixture and dry matter content of dead her- 
bage appears to be most important. The entire method is most 
vulnerable to error when the dry matter contents of the 3 fractions 
are most similar, especially when the dry matter content of dead 
herbage is <9%. This situation would most likely occur late in the 
growing season when the proportion of dead herbage in the mix- 
ture would be high. 

Effect of Time-of-Day 
Over a range of start times from 9:30 a.m. to 2:30 p.m. and 

duration of sampling from 1 hour 40 minutes to 6 hours, dry matter 
contents were not often correlated with time-of-day (Table 2). Five 
out of 26 correlations were significant (pIO.10). Between 2 and 3 
significant correlations would be expected by chance alone out of 
the 13 trials. It would normally be expected that dry matter content 
would increase over time as moisture dried on the surface of the 
herbage; but in 1 trial, 15 June 1989, the live component actually 
decreased in dry matter content over a 2-hour period. This suggests 
the dead component is more sensitive to time-of-day than the live 
component. The dead component would likely show more response 
to changes in humidity since it has no cuticle or external layers to 
retard moisture exchange with the atmosphere. Sampling started 
in these trials only when the herbage was completely dry to the 
touch. This appears to be an adequate guideline for minimizing 
time-of-day effects. 
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Fig. 2. Relative rate of change of the percent of live herbage in the mixture 
as a function of the dry matter content of the dead component. 

An essential requirement for using the constituent differential 
method is that the dry matter contents of the live and dead compo- 
nents do not change over the course of the sampling period. Bias 
will result if the dry matter contents are not constant. This would 
be especially serious if different treatments are sampled early and 
late in the day. The bias could be removed if the rate of change over 
time were known but this would greatly complicate the calcula- 
tions. Changes over days are not a problem if new dry matter 
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Fig. 3. Relative rate of change of the percent of live herbrge in the mixture 
as a function of the dry matter content of the live component. 

samples are taken daily. 

Sampling Variability 
The dry matter content of herbage mixtures tended to be higher 

for the mixed grass sites than for the tallgrass sites (Table 3). 
Variability as measured by the coefficient of variation was about 
equal between the 2 vegetation types. The more homogeneous 
components of live and dead herbage had much lower sampling 
variability than the mixtures. Of the pure components, the live 
fraction was more variable in dry matter content. 

Tallgrass 

Mixed Grass m-w_. 

Plots Required 

Fig. 4. Cumulative frequency distribution of sample size required to esti- 
mate the mean with a deviation from the true mean of 5% or leas with P q  
0.05 for dry matter content of herbage mixtures. Based on 72 field trials 
for tallgrass sites and 24 geld trials for mixed grass sites. 

A relatively high standard for sample precision, a deviation of 
<5% from the true mean with PzO.05, was adopted because of the 
sensitivity of the calculations to errors in the determination of dry 
matter content of the 3 herbage components. For the tallgrass sites, 
a sample size of 40 would meet this standard 86% of the time while 
increasing the sample size to 50 would meet the standard 89% of the 
time (Fig. 4). The mixed grass sites were slightly more variable with 
a sample size of 50 meeting the precision standard 83% of the time. 
These trials were conducted on grazed study units of 20 to 50 ha 

Table 2. Correlations between time-of-day and dry matter content of live and dead herbage components. 

Live Dead 
Date Start Duration N r P Slope’ r P Slope 

I5 Jung9 I:00 pm 155 IO XI.67 0.03 -4.5 a.45 0.19 
16 Jun 89 l2:30 pm 3:50 IO -0.10 0.75 - -0.26 0.45 
3 Jul89 I :30 pm 3145 8 -0.30 0.47 a.52 0.18 - 
6 Jul89 II:45 am 4:35 6 -0.50 0.30 - -0.10 0.83 - 
7 Jul89 I1:45 am 3:45 7 0.28 0.54 0.20 0.67 

17 Jul89 2:00 pm 3:30 8 0.22 0.59 - -0.52 0.19 - 
18 Jul89 11:OO am 6:00 8 0.87 0.01 0.9 0.64 0.09 1.1 
19 Jul89 IO:30 am 4:30 6 0.35 0.50 - 0.47 0.35 
4 Aug 89 9:30 am 4:15 8 0.10 0.83 0.69 0.06 2.2 

15 Aug89 2:30 pm 2:50 7 0.14 0.76 - 0.64 0.09 2.3 
20 May 90 1 I:25 am 3:40 7 0.33 0.47 - 0.20 0.68 
II Jun 90 1l:lO am 3:20 7 0.52 0.23 - 0.20 0.67 - 
1 Aug90 I:20 pm I:40 6 0.65 0.17 - 0.66 0.15 - 

lPercentag units per hour. 

Table 3. Mean and coeftkient of variation for dry matter content of herbage mixtures and the live and dead herbage components from repeated field trials. 

Component 

Mixture 
Tallgrass 
Mixed Grass 

Live’ 
Dead 

Number Sample size 
of trials per trial 

72 40-60 
24 44-50 
33 8 
33 8 

Dry matter content Coefficient of variation 
Mean Range Mean Range 

____________________________%____________________________ 

51 37-67 15 7-38 
65 51-80 17 9-31 
38 31-47 7 2-19 
91 78-99 4 l-13 

‘Live and dead samples from tallgrass. 

JOURNAL OF RANGE MANAGEMENT 46(2), March 1993 145 



Table 4. Field trials for determination of live berbnge by hand separation (H-S.) and the constituent differential method (C.D.). 

Date 

Standing Crop 
Dry Matter Content Total Live Live Herbage 

Live Dead Mixture H.S. C.D. H.S. CD. 

----_____________%_________________ ___________ 

16 May 88 
____________kg/ha ___________%__________ 

33.3 94.0 59.4 2640 840 840 31.7 31.9 
6 Jun 88 36.0 92.4 53.7 3860 1840 1780 47.8 46.0 

21 Jun 91 36.2 89.1 47.1 6340 3750 3870 59.1 61.1 
26Sep91 39.0 88.7 59.6 2450 790 940 32.0 38.3 

Mean 36.1 91.1 55.0 3820 1810 1830 42.7 44.3 

which encompassed a large amount of variability in standing crop, 
utilization, and 1ive:dead ratios. Sample sizes for dry matter 
determination of 40 to 50 are not a barrier because we clip these 
numbers of plots for our standing crop studies. Studies on smaller, 
more homogeneous areas should require smaller sample sizes for 
acceptable precision. 

Samples for the live and dead components require fewer obser- 
vations than the mixtures to adequately characterize dry matter 
content (Fig. 5). In 80% of the trials, the precision criteria were met 

Plots Required 

Fig. 5. Cumulative frequency distribution of sample size required to esti- 
mate the mean with a deviation from the true mean of 5% or less with P= 
0.05 for dry matter content of five and dead herbage components. Based 
on 33 field trials for both components. 

with 11 and 5 observations for the live and dead components, 
respectively. These sample sizes would not depend as much on size 
of the study area since they consist of pure components. However, 
if large areas are being sampled, it would be best to spread the 
samples over the entire area to avoid the small possibility of bias 
due to site differences or time-of-day influence. 

Accuracy in Field Trials 
The 4 field trials covered a wide range of conditions in terms of 

date, total standing crop, and percent live herbage (Table 4). The 
average value for percent live herbage determined by hand separa- 
tion and the constituent differential method differed by only 1.6 
percentage units, which is nonsignificant (DO. 10). Most of the 
error was associated with the trial of 26 Sep. 1991. Late in the 
growing season appears to be the time when the live and dead 
components are most thoroughly mixed. Many leaf blades consist 
of both live and dead material. This makes collection of pure live 
and dead samples more difficult and extra care must be taken in 
sorting. Earlier in the growing season, leaves are more likely to be 
all live or all dead even though live and dead leaves may be present 

on the same tiller. 
Hunter and Grant (1961) reported the constituent differential 

method using dry matter content overestimated the percent of live 
herbage by 6.4 percentage units in 6 field trials. When 1 trial was 
excluded because the herbage was noticeably damp when col- 
lected, the difference was reduced to 4.7 percentage units. Both 
values were statistically significant (P = 0.10). The percent of live 
herbage ranged from 55 to 85% in these trials. The constituent 
differential method overestimated the percent live herbage in 5 of 6 
trials, which would suggest problems with damp conditions. The 
authors indicated such conditions limited the use of dry matter 
content in the constituent differential method in their region. Our 
errors were smaller and the constituent differential method should 
give adequate results under our conditions. 

Conclusions 

The constituent differential method using dry matter content for 
the determination of live and dead herbage components is feasible 
and useful under our study conditions. The main advantage of the 
method is its small labor requirement. The only additional effort 
required beyond normal standing crop sampling is field weighing 
of clipped samples and collection of pure samples of live and dead 
herbage. Weighing adds 30 to 60 seconds for each plot. Collecting 
pure samples takes 3 to 7 minutes per sample depending on the 
availability of the 2 components in the specific sample area. These 
requirements are minimal compared to time already spent sam- 
pling for total standing crop. In the laboratory, additional time is 
only required to weigh the pure samples. Performing the actual 
calculations for percent live and dead or standing crop of live and 
dead requires no more than 30 minutes computer time per sam- 
pling date. Hunter and Grant (1961) found the constituent differ- 
ential method to be the most rapid method for determining live and 
dead standing crop. Another advantage is no special equipment is 
required for the constituent differential method. 

The successful application of the constituent differential method 
depends on several factors highlighted in this and other studies. 
First, the herbage must be free of surface moisture and the dead 
herbage must not have excessive absorbed moisture. We begin 
sampling when the herbage feels completely dry to the touch. This 
often limits sampling to the late morning and afternoon hours. 
Second, live and dead herbage samples must be as pure as possible. 
We believe this factor can be a major source of error if field 
personnel are not conscientious. We also recommend a minimum 
of 20 g of live or dead herbage be collected for each individual 
sample because field weights are only recorded to the nearest gram. 
Third, care must be taken to obtain accurate weights, especially in 
the field. If these factors are given proper consideration, the con- 
stituent differential method is a relatively rapid and accurate 
method for determining live and dead herbage fractions. 

146 JOURNAL OF RANGE MANAGEMENT 46(2), March 1993 



Literature Cited 

Bonham, C.D. 1988. Measurements for terrestrial vegetation. John Wiley 
& Sons, Inc., N.Y. 

Cooper, C.S., D.N. Hyder, R.G. Peterson, and F.A. Snevr. 1957. The 
constituent differential method of estimating species composition in 
mixed hay. Agron. J. 49:190-193. 

Heady, H.F., and G.M. Van Dyne. 1965. Prediction of weight composition 
from point samples on clipped herbage. J. Range Manage. 18: 144-148. 

Hunter, R.F., and S.A. Grant. 1961. The estimation of “green dry matter” 
in a herbage sample by methanol-soluble pigments. J. Brit. Grassl. Sot. 
16:4345. 

Johnson, M.K. 1986. Estimating ratios of live and dead plant material in 
clipped plots. J. Range Manage. 3990. 

Lauenroth, W.K., J.L. Dodd, and C.E. Dickinson. 1980. Aboveground 
biomass dynamics of blue grama in a shortgrass steppe and evaluation of 
a method for separating live and dead. J. Range Manage. 33:210-212. 

Moffat, H.H., and A.J. Conradi. 1979. Soil survey of Washita County, 
Oklahoma. USDA-SCS. 

Myers, H. 1982. Climatological data of Stillwater, Oklahoma. 1893-1980. 
Oklahoma Agr. Exp. Sta. Res. Resp. P-821. 

Steel, R.&D., and J.H. Torrie. 1980. Principles and procedures of statis- 
tics. McGraw-Hill Book Co., N.Y. 



J. Range Manage. 
46:147-151, March 1993 

Seasonal height-weight dynamics of western 
wheatgrass 
JOHN E. MITCHELL, ROBERT ELDERKIN, AND JAMES K. LEWIS 

Authors are range scientist, Rocky Mountain Forest and Range Experiment Station, Fort Collins, Colo. 80526; 
multiresource specialist, USDI Bureau of Land Management, Glenwood Springs, Cola. 81602; and emeritusprofes- 
sor, Dept. Animal and Range Sciences, South Dakota State University, Brookings 57007. At the time of data 
collection, Elderkin and Lewis were graduate research assistam and associate professor, respectively, South Dakota 
University. 

Abstract 

Vertical biomass distributions for western wheatgrass (Agro- 
pyron smifhii Rydb.) from 3 locations in western South Dakota 
were evaluated to determine effects of location, date, topographic 
position, past grazing history (vigor), and phenological develop 
ment. A linear, quadratic regression was used for model develop 
ment and testing, and analysis was by general linear hypothesis 
testing. All factors except topographic position were significant; 
however, only phenological development was useful in a general 
model for estimating utilization from the percentage of height 
remaining. This factor was best expressed in 3 leaf-classes of 2-4, 
5-6, and 7-10 leaves per tiller. Thus, height-weight relationships 
can be improved as a biomass predictor if separate regressions are 
used for these 3 phenological classes. 

Key Words: Agropyron smithii, utilization, vigor, leaf-class, 
growth form, mixed-grass prairie, South Dakota 

Determining forage utilization is a necessary element of manag- 
ing grazing animals on rangeland. Extended high degrees of use 
can affect the direction and rate of range trend, so utilization must 
be monitored if desired results are to be achieved (Heady 1975). 
Utilization is defined as the proportion of current year’s forage 
production that is consumed or destroyed by grazing animals 
(Glossary Revision Special Committee 1989). A number of 
methods are available to estimate herbage utilization (Cook and 
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Stubbendieck 1986), including the use of height-weight ratios. 
Plant height is easier to measure than biomass, which can approx- 
imate annual production at peak standing crop (Mitchell 1983). 
Because the 2 are strongly correlated, the height-weight method 
became an early management tool (Lommasson and Jensen 1938, 
1943). Although the inherent accuracy of the height-weight 
method has been questioned (Reid and Pickford 1941), most 
workers consider it to provide an acceptable estimate of utilization 
of perennial grasses (Bonham 1989). 

Developers and users of height-weight tables have generally 
assumed that the relationship for a given species does not vary with 
growth form, location, or plant height (McDougald and Platt 
1976). However, early work showed the existence of variation in 
height-weight ratios among growth forms (Clark 1945, Heady 
(1950). 

Little research has been reported on growth form variations in 
important range grasses, particularly a rhizomatous species like 
western wheatgrass (Agropyron smithii Rydb.). Western wheat- 
grass is a sod-forming, native, perennial with robust spreading 
rhizomes and mostly vegetative tillers (Johnson and Nichols 1970). 
Detling and Painter (1983) demonstrated that western wheatgrass 
has a different growth form when it occurs within highly grazed 
prairie dog colonies. From a management perspective, significant 
growth form differences should be identified with more easily 
recognized conditions, such as condition class, topographic posi- 
tion, or phenological state, in order to be useful in deciding upon 
specific models. This important topic has not been adequately 
investigated. 
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The objective of this study was to evaluate factors capable of 
influencing height-weight relationships in western wheatgrass, 
including date, location, topographic position, long-term grazing 
pressure, and a structural feature, the number of leaves per tiller. 
Due to the species’ asexual, rhizomatous growth characteristics, 
the experimental design focused upon individual vegetative tillers. 
As with other height-weight equations, the actual mean ungrazed 
height for the sampling population must be known for the model to 
be applied in the field. 

Methods 
Locations 

Height-weight data of western wheatgrass were collected during 
the summer of 1962 at 3 locations in South Dakota, all representa- 
tive of the northern mixed prairie (Singh et al. 1983). The Pierre 
Site (100°35’W, 44“22’N) was located about 15 km west of Pierre. 
The Cottonwood Site (101”52’W, 43O57’N) was on the Cotton 
Field Station, 15 km west of Phillip. The Antelope Site (103” 15’W, 
45’3O’N) was situated on the Antelope Field Station, approxi- 
mately 15 km southwest of Reva. 

The climate of the region is semiarid. Typically, the growing 
season begins during April, and lasts from about 170 days at 
Cottonwood to 190 days at Pierre. The long-term annual air 
temperature at Cottonwood is 8OC, while the growing-season air 
temperature averages 16“ C (Sims et al. 1978). The mean annual air 
temperature at Pierre is approximately 2OC warmer than at Cot- 
tonwood, while the Antelope location is 3°C cooler (unpublished 
data). 

Precipitation at Cottonwood averages 380 mm/year (Singh et 
al. 1983). It is slightly higher at Pierre, 430 mm/ year, and lower at 
Antelope, 320 mm/year (unpublished data). Precipitation was 
below normal at all 3 locations during 1961, the year before data 
collection. It was near normal, 385 mm, at Cottonwood in 1962 
and somewhat above normal, 600 mm and 390 mm, respectively, at 
Pierre and Antelope. 

Soils at all locations are mollisols. At both Cottonwood and 
Pierre, soils are derived from shales, providing weakly developed 
clays that are relatively low in organic matter. The soils at Antelope 
are alluvial, derived from very fine sandy loams. Upland topogra- 
phic locations are well drained, while areas of soil water accumula- 
tion are only moderately well drained. 

Field and Laboratory Procedures 
The experiment evaluated the effects of location, date, topogra- 

phic position, and vigor on the height-weight relationship of west- 
ern wheatgrass. With the exceptions listed below, stands represent- 
ing these combinations were identified and located before 
data were collected. Plants were sampled on the following dates: 
lo-16 June, 8-13 July, 5-10 August, and 1 l-15 September 1962. 

Vigor was defined on the basis of long-term grazing pressure. In 
this study, high-vigor plants came from a winter-grazed pasture at 
Cottonwood and a lightly grazed (utilization 5 35%) sheep pasture 
at Antelope, and low-vigor plants came from heavily grazed (utili- 
zation > 55%) pastures at the 2 locations. Only a high-vigor site 
was evaluated at Pierre. Because of a grasshopper infestation, the 
high-vigor pasture at Cottonwood could not be sampled in August 
and September. 

Both upland lowland topographic positions were sampled at 
Cottonwood and Antelope; only an upland site was evaluated at 
Pierre. 

Stands were selected, following the same logic later described by 
Daubenmire (1970), within each of the location-vigor-topographic 
position combinations. Stands were selected to minimize within- 
location variation while concomitantly representing their sur- 
rounding conditions. Eight macroplots were then randomly assigned 
within each stand. Macroplot size was governed by the density of 

western wheatgrass, and varied from approximately 3 X 3 m to 8 X 
30 m. Two macroplots were sampled on each of the 4 dates. 

Before sampling commenced, the distribution of leaf numbers 
per tiller was estimated using a paced transect in each macroplot 
and counting the number of leaves on the nearest healthy plant to 
each transect point. Transect length varied with macroplot size. 
Healthy plants were defined as those with ungrazed, live terminal 
shoots. On the first sampling date, 100 tillers were examined per 
macroplot. Only 50 tillers were observed on the other dates because 
of lower than expected variation in the number of leaves per tiller. 
After analysis, a target population of tillers with 2 to 10 leaves was 
selected for height-weight observations. This group comprised 
95% of all tillers observed. 

After determining the target population of western wheatgrass 
plants, 2 random transects were established on each macroplot. 
Ten points were systematically located along each transect, with 
the distance between points varying with transect length. The 
closest suitable tillers having each respective leaf number in the 
target population (2-10) were collected at each point for subse- 
quent measurements, The specimens were cut at ground level and 
carefully inserted in labeled collection tubes. 

The field data represented only a single growing season. This was 
common occurrence in experimental designs prior to the 1970’s. 
Two years of data do provide a minimal statistical measure of how 
repeatable means are over time; however, from a biological pers- 
pective an extra year of data for this study may not be more 
informative than estimates from 1 year. Requirements for long- 
term data appear to be positively correlated with how xeric abiotic 
conditions are (Miles 1979). Sharp et al. (1992) graphically demon- 
strated such a principle in the salt desert shrub zone of southern 
Idaho. Productivity of western wheatgrass in the northern plains is 
more uniform, except during periods of extended drought, because 
the species begins growth earlier than competing warm-season 
species and has the ability to extract soil water from throughout the 
solum (Majerus 1975). The average to above-average precipitation 
in the year of sampling, along with the degree of site variability in 
the original experimental design, allowed us to postulate that 
observed western wheatgrass tiller growth forms, as expressed in 
location and other stratified site variables, provided sufficient 
variation to allow management interpretation. 

In the laboratory, the total length of each tiller was measured 
from its base to the tip of the highest leaf and then segregated into 1 
of 8 equal 8-cm height-classes, ranging from 0 to 7.9 cm (height- 
class 1) to 56.0 to 63.9 cm (height-class 8). Within each height-class 
tillers were combined into groups, keeping the number of leaves 
per tiller constant within group. A maximum of 5 tillers was 
allowed per group, but the number of groups in a height-class was 
not limited. 

Next, the tillers were individually cut into 10 equal segments. 
The combined segments for each group were oven-dried at 104°C 
for 24 hours and weighed to the nearest 0.0001 g. A total of 1,243 
groups were weighed (Table I), and they became the experimental 
unit for data analysis. 

Data Analysis 
Initially, the segment weight data were combined so resulting 

predictive models would be on the basis of cumulative weight 
removed for the proportion of total height remaining. These 
cumulative weight removed/ height remaining data were deter- 
mined for each 10% of plant height within height-class, grazing 
treatment (vigor), topographic position, location, and date. The 
mean number of leaves per tiller was also a part of each group’s 
data record. Next, the cumulative weight data were divided by the 
total weight of their respective groups to normalize the data to a 
range of 0 to 1. 

Both multiple linear and nonlinear regressions were conducted 
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Table 1. Individual regression models of relative weight removed(Y) and relative height remaining(X), as modified by site, date, grazing history (vigor), 
and topographic position. Small letters designate significant differences (P< .Ol) between models, within groupings. Sample size (groups of western 
wheatgrass tillers) is denoted by n. 

Treatment Effect Model R2 sy.x n 
A. 

B. 

C. 

D. 

E. 

F. 

Site 
Pierre 
Cottonwood 
Antelope 

Date 
lo-16 June 
8-13 July 
5- 10 August 
11-15 Sept 

Grazing History (Vigor) 
Light Grazing (High) 
Heavy Grazing (Low) 

Topographic Position 
Upland 
Bottom 

Leaf-Class 
2-4 Leaves 
5-6 Leaves 
7- 10 Leaves 

All Variables 

E = 1.027 - .0150X + 4.36Ea5X2 
P = 1.039 - .0172X + 6.48E-O5X* 
y = 1.028 - .0158X + 5.02E-O5X* 

P q  1.027 - .0187X + 8.29E-O5X* 
P = 1.032 - .0161X + 5.39E-O5X* 
P q  1.035 - .0139X + 3.10E-05X* 
9 q  1.036 - .0138X + 2.94Ea5Xz 

P = 1.030 - .0155X + 4.85E-05XZ 
$’ = 1.033 - .0168X + 6.13E-05XZ 

? = 1.034 - .0162X + 5.47E-O5X* 
P = 1.029 - .0160X + 5.39E-O5X* 

P q  1.03 1 - .0184X + 7.86Ea5XZ 
P = 1.034 - .0168X + 6.10E-OSX2 
9 = 1.029 - .0141X + 3.37E-05X* 

P = 1.032 - .0161X + 5.43E-05X2 

a .980 .049 667 
a .979 .050 576 

.978 .05l I55 
,984 .044 422 
.978 ,051 666 

.993 .029 396 

.990 .034 382 

.986 .041 272 
,983 .045 193 

.979 .050 674 

.981 ,047 569 

,992 
.982 
.985 

.979 

.031 

.047 

.043 

.050 

272 
491 
480 

1,243 

to determine the best-fitting model for predicting the proportion of 
cumulative weight removed (Y) from the proportion of height 
remaining (X) across all variables. A quadratic model was most 
suitable because of its low residual error: 

P q  pot /31x + /32x2 + e 1 

The various treatment effects (date, location, topographic loca- 
tion, and vigor) were compared by testing the general linear 
hypothesis, 

Ho: &I- 812 = 0; &I - &z q  0 2 

where the second subscript refers to the jth model for each variable, 
separately, using the entire data set. All possible combinations 
were tested for location, which had a treatment size larger than 2; 
however, only contiguous dates were evaluated, based upon the 
premise that grass structure geometry changes evenly. The hypo- 
thesis test compares the ratio of the mean square due to the 
hypothesis to the summed mean squares of the individual models 
with an F distribution (Draper and Smith 1966): 

F = (SSW - SSR)/q 

SSR/(n - PI 
3 

where SSW q  residual SS from the pooled regression, SSR q  

summed residual SS from the individual models, n = total sample 
size (all models), p = number of variables (all models), and q q  p - 
number of variables (pooled model). 

The number of leaves per tiller ranged from 2 to 10. After 
preliminary analysis to empirically maximize between-group vari- 
ation, this variable was combined into 3 groups (2-4, 5-6, 7-10 
leaves), hereafter called leaf-class, and tested for significance as 
described above. In addition, the correlation between date and 
leaf-class was examined for redundancy as measures of plant 
growth. 

Following hypothesis testing, a general utilization model was 
developed for western wheatgrass in the northern mixed prairie 
that included the variables deemed significant in the statistical 
analysis. 
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Results 

Individual regression models for the different locations, sam- 
pling periods, grazing histories, topographic positions, and pheno- 
logical stages (leaf class) are shown in Table 1. Location changed 
the model for each of the 3 possible combinations (P < 0.001). 
Location effects integrate a myriad of abiotic factors, precluding 
them from being incorporated into a generalized height-weight 
model, so this source of variation was combined to make it repre- 
sentative of overall conditions in the northern mixed prairie. 

Seasonal development affected height-weight relationships in 
western wheatgrass for the first 3 sampling periods (P < 0.001). 
There was no apparent difference between the third and fourth 
sampling periods (P q  0.248), reflecting the structural stability of 
western wheatgrass after senescence. 

The effect of long-term heavy grazing (low vigor) caused the 
vertical weight distribution of western wheatgrass to be slightly less 
concentrated near the base of the tiller in comparison to long-term 
light grazing (high vigor) (P < 0.001). Topographic position did 
not exert an influence on the height-weight relationship of western 
wheatgrass (P = 0.136). Regression models for the 3 leaf-classes 
were all different (P <O.OOl). 

Expectedly, a strong positive correlation existed between date of 
sampling and leaf-class. Although both variables were significant 
when included in the same model, the standard errors of the 
estimate were essentially the same for the model containing only 
leaf-class and that containing date and leaf-class. We therefore 
decided that leaf-class should represent plant growth as an inde- 
pendent variable in model development, and date was dropped. 

When height-weight models based upon leaf-class were stratified 
by past grazing pressure, the 6 equations were different (P<O.OOl). 
Nonetheless, the practical application of these differences was 
marginal. Within all 3 leaf-classes, predicted differences in utiliza- 
tion for heavily and lightly grazed plants were always less than 2%. 

Thus, a single generalized model for western wheatgrass is pres- 
ented, based upon leaf-class as a phenological state (Fig. 1). Since 
the heavy and light grazing treatments represented extremes not 
usually recommended for proper management of mixed-grass 
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Fig. 1. Regression models for cumulative weight removed (%) of western wheatgrass based upon height remaining ($) and leaf-class, where leaf-class 
refers to the mean number of leaves per tiller. 

prairie in the northern plains (Lewis et al. 1956), combining them 
was expected to portray a more moderate grazing history. 

Discussion and Conclusions 
The significant factors we found to affect western wheatgrass 

height-weight relationships were location, history of grazing inten- 
sity, and seasonal plant development. Of these, location was only 
useful as an expression of spatial variation within the northern 
mixed prairie because it integrates a myriad of biotic and abiotic 
factors. The results demonstrate that utilization estimates for a 
particular location can always be slightly improved by calculating 
model coefficients using site-specific data. 

Past grazing history differences, although significant in our 
study, may not be important from a management perspective. The 
differences in utilization between the lightly grazed and heavily 
grazed pastures were smaller than those for differences in plant 
development. If exactly 60% utilization was desired at a growth 
stage of 4 to 6 leaves, for example, the estimated height remaining 
for a heavy-use pasture, 28.5%, is essentially identical to that 
estimated by the general model, 28.9%. 

Pastures that are lightly grazed on a long-term basis do not 
normally require accurate observations of utilization because criti- 
cal limits are never approached. However, height-weight relation- 
ships under light use can become important when managing land 
for wildlife habitat, such as for sharp-tailed grouse (Johnsgard 
1973). 

The effect of phenological development on growth form was 
most interesting, particularly the manner in which the number of 
leaves per tiller categorized into leaf class. According to our analy- 
sis, little change occurred before 5 leaves appeared, and the same 
static situation was evident after the seventh leaf emerged. 

A regression of leaf number with date indicated that this critical 
leaf-class of 5-6 leaves was most dominant in mid-July. Cid (1985) 
also demonstrated that apparent maximum western wheatgrass 
productivity occurs during this same period, when there are about 
6 leaves per tiller. The rate of increase preceding maximum produc- 
tivity, as well as the rate of decrease following it, are quite rapid 
(Redmann 1978), indicating a potential for greatest changes in 
plant geometry. Unfortunately, correlations between grass struc- 
ture and seasonal net productivity have not been directly studied. 

Two approaches to accounting for plant development, as mea- 
sured by leaf-class, were examined: Use of dummy variables in 1 
multiple regression, and use of 3 separate regressions. A single 
regression with dummy variables provides a simpler quantitative 
tool that can still account for variation due to a qualitative vari- 
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able, such as leaf-class (Draper and Smith 1966). However, the 
number of dummy variables required in a quadratic regression 
adds undesirable complexity to a tool designed for use in field 
offices. Therefore, separate regressions were used for the final 
model. 

Height-weight models give managers the ability to efficiently 
assess utilization throughout a grazing period. The method is 
nondestructive, can be accomplished in the field, and requires only 
sufficient cages to furnish an estimate of mean ungrazed plant 
height. The principal utility of the models presented in this report 
results from their depiction of how seasonal development of west- 
ern wheatgrass causes significant changes in the height-weight 
relationship. 
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Abstract 

Green herbaceous phytomass was measured in August 1987 in 
grassland and sagebrush-grassland communities of Yellowstone 
National Park and related to August 1987 Landsat MSS data. A 
linear model using MSS band 7 and the ratio of MSS bands 6 to 4 
accounted for 63% of the variance in green herbaceous phytomass 
on ground-truth plots (n = 25). Error in estimates of green herbace- 
ous phytomass was influenced by the relative amount of bare 
ground and the proportion of green to green plus dead herbaceous 
vegetation present at a site. The model was used to predict average 
green herbaceous phytomass in grassland and sagebrush-grassland 
communities across a 600 km2 portion of ungulate summer range 
in Yellowstone National Park for 11 years during 1972-1987 using 
additional Landsat MSS imagery. Green herbaceous phytomass 
declined seasonally from late July to early September. Annual 
deviations in green herbaceous phytomass from the 11-year aver- 
age, corrected for date of satellite overpass, were not significantly 
related to precipitation or temperatures during the growing season 
but were related quadratically to December-March precipitation. 
Below-average green herbaceous phytomass in years of low and 
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high winter precipitation may be related to the effects of snow 
accumulation and melt on phenological development (green wave) 
of plants across the summer range. Models based on MSS spectral 
data can provide useful descriptions of broadscale patterns of plant 
biomass in Yellowstone National Park but may not suffice when 
precise estimates are required. Climatic influences on plant phe- 
nology may confound the interpretation of results when spectral 
models are used to compare vegetation yield of forage availability 
among years. 

Key Words: biomass, Landsat, multispectral scanner, Yellow- 
stone National Park, ungulate summer range 

Traditional methods for estimating forage availability to ungu- 
lates such as elk and bison are not practical for application over 
large geographic areas. Yet such estimates are necessary if we are to 
understand the dynamics between wide-ranging ungulate popula- 
tions and their habitat (Strong et al. 1985). Spectral values 
recorded by the Landsat multispectral scanner (MSS) can be used 
to estimate vegetative characteristics, because foliage of plants 
differentially absorbs and reflects energy in the visible and near 
infrared regions of the spectra (Knipling 1970, Tucker and Sellers 
1986, Tueller 1989). 

Previous estimates of green phytomass made using spectral data 
have used near infrared and red wave bands in ratio (Colwell1974, 
Pearson et al. 1976a, Boutton and Tieszen 1983) or linear combina- 
tions to form vegetation indices (Tucker et al. 1981, Richardson 
and Wiegand 1977, Weaver 1986). Richardson et al. (1983) found a 
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Fig. 1. Location of field plots in Yellowstone National Park sampled to determine relationships between green phytomass and reflectance values remotely 
sensed by Landsrt multisuectral scanner and the Cache/ Calfee-Mirror Plateau study area (shaded) for which average green herbaceous phytomass was 
e&match during 1972-1687. See text for details. 

nonlinear relationship between a perpendicular vegetation index 
(PVI) and biomass of Cynodon spp. in Texas. Kauth and Thomas 
(1976) combined 4 MSS bands to form the soil brightness index 
(SBI), which establishes the expected reflectance of soils, and the 
green vegetation index (GVI) which is orthogonal to the soil index. 

Although Landsat multispectral information can provide useful 
indices to range vegetation, relationships for 1 site may not apply at 
other sites due to variation in range and soil conditions (Boyd 
1986). Therefore, reliable estimates require that the procedures be 
tailored to site-specific conditions. The purpose of this paper is (1) 
to describe a spectral model designed to estimate green herbaceous 
phytomass in grassland and sagebrush communities of Yellow- 
stone National Park using Landsat MSS spectral data, and (2) to 
evaluate the model for detecting annual trends in forage availabil- 
ity on ungulate summer range. 

the study area at elevations of 2,000-2,780 m. Sagebrush areas 
were dominated by big sagebrush (Artemisia tridentata Nutt.) 
communities with understories of bluebunch wheatgrass [Agro- 
pyron spicatum (Pursh) Scribn. & Smith] in dry areas and Idaho 
fescue (Festuca idahoensis Elmer) in mesic areas. Silver sagebrush 
(Artemisiu cuna Pursh)/ Idaho fescue communities were asso- 
ciated with stream banks and seeps. Idaho fescuelwheatgrass 
[Agropyron spicatum and A. caninum (L.) Beauv.] communities 
dominated at intermediate elevations. Grasslands occurred at high 
elevations and were dominated by Idaho fescue/ tufted hairgrass 
[ Deschampsia cespitosa (L.) Beauv.] and tufted hairgrasslsedge 
(Carex spp.). Elk (Cervus elaphus) and bison (Bison bison) are the 
most abundant ungulates in this area of the Park (Houston 1982). 

Model for Estimating Green Phytomass 

Methods 

Study Area 
The study was conducted in the northeast portion of Yellow- 

stone National Park with major focus on the upper Lamar, Cache, 
and Calfee River drainages and the Mirror Plateau (Fig. 1). Geol- 
ogy of the park has been described by Keefer (1972) and topo- 
graphy, vegetation and soils have been described by Meagher 
(1973), and Houston (1982), Despain (1990). Climate data from 
Cook City, Montana (Fig. 1) were used to characterize weather 
patterns. Annual precipitation at Cooke City averaged 67.0 cm and 
daily temperature in January and July at Cooke City averaged 
-10.3’Cand 13.9“C,respectively(U.S. Dep. Commerce 1970-1987). 

Our work focused on the sagebrush and grassland portions of 

In 1987, we assessed regression models to estimate green phyto- 
mass from vegetation data collected 9-21 August 1987 at 25 
ground-truth sites (Fig. 1) and Landsat imagery for 5 August 1987. 
Ground-truth sites comprised at least 2.7 ha (about 6 pixels of 
Landsat 5) of homogeneous vegetation. Phytomass was estimated 
using a double sampling approach (Wilm et al. 1944, Carande and 
Jameson 1986). At each ground-truth site, green herbaceous phy- 
tomass was estimated within fifty 0.18-m* microplots using either a 
capacitance meter (Neal et al. 1976), or, in remote areas into which 
the capacitance meter could not be transported easily, measure- 
ments of forb and grass volume (canopy coverage X average plant 
height). Ten of the 50 microplots on each site were clipped to 
ground level and clippings were separated into standing dead 
herbaceous material, green forbs, and green graminoids. A criter- 
ion of L 25% “green”was used to differentiate green from senesced 
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plants. Current growth of shrubs, consisting of new growth of 
twigs and all green leaves, was estimated with a capacitance meter. 
Readings of the capacitance meter were taken before and after 
shrubs were removed from the microplots (Morris et al. 1976). 
Shrubs removed from the plot were clipped of current growth. 

Clipped plant material was oven-dried at 100°C for 48 hours and 
weighed to the nearest 0.1 g. An average dry to wet weight ratio of 
0.70 (n = 50) was used to convert wet weight of standing dead 
herbaceous plants in each microplot to dry weight. Oven-dried 
weights of phytomass were regressed on capacitance or volume 
measurements and regressions were used to predict the dry weight 
of phytomass in the nonclipped microplots. Regressions of phyto- 
mass weights from capacitance meter readings explained more of 
the variation in green herbaceous phytomass (grasses plus forbs) 
(r2 ~0.73) than regressions of green forb (rr q  0.45) and green grass 
(r2 q  0.63) phytomass based on plant volume. Regressions of 
current growth from the difference in capacitance readings before 
and after shrubs were removed from a microplot, explained 68% of 
the variance in shrub current growth. 

Landsat data for 5 August 1987 were transferred from 
computer-compatible tape to the Map and Image Processing Sys- 
tem (MIPS) for data processing and display. Ground-truth plots 
were mapped on ortho-photo quadrangle maps in the field and 
transferred to 1:58,000-scale color infrared aerial photographs in 
the lab. Plot locations on the photographs were digitized using a 
Panasonic video display camera which allowed the image proces- 
sor to capture spectral information from the 3 spectral bands (red, 
green, IR). The computer image was aligned with the Landsat 
image to establish plot locations on the Landsat scene. Digital 
values of the 4 Landsat MSS bands were recorded for the plot 
location (2 pixels) and 4 adjacent pixels within the same vegetation 
community. The 6 values (2.7 ha) for each band were averaged to 
repesent the spectral signature of the ground-truth plot. 

Relationships between green phytomass at the 25 ground-truth 
sites and the MSS spectral values, linear combinations of the 

spectral values, and vegetation indices (Rouse et al. 1974, Kauth 
and Thomas 1976) for the sites were evaluated using least squares 
regression analysis (Kleinbaum and Kupper 1978). Three criteria 
were used to select the most appropriate regression model for 
estimating green phytomass from Landsat spectral data: a signifi- 
cant F value (p_v).O5), an explanation of at least 50% of the 
variance in the phytomass data, and the lowest standard error of 
the estimate. 

Annual Estimates of Green Herbeceous Pbytomnss 
Annual estimates of average green herbaceous phytomass were 

derived for the grassland and sagebrush-grassland portions of a 
600 km2 (Fig. 1) area of ungulate summer range during 1972-1986 
using additional Landsat imagery for 10 years and the 1987 phy- 
tomass model. This procedure followed a 3-step process. First, 
Landsat data for previous years were calibrated to 1987 imagery 
conditions. Adjustments included corrections for machine differ- 
ences in detector sensitivity and electronic gain among Landsat 
satellites (Markham and Barker 1987) and for environmental dif- 
ferences, such as sun angle and haze. Corrections for environmen- 
tal differences were made by selecting 4 reference areas that had 
little to no vegetation(e.g., bare rock, lakes, and travertine deposits 
near a hot spring) and regressing spectral values in 1987 against the 
values for the same areas in other years (Merrill et al. 1988). 

The second step involved the elimination of forests and clouds so 
that average estimates of green herbaceous phytomass for the 
study area represented only grassland and sagebrush-grassland 
areas. A principal component analysis (PCA), using spectral 
values for all 4 MSS bands, was performed on a “training area” 
within the study area to distinguish between forested and non- 
forested pixels. An appropriate threshold value, below which areas 
were classified as forests, was determined by visually comparing 
the display of the PCA index to forested areas on Yellowstone 
Park cover maps. The PCA index was then calculated for each 
pixel within the 600 km2 area. All pixels with a PCA value below 

Table 1. Green pbytomass (kg/ha), standing dead herbaceous phytomaas (kg/ha), current growth of shrubs (CC), and bare ground (% cover) at 25 sites 
sampled in Yellowstone National Park on 9-21 August 1987. 

Plot Total’ Green2 Shrub Green Green Standing Bare ground 
Number Green Herbaceous CG Forb Grass Dead Cover 

_________________________________kg/ha___-________-_------------------_ 

1 616.7 580.2 36.5 167.1 413.1 40.8 
2 1978.7 1193.6 785.1 366.1 827.5 104.2 
3 3153.9 3153.9 0.0 297.8 2856.2 165.7 
4 885.0 638.7 246.3 183.7 455.0 59.0 
5 960.2 960.2 0.0 267.6 692.6 121.4 
6 673.4 638.1 35.3 203.5 434.6 39.0 
7 1032.2 1032.2 0.0 138.9 893.3 79.9 
8 1077.4 1077.4 0.0 269.6 807.8 380.2 
9 694.8 694.8 0.0 178.5 516.3 101.6 

10 1087.3 1087.3 0.0 323.7 763.6 226.2 
11 838.6 838.6 0.0 276.6 561.7 123.2 
12 1521.5 1521.5 0.0 182.8 1338.7 555.3 
13 1536.8 1536.8 0.0 371.0 1165.9 369.9 
14 1020.3 1020.3 0.0 249.8 770.5 302.8 
15 1627.9 1627.9 0.0 481.5 1146.0 289.0 
16 576.8 530.8 46.2 60.8 469.9 107.4 
17 1180.8 964.7 216.1 224.4 740.3 208.9 
18 907.5 907.5 0.0 714.0 193.2 371.8 
19 946.0 946.0 0.0 260.9 685.1 232.4 
20 481.9 363.5 118.4 80.2 283.3 130.6 
21 1030.5 963.4 67.2 143.3 820.1 294.1 
23 684.9 684.9 0.0 212.2 472.7 510.6 
24 526.5 526.5 0.0 202.3 324.2 474.7 
25 778.5 778.5 0.0 236.8 541.7 316.7 

‘Total Green = green herbaceous phytomass lus current shrub growth (new twigs and all green leaves). 
Green Herbaceous = green grass plus green orb phytomass. P 

-%- 
22.2 
10.6 
3.3 

34.4 
31.7 

2.6 
2.1 
3.9 
7.1 
6.0 

12.0 
6.0 
2.4 
2.9 
6.3 

46.5 
11.9 
47.7 

3.0 
6.4 
1.6 
6.2 
2.6 
4.5 
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the threshold were omitted from our estimate of average green 
herbaceous phytomass. Similarly, pixels with a PCA value above a 
designated threshold were covered by clouds and were omitted 
from the estimate of average green herbaceous phytomass. 

Finally, calibrated spectral values were used in the model to 
obtain a pixel-by-pixel estimate of green herbaceous phytomass in 
the sagebrush-grassland and grassland portions of the study area 
for the 11 years for which we had Landsat imagery. Pixel values 
were then averaged across the study area to obtain an annual 
estimate of average green herbaceous phytomass for the same 
grassland and sagebrush-grassland portions of the study area. 

Results 
Phytomass at Ground-truth Sites 

Estimates of total green phytomass (herbaceous phytomass plus 
current growth of shrubs) on the 25 ground-truth sites sampled in 
1987 ranged from 482 to 3,154 kg/ ha (Table 1). At sites dominated 
by sagebrush, new twigs and leaves of shrubs averaged 28% of the 
total green phytomass. In grassland communities, grass comprised 
over 7% of green herbaceous phytomass, on average. Highest 
green herbaceous phytomass occurred on site 3, which was domi- 
nated by timothy (Phleumpratense L.). Forbs predominated only 
on the Buffalo Plateau where they comprised 79% of green her- 
baceous phytomass on 1 site. Percentage of senesced material in 
the standing crop averaged 20% (5-48%) of total phytomass (Table 
1). 

Green Phytomass Model 
Correlations between spectral bands, band ratios, or vegetation 

indices and green phytomass were generally weak (Table 2). 
Among the linear models we tested, no combination of MSS 
spectral bands or band ratios explained more than 50% of the 
variation in total green phytomass, current growth of shrubs, or 
green forb phytomass, while several indices explained 50% of the 
variation in green grass and green herbaceous (grass plus forb) 
phytomass. The equation which best met our criteria for model 
selection was: 

GHP = 2687 (MSS6/MSS4) - 87.68 MSS7 - 396.79 (1) 

where GHP is green herbaceous phytomass (grass plus forbs), r2 = 
0.63, P<O.OOl, S.E. = 350.5 kg/ha. Logarithmic transformations 
of our data did not account for more than an additional 1% of the 
variation in any of the models and were avoided due to additional 
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Fig. 2. Effects of bare ground (a) and plant senescence (b) on the percent of 
error in estimating green herbaceous phytomass of field plots in August 
1987 using Eq. 1. 

complexity of those transformations in our image processing 
system. 

Potential sources of error in our model are illustrated in Fig. 2. 
Green herbaceous phytomass predicted by equation 1 is frequently 
overestimated when the ratio of green herbaceous phytomass to 

Table 2. Linear correlation coefficients(r) between selected vegetation measurements and Landsat MSS bands values, band ratios, and vegetation indices 
(n q  25). NS Indicates P 2 0.05. 

Parameter Total green Green herbaceous Green forb 
Shrub 

CG 
% Cover’ 

bare ground 

MSS Band 4 -0.55 -0.64 
MSS Band 5 NS a.46 
MSS Band 6 NS 0.42 
MSS Band 7 NS NS 

RATIO MSS6/MSS4 0.42 0.57 
MSS6/ MSS5 0.42 0.56 

MSS7/ MSS4 NS 0.52 
VIZ NS 0.51 
TV13 NS 0.51 
GVI4 NS NS 
PVF NS 0.31 

‘Correlations are based on arcsine-square root transformations of percentage values. 
2Vegetation index: VI = (MSS7-MSSS)/(MSS7+MSS5), Rouse et al. 1974. 
‘Transformed vegetation index: TVI=SQRT(VI+O.OS), Rouse et al. 1974. 
*Green vegetation index: GVI = -0.42305 (MSS4) - 0.5054 (MSSS) 

+I).25689 (MSS6) Co.7068 (MSS7) 
‘Perpendicular index: PVI q  1.08 (MSS’I)/ 1.03 (MSS5-6) 

NS NS NS 
NS NS NS 

0.53 -0.42 NS 
0.51 -0.45 NS 

0.50 -0.42 NS 
0.44 -0.40 NS 

0.49 -0.45 NS 
0.44 -0.43 NS 
0.44 -a.43 NS 

NS NS NS 

NS NS NS 
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Table 3. Year and date of Landsat satellite overpass, Landsat satellite, total number of pixels within the Cache/Calfee-Mirror Plateau study area, total 
number non-forested pixels for which average green herbaceous phytomass (GHP) was estimated, number of pixels covered by clouds, and annual 
estimates of average green herbaceous phytomass (kg/ha). 

Year Date of 
Over 

Landsat 
satellite 

Total Area 
Pixels’ Area 

(no) (km2) 
1972 8/07 1 148992 
1973 8/20 1 148772 
1974 9/02 1 148480 
1975 8/10 1 146432 
1976 9109 1 147456 
1978 7125 3 145290 
1979 7129 2 204800 
1981 8123 2 204800 
1984 8112 5 204800 
1986 8/02 5 204800 
1987 8/05 5 204800 

‘Geometrically uncorrected pixel size (57 X 79 m): 1972-1978 
Geometrically corrected pixel size (57 X 57 m): 1979-1987 

Grasslands Cloud Cover GHP 
Pixels Area Pixels 

(no) (ka+) (no) (kg/ ha) 
671 57375 258 0 ‘7) 1409 
670 46671 210 4867 10 722 
669 42286 190 0 0 633 
659 46949 211 0 0 1707 
664 52902 238 0 0 913 
654 49173 221 0 0 1050 
665 68632 223 1917 3 1806 
665 58361 190 0 0 915 
665 70246 228 13813 20 964 
665 68726 223 1834 3 1592 
665 60529 197 3072 5 1204 

total standing herbaceous phytomass (green plus dead) is low and 
tends to be underestimated when bare ground is high. 

Annual Estimates of Green Herbaceous Phytomass 
Average green herbaceous phytomass in the grassland and 

sagebrush-grassland portions of the study area ranged from 633 
kg/ha in 1974 to 1,806 kg/ ha in 1979 (Table 3). A seasonal decline 
in green herbaceous phytomass was observed in relation to date of 
satellite overpass (Fig. 3). The following maxima function curve 
(Spain 1982) was fit to the 11 annual estimates: 

GHP = A x exp (nx) (2) 

where GHP = green herbaceous phytomass (kg/ ha) - 600, x q  julian 
dateof sampling- 100, A = 17,206, n=0.068,(rr=0.61, P<O.O5, n= 
11). The equation represents the average seasonal decline in green 
herbaceous phytomass from the end of July to the beginning of 
September for the 1 l-year period of the study (Fig. 3). Deviations 
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Fig. 3. Average green herbaceous phytomass (GHP) (kg/ha), estimated 
from Landsat MSS spectral data, for the grassland and sagebrush- 
grassland portions of the Cache/Calfree-Mirror Plateau study area dur- 
ing 11 years from 1972-1987. The dotted line represents the average 
seasonal decline in green herbaceous phytomass for the years of the 
study. 

in our annual estimates of green herbaceous phytomass from this 
average were quadratically related to December-March precipita- 
tion (r2 = 0.81, P < 0.01, Fig. 4). No significant relationship was 
found between deviations in annual estimates of green herbaceous 
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Fig. 4. The deviation in green herbaceous phytomass (GHP) (kg/ha)from 
the average seasonal decline in green herbaceous phytomass in relation 
to average December-March precipitation (cm). 

phytomass from the average and temperature or total precipitation 
during the growing season. 

Discussion 

Our estimates of green herbaceous phytomass in northeastern 
Yellowstone National Park are well within values reported for the 
habitat types we sampled (Mueggler and Steward 1980) suggesting 
that canopy spectra-reflectance in grassland and sagebrush- 
grasslands of Yellowstone National Park can be a useful estimator 
of green herbaceous phytomass. Although the precision of our 
model is comparable to those for other grassland communities 
(Boutton and Tieszen 1983, Weaver 1986), errors can be large and 
would limit the use of this technique in investigations requiring 
precise estimates. Boutton and Tieszen (1983) found that average 
percent error of the estimate increased as the proportion of live 
biomass of the standing biomass declined. Pearson et al. (1976b) 
found estimates of green phytomass from spectral models were 
unreliable when live or green vegetation comprised less than 30% 
of the total phytomass (green plus standing dead). We had no plots 
in 1987 on which green herbaceous phytomass was less than 50% of 
the total herbaceous vegetation (green plus standing dead) but 
found that green herbaceous phytomass was overestimated when 
the proportion of green to total (green plus standing dead) phyto- 
mass in a plot was less than 60%. Green herbaceous phytomass was 
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underestimated in plots with greater than 20% bare ground. Soil 
background signals can have an overriding effect on predicting 
vegetative conditions (Huete et al. 1984, Elvidge and Lyon 1985). 
We did not collect data on the spectral characteristics of soils at our 
ground-truth sites and in the future it may be possible to improve 
these estimates with corrections for soil reflectances. 

Estimates of green herbaceous phytomass indicated a rapid 
seasonal decline in green herbaceous phytomass from late July to 
early September in the Cache-Calfee/ Mirror Plateau area (Fig. 3). 
Most studies have reported positive, linear relationships between 
winter-spring precipitation and herbaceous yield in grassland and 
sagebrush-grassland communities (Craddock and Forsling 1938, 
Blaisdell1958, Whysong 1973). In this study, we found that green 
herbaceous phytomass in late summer was below the seasonal 
average when December-March precipitation was low or high 
(Fig. 4). Because spectral models like ours predict green, rather 
than total phytomass, we suggest that average green herbaceous 
phytomass was influenced by annual variation in phenology (green 
wave) which is determined by winter snow accumulation and tim- 
ing of snowmelt. When winter snow accumulations were low, 
snowmelt and spring green-up occurred early and plants cured 
early so that less green herbaceous phytomass was available in late 
summer than in years of average snow accumulation. Likewise, in 
years of heavy snowfall, the amount of green herbaceous phyto- 
mass measured in late summer was below average because snow 
melt occurred late, delaying phenological development. The quad- 
ratic relationship between variation in green herbaceous phyto- 
mass and winter precipitation we present is highly dependent on a 
few data points and it needs to be substantiated further. Yet, 
because we found no significant relationships between green her- 
baceous phytomass and precipitation or temperatures during the 
growing season, we hypothesize that the pattern of snow accumu- 
lation and melt is the dominant factor influencing phenological 
development in these high elevation grasslands. This hypothesis is 
consistent with the results of Frank (1990), who found that concen- 
tration of green biomass (mg cc-‘) at his field sites on the Cache- 
Calfee summer ranges was significantly related to days after 
snowmelt. Timing of snowmelt has been shown to influence phe- 
nology of plants in other high elevation grasslands of this region 
(Canaday and Fonda 1974, Weaver 1974). 

Snow accumulation and melt also may influence total yield, but 
this relationship does not seem to be a simple one. For example, in 
Montana, Weaver and Collins (1977) found a decline in herbace- 
ous yield of Festuca idahoensis/Agropyron caninum vegetation 
under snowbanks relative to driftless areas. They attributed 
reduced yield under the snowbank to a shortened growing season 
caused by late snowmelt, but similar ending dates to the growing 
season. Knight et al. (1979), however, found that prolonged snow- 
cover, due to artificial augmentation of snow in subalpine grass- 
lands in southeast Wyoming, decreased yield in wet meadows but 
increased yield in dry meadows. They suggested that additional 
water in dry meadows may have wet the soil to a greater depth than 
normal, thereby providing a greater supply of water for plant 
growth via deeper plants roots or capillary movement from below. 

In addition to climatic factors, Frank (1990) found that ungu- 
lates in this area can stimulate aboveground plant growth. During 
the period of our study, ungulate numbers increased to record 
highs (Singer et al. 1989). However, we did not find a correlation 
between ungulate population numbers and the deviation in green 
herbaceous phytomass from the mean in the years of the study, 
implying that ungulates were not affecting green herbaceous 
phytomass. 

We conclude that Landsat MSS data can provide estimates of 
green herbaceous phytomass in Yellowstone National Park that 
are useful for landscape questions (e.g., Merrill and Boyce 1991) 

but may not be precise enough for other purposes. It is possible 
that Landsat thematic mapper data may improve the precision of 
the phytomass estimates because more band options are available 
for model development. Nonetheless, annual variation in phenol- 
ogy may confound the interpretation of results when spectral 
models are used to examine trends in vegetation production or 
forage availability across years. 
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Abstract 

Managers and range scientists are interested in the response of 
such variables as forage production and animal performance to 
various environmental and management factors. Due to the inabil- 
ity to control many of the factors affecting range systems, produc- 
tion responses should include distributional information in addi- 
tion to their expected values. Recent developments in the estimation 
of conditional probability distribution functions provide the range 
scientist with a practical procedure to more fully characterize 
variable responses. The conditional probability distribution ap 
preach is applied to an analysis of forage production data from the 
literature. An illustration of the procedure in range decision analy- 
sis derives distributional information on animal performance and 
net return under several different steer stocking levels. 

Key Words: data, estimation, forage production, risk, range 
simulation 

A continuing problem in range management is the gap between 
the data that are necessary versus those which are available for 
analyzing alternative management strategies. For example, func- 
tional relationships between weather and forage production and 
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the response of range vegetation to different treatments and graz- 
ing regimes are seldom known with certainty. 

Management decisions must incorporate this uncertainty to 
avoid the very real possibility of economic disaster resulting from 
unanticipated drought, insect infestations, animal disease, or any 
of the myriad of environmental factors that can affect the range 
livestock operation. Many researchers have included stochastic 
elements in the models. Vantassell et al. (1987) simulated calf 
weights as a function of alternative management and weather 
variables, generating deviations from expected weights as a func- 
tion of assumedly normally distributed residuals from their esti- 
mating regression equations. Riechers et al. (1989) ignored even 
this use of limited distributional information available from least 
squares techniques, and used expected values of forage standing 
crop resulting from varying precipitation levels. Rodriguez and 
Roath (1987) considered different levels of forage production in 
their dynamic programming analysis of short run grazing man- 
agement decisions. However, each individual production level was 
assumed to be equally likely to occur. It is unlikely that production 
levels actually are uniformly distributed over the assumed range of 
values. 

This paper presents a procedure to directly incorporate stochas- 
tic response functions for forage production conditional on annual 
precipitation. A particular level of precipitation results not in a 
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given quantity of forage growth, but rather yields a distribution of 
possible growth responses. For example, 25 cm of precipitation 
may yield forage growth of less than 125 kg ha-’ with a probability 
of 0.10, less than 150 kg with a probability of 0.25, and so on. An 
application of the procedure is used to derive conditional forage 
production estimates from data reported in Sneva and Hyder 
(1962). The paper concludes with a simple example of the use of the 
conditional probability density function approach in ranch manage- 
ment. 

The Conditional Distribution 

The conditional distribution approach derives estimates of the 
distribution of the dependent variable (e.g., forage production) for 
a given level of 1 or more conditioning variables (e.g., precipita- 
tion, previous utilization, site condition). Several conditional dis- 
tributions have been explored in the literature (Taylor 1984, 1990; 
Nelson and Preckell989; Moss et al. 1991). Taylor’s (1984) univar- 
iate approach is adopted here for determining the conditional 
distribution of range forage production under different precipita- 
tion levels. 

Taylor (1984) advocates the use of a conditional distribution 
function based on the hyperbolic tangent function. The hyperbolic 
tangent and its derivative, the square of the hyperbolic secant, bear 
close resemblance to a cumulative distribution function (cdf) and 
its related probability density function (pdf), respectively (Fig. 1). 

l- 

0.6 .. 

0.6 _. 

: -2.5 -2 1.5 2 25 3 
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Fig. 1. Values of the hyperbolic tangent and the square of the hyperbolic 
secant. 

The following transformation of the hyperbolic tangent function 
yields values between 0 and 1, and can be used an an empirical cdf 
relating foraging yield Y to annual precipitation amounts R: 

F(Y/R) = 0.5 + 0.5 tanh [P(Y,R)] (1) 
where F(Y/R) is the conditional cdf of yield for a given level of 
precipitation, P(Y,R) is a polynomial function of Y and R, and 

tanh is the hyperbolic tangent function, tanh u = (e” - e-“) 
(e” + em”) 

Equation [ 1] describes a flexible cumulative distribution function 
on Y for any given value of R. 

Taylor (1984) points out that in field studies, as opposed to 
controlled experiment station trials, a range of values for Y is not 
observed for each distinct value of R. Consequently, similar values 
of the conditioning variable(s) must be grouped and the mean of 
the group can be taken as the single observation Ri for the ith 
grouping. The ri observations Yij, j=l ,...,ri, associated with the 
values of precipitation included in group i are then sorted in 
ascending order and assigned cumulative distribution values Zij 
equal to j(l/ ri), where ri is the total number of Y values for (pooled) 
observations Ri. 

Given these values of Ri, Yij, and Zij, the following relationship is 
estimated using ordinary least squares (OLS) regression 

zij = P(Yij,Ri) + tij (3) 
The degree of the polynomial and the number of interaction terms 
between Y and Rare determined by the researcher to give the most 
parsimonious relationship among the variables given the size of the 
data set. 

Taylor (1984) also points out that, given experimental data, the 
OLS estimates of the coefficients in [2] will be biased. This bias 
results because a nonstochastic variable, z, enters the regression as 
the dependent variable, and the stochastic variables, P(Y,R), are 
treated as independent variables. The independent variables are 
therefore correlated with the error term erj, giving rise to the biased 
OLS coefficient estimates. The OLS estimates can, however, be 
used as starting values in maximum likelihood estimation proce- 
dures (Greene 1990) to derive the unbiased coefficients. 

The pdf of the conditional hyperbolic tangent distribution 
results from differentiation of [ 11, 

f(Y/R) q  0.5 P’(Yij,RJ sech*[P(Ya,Ri)] (3) 

where P’(Yij,Ri) is the partial derivative of the polynomial function 
P with respect to Y, evaluated at the point (Yij,Ri). The hyperbolic 
secant of u, or sech u, is defined as the hyperbolic tangent divided 
by the hyperbolic sine. Using the definition of tanh u from above, 
sech u q  tanh u*[2(e” - em”)]. 

The likelihood function can thus be formed for the independent 
and identically distributed observations i and r: 

L(p) = II II 0.5 P’(Yij,Ri) sech*[P(Yij,Ri)] (4) 
i=t j=l 

For estimation of the coefficient vector /3, it is more convenient 
to rewrite [4] in logarithmic form: 

n ri 
InL(j3) q  (n 2 ri) ln(0.5) + C C ln[P’(Yiij,Ri)] (5) 

i=l i:l j:l 

n ri 
2 C C ln(sech[P(Yij,Ri)]] 

i=r j=l 

Maximum likelihood procedures are available in most statistical 
software packages for the direct maximization of equation [5]. 

Sneva and Hyder (1962) report annual precipitation and forage 
production observations as percentages of normal for various 
range sites representative of the Intermountain West. Eighty-eight 
paired observations were used to estimate an empirical distribution 
of forage and precipitation using the procedures outlined above. 

The following polynomial function was determined to be best 
among the alternatives evaluated. Maximum likelihood parameter 
estimates and their associated t-statistics (in parentheses) are 
reported below: 

u = P(Y,R) q  -0.1563 + 0.059OY - (6.304E-5)Y* - 0.0509R (6) 
(-0.400) (12.089) (-6.460) (-9.928) 

Use of [6] results in pdf’s that are conditional upon precipitation 
levels R (Fig. 2). Conditional forage yields corresponding to differ- 
ent levels of the cdf can be derived by inverting [ 1] and solving for Y 
for different values of cr’, the desired cdf value: 

a! q  F(Y,R) = 0.5 + 0.5 tanh (P(Y,R)) (7) 
= 0.5 + 0.5 (e” - em”) 

( > 
(e” + e-4 

Solving [A for u yields: 

u = 0.5 (In(a) - ln( 1 -a)) O-4) 

Since u is quadratic, Y, expressed as percentage of average forage 
production, can be solved for any specified values of (Y and R: 
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Fig. 2. Values of the probability density function for forage production for 
precipitation levels equal to 50,100, and 150% of normal calculated from 
substituting equation [6] in equation 91. 

y = -b f J b* - 4ac 
(9) 

2a 

where Y will be the 2 roots of the quadratic expression and, from 
the polynomial in [6], a = 6.304E-4, bz0.0590, and c=(-O.l563 - 
O.S(ln(cu)-ln( I-(u))-O.O509R). No difficulty was encountered in 
choosing the “more reasonable” of the 2 roots of this quadratic 
function in the empirical application. 

The value of the conditional pdf approach increases when obser- 
vations corresponding to a given level of the conditioning variable 
are not normally distributed. The hyperbolic tangent function, or 
any of the other distributional forms that have been used, preserves 
nonnormalities that are likely to arise in field research. Direct 
estimation of the mean and of higher moments of the forage 
production conditional upon precipitation levels can be obtained 
by performing the following integrations: 

E(Y) q  /z Y f(Y/R) dY, and (10) 
plr =b (Y-E(Y))’ f(Y/R)dY (11) 

where E(Y) is the expected level of forage production given R and 
c(k is the kth central moment of the distribution of Y. Solutions to 
[lo] and [ 111 can be obtained by use of numerical integration 
procedures. 

A Ranch Decision Making Application 
A relatively simple decision problem, and one that is commonly 

faced by ranchers of the Intermountain West, concerns the choice 
of purchasing short yearlings in the spring, grazing them through 
the season, and selling them as feeder cattle in the fall. One source 
of uncertainty confounding the decision is the amount of forage 
production that will be available and subsequent animal weight 
gains. Variation in expected forage production, as well as the shape 
of the cumulative distribution of forage availability, introduces a 
considerable amount of uncertainty into the likely net returns 
resulting from the stocker decision. Additional uncertainty sur- 
rounds rates of gain and animal forage intake, but this simple 
example will abstract from these other sources of risk. The distri- 
butional information relating precipitation and forage production 
obtained from evaluation of Sneva and Hyder’s data can provide 
some of the quantitative information useful in analyzing the 
stocker decision. 

It is assumed in this application of the distributional model that 
the rancher has 810 ha of improved range available to be grazed. 
Forage production in an average year is assumed to be 150 kg ha-’ 
of consumable forage. Production varies, however, depending 
upon precipitation totals. 

The rancher is assumed to choose the optimal number of days to 

grazing to maximize expected net return from the venture, evalu- 
ated over all possible states of nature. A state of nature in this 
example is defined as a particular outcome of the random variable, 
annual precipitation. Returns in this example are equal to the 
ending weight of the animal times the futures price reported in 
February, 1992 for October delivery, minus the initial purchase 
price of the steer. Ending weight is dependent on the number of 
days of grazing available which, in turn, is dependent on state of 
nature, or annual precipitation. Gain is approximated by a 
decreasing linear function of time on the range. Daily gain is 
assumed to be 1.36 kg day-’ initially, falling to 0.454 kg day-’ at the 
end of 5 months. Ending weight is thus a concave quadratic func- 
tion of days of grazing. 

The number of days of grazing available under each precipita- 
tion state of nature depends upon the total available forage, 
divided by daily consumption by the animals. Daily forage con- 
sumption is assumed to equal 2.5% of animal weight. The final 
functional constraint limits the number of steers by the total quan- 
tity of available forage under the most restrictive precipitation 
state of nature. 

The example problem can be expressed: 

30 
Maximize 2 Oj S(pfWj-paw,) (12) 

j=l 

subject to Wj - &Dj 5 W, for all j 
D._afj<O I for all j 

cs for all j 
c&S I afj for all j 

Parameter and variable definitions are presented in Table 1. 

Table 1. Parameter and variable definitions for the example problem. 

Variables Parameters 

Wj - Ending weight under j 0j - probability of precipitation state 
Dj - Number of days of use under j of nature j (=I / 30 

gj - daily gain (kg) of steer on S - Number of steers to purchase 
improved range (gj = pr - Future sale price (October feeder 
(1.36-0.0059 I&)) cattle futures price quoted for 

2 week of 2/ IS/92 

Cj _ daily forage consumption 
(2.5% of average animal 
weight over the season, 
or Ci = 

0.025* (m) 
2 

p0 - California price of 450 lb (204 kg) 
steer quoted on 2/ 15/92 

W, - Beginning weight (204 kg) _. 
a - hectares of range (810 ha) 
fj - conditional forage supply under j 

Precipitation levels were derived from annual data at Elko, Nev., 
for the period January 1930 through December 1984. Analysis of 
the sample autocorrelation and partial autocorrelation functions 
found no significant year to year correlation structure in the series. 
Consequently, precipitation levels could be generated assuming 
independence between years. 

Goodness of fit tests failed to reject the hypothesis that the 
annual data fit the gamma distribution. Maximum likelihood 
estimators were calculated for the distribution’s 2 parameters (cy = 
11.28 and p q  0.86). Annual precipitation was generated using the 
random number generating routine for the gamma distribution 
(GGAMR) from the International Mathematical and Statistical 
Libraries’ (IMSL) computer collection of statistical subroutines. 

Thirty precipitation levels were randomly generated. Days of 
grazing, ending weights, and enterprise net returns were calculated 
for stocking levels of 300,325, and 350 steers. Ten model solutions 
were obtained for each of the 3 stocking levels corresponding to (Y 
values of 0.10 through 1 .OO, in increasing increments of 0.10. The 
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lower values of o would represent a more conservative estimate of 
forage production for a given level of precipitation. For example, 
forage production corresponding to an a value equal to 0.20 would 
mean that there was an 80% probability that production would 
exceed this value. 

Table 2. Mean ending weight of individual steers and days of grazing for 
300,325, and 350 steers under increasing values of o. 

bility 

!? 
0:2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

Ending weight Grazing Period 
300 325 350 300 325 350 

316 311 306 
319 314 309 
321 316 311 
323 318 313 
325 319 315 
326 321 316 
327 322 318 
329 324 319 
332 328 323 

116 108 101 
119 111 104 
122 114 106 
124 116 109 
127 118 111 
129 120 113 
132 123 115 
138 129 120 

A similar interpretation can be applied to the results reported in 
Table 2. For example, using the 0.20 value of (Y again, there is an 
80% probability that ending weights will exceed 316 kg when 300 
steers are purchased, 311 kg when 325 steers are purchased, and 
306 kg when 350 steers are purchased. Identical quantities of forage 
are available for the common cr value, but the lower stocking level 
allows a greater number of days of grazing, with the subsequent 
gain in animal weight. 

Net returns are sensitive to (Y as well (Fig. 3). If the rancher is 

A simple stocker problem was used to illustrate the usefulness of 
the procedure in providing distributional information resulting 
from alternative management decisions. The procedures can, how- 
ever, be equally valuable for hypothesis testing based on examina- 
tion of the estimated conditional probability functions of the 
dependent variables resulting from different levels of the environ- 
mental and management conditioning variables. 

This application abstracts from the complex interaction of many 
random variables that affect animal production in an extensive 
range operation. It is no easy matter to introduce multivariate 
distributions when 2 or more of the important variables are ran- 
dom and are correlated. Ad hoc procedures have been proposed 
(Condra and Richardson 1978). More recently, Moss et al. (1991) 
proposed a more rigorous procedure to impose multivariate distri- 
butions in agricultural simulation models. However, since the 
purpose of this paper is to present estimation procedures for condi- 
tional probability density functions, some accuracy in the example 
is foregone to emphasize both the procedures and the potential 
gains from using conditional distributions in range studies. 
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intervals impose normality on the regression error terms, often 
incorrectly. 

Recent work in the simulation of agricultural systems has con- 
centrated on directly estimating cumulative probability distribu- 
tions for dependent variables, conditional upon 1 or more levels of 
variables assumed to be important in affecting the shape of the 
distribution functions. This paper has described the use of one such 
distribution, the hyperbolic tangent function, in providing distri- 
butional information on forage yields conditional on annual pre- 
cipitation levels. The hyperbolic tangent function is particularly 
useful for determining expected values of the dependent variables, 
yielding values similar to regression fitted values. In addition, the 
function allows numerical integration techniques to be applied for 
determining second, third, and higher order moments of the 
distribution. 
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Abstract 

Soil water withdrawal and vegetation characteristics of moun- 
tain big sagebrush (Artemisia tridentata ssp. vaseyana Rydb. Bee- 
tle) areas sprayed with 2,4-D (2,4_Dichlorophenoxyacetie acid) 
were measured for 20 years after treatment. Herbaceous productiv- 
ity more than doubled in the first 3 years after spraying and was still 
twice as great as untreated vegetation 10 to 17 years after treat- 
ment. Sagebrush removal reduced seasonal water depletion 9% to 
a 1.8-m soil depth, equal to 2.4 cm of water. The entire difference 
was realized from soil 0.9-1.8 m deep. Depletion from the surface 
0.9 m of soil under grass-dominated vegetation slightly exceeded 
depletion under sagebrush-dominated vegetation. Mathematical 
relationships were developed that predict the percent reduction in 
seasonal water depletion in relation to time since sagebrush control 
for soil depths of 0.0-1.8 m, 0.0-0.9 m, and 0.9-1.8 m. 

Mountain big sagebrush was a minor vegetation constituent on 
treated areas 20 years after spraying. Sagebrush density increased 
from 2,100 to 4,400 plant/ha between 10 and 20 years after spray 
ing while herbaceous production ranged between 28 and 52 kg/ha. 
Both density and canopy cover of sagebrush on untreated areas 
declined significantly over the study because of the actions of a 
snowmold fungus. 

Key Words: big sagebrush, sagebrush control, herbicides, soil 
moisture, herbaceous productivity 

Control of big sagebrush (Artemisia tridentata Nutt.) using the 
herbicide 2,4-D (2,4-Dichlorophenoxyacetic acid) was a common 
range improvement practice for about 25 years after World War 
III. Vegetation responses to spraying are well documented in years 
following treatment. However, hydrologic responses in years 
immediately after spraying have received much less attention than 
vegetation responses and little information exists concerning the 
long-term hydrologic consequences of sagebrush control. Replace- 
ment of big sagebrush by shallower rooted herbaceous species 
affects the soil water regime, and increased spring flow has been 
observed following treatment. 

This paper focuses on changes in the soil water regime, and 
changes in vegetation composition and production for a 20-year 
period following control of mountain big sagebrush (A.t. ssp. 
vaseyana Rydb. Beetle) by spraying with 2,4-D. Treatment responses 
for these characteristics the first 11 years after spraying were dis- 
cussed by &urges in 1977a and 1983. The study also offers insights 
into the long-term hydrologic consequences of big sagebrush con- 

Manuscript accepted 18 Mar. 1992. 

‘This article reports research involving pesticides. It does not contain recommenda- 
tions for their use, nor does it imply that uses discussed here have been registered. All 
uses of pesticides must be registered by appropriate state and/or federal agencies 
before they can be recommended. Use all pesticides selectively and carefully; read and 
follow the directions on the label. 
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trol through burning, or through the use of herbicides that are 
more environmentally acceptable than 2,4-D. 

Literature Review 

Herbaceous Production 
Because of a differential selectivity of 2,4-D towards monocoty- 

ledon and dicotyledon plant classes, sagebrush was killed by spray- 
ing and forb production was suppressed (Blaisdell and Mueggler 
1956, Tabler 1968), while grass production commonly increased 2 
to 3 times above pretreatment levels in years immediately after 
spraying (Hull et al. 1952, Hyder and Sneva 1956, Tabler 1968, 
Orpet 1978, Miller et al. 1980, Sturges 1986). Unlike spraying, 
burning sagebrush rangeland usually did not greatly alter forb/- 
grass composition (Harniss and Murray 1973, Nimir and Payne 
1978, Johnson and Strang 1983) although exceptions to this gener- 
alization were reported (West and Hassan 1985). Some grass spe- 
cies, such as Idaho fescue (Festuca idahoensis Elmer) and needle- 
andthread (Stipa comata Trin & Rupr.), were particularly vulner- 
able to fire damage (Blaisdell 1953, Conrad and Poulton 1966, 
Wright 1971). 

The longevity of increased herbaceous production after sage- 
brush control is variable and often linked to grazing management. 
Grass and forb production returned to pre-treatment levels some- 
time between 12 and 30 years after burning (Harniss and Murray 
1973). Sneva (1972) reported a treatment effect persisting for 17 
years after spaying with 2,4-D in Oregon. In another Oregon study, 
reestablishment of sagebrush occurred primarily in years imme- 
diately following treatment (Bartolome and Heady 1978). A posi- 
tive response in grass production was present between 12 and 18 
years after spraying with 2,4-D at 4 or 5 project sites in Wyoming if 
lands were protected from livestock grazing, but not if lands were 
open to livestock grazing (Orpet 1978). At other Wyoming loca- 
tions, the increase in forage production had dissipated within 6 
years of spraying (Johnson 1969), or between 3 and 10 years after 
spraying (Thilenius and Brown 1974). 

Soil Water 
A slight decrease in water withdrawal from the surface meter of 

soil was reported by a number of investigators the first 2 years after 
spraying sagebrush stands with 2,4-D (Sonder and Alley 1961, 
Cook and Lewis 1963, Tabler 1968, Shown et al. 1972, Sturges 
(1977a), Tabler (1968), and Sturges (1977a) found a 15Breduction 
in water withdrawal from the surface 1.8 m of soil the second year 
after spraying in locations possessing deep soils that are fully 
recharged each spring by melting snow. The only soil water study 
extending more than 5 years beyond treatment was conducted by 
Sturges (1983). Measurements were taken to a I .8 m depth and the 
reduction in seasonal water use by treated vegetation averaged 7% 
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between 5 and I I years after spraying. This difference accrued from 
soil 0.9 to 1.8 m deep. 

Study Area and Methods 

The study was conducted between 1969 and 1990 at the Stratton 
Sagebrush Hydrology Study Area located 29 km west of Saratoga, 
Wyo. Elevation at the site is 2,225 m. Annual precipitation in Ihe 
2l-yearperiod from 1969to 1989averaged 516mmandmorethan 
two-thirds of the total fell as snow. Effective precipitation at the 
study site exceeded annual precipitation because of deposition of 
wind-transported snow. Summer precipitation (June-September) 
was I17 mm. Overland flow generated by rainfall was extremely 
rare at the study site. 

The study was conducted on a 6% north-facing hillside possess- 
ing a uniform cover of vegetation dominated by mature mountain 
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big sagebrush plants (Fig. I). Understory species were comprised 
primarily of Idaho fescue, bluegrasses (Pm spp.), and needle- 
grasses (Sri&w spp.). Forbs were a minor vegetation constituent. 
Soil in the A horizon had a loam texture and belonged to the 
You@ series, an Argic Cryoborall. The site was grazed by sheep 
prior to study initiation, but livestock grazing was excluded during 
the study. 

The study utilized a randomized block design; each of the 7 
blocks were comprised of two, 0.4.ha experimental units. Spray 
and nonspray treatments within a block were assigned at random. 
Study measurements began in 1969 when all experimental units 
were in an undisturbed state and continued until 1990, 20 years 
after sagebrush control. In 1970, experimental units selected for 
treatment were sprayed with 2,4-D at the rate of 3.1 kg ai/ ha using 
a truck-mounted sprayer. 
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Table 1. The number of berbaceous production plots clipped and read with the capacitance meter in each experimental unit and percentage composition 
of vegetation for unsprayed and sprayed experimental units. 

Spray Unspray Sagebrush Grass Forb 

Year Clipped Meter Clipped Meter Spray Unspray Spray Unspray Spray Unspray 

__________(No,plots/exp,unit)__________ _________________(PercentComposition)____________________ 
1969 IO 0 IO 0 74 71 22 25 4 4 

1970 2 I5 2 IS 0 63* 92 29 8 8 
1971 5 IO 5 IO 0 6l* 99 35’ 1 4* 
1972 5 IO 5 IO 0 67* 98 29; 2 4 
1973 IO 0 5 IO 0 66* 98 29* 2 5* 

1980 2 10 2 10 0 48* 96 45* 4 7 
1981 6 0 2 IO 3 54* 95 45* 2 1 
1986 6 0 2 IO 4 70* 90 28* 6 2 
1987 6 0 2 IO 5 56* 92 40* 3 4 

*Significant difference between treatments at the 0.05 level of probability. 

Vegetation 
Herbaceous productivity, including the leaves and current year’s 

stem growth of sagebrush, was measured annually beginning the 
year before spraying and continuing for 3 years after spraying; 
measurements were also conducted 10, 11,16, and 17 years after 
spraying. A capacitance meter was utilized for production mea- 
surements on unsprayed experimental units beginning in 1970 and 
on sprayed experimental units between 1970 and 1980. Vegetation 
on sprayed experimental units was sampled directly by clipping 
after 1980. Procedures described by Morris et al. (1976) for using 
the capacitance meter in sagebrush-dominated vegetation were 
followed. Both metered and clipped plots were 30 cm by 61 cm, and 
were randomly located each year. The number of plots that were 
clipped and read with the capacitance meter is tabulated in Table 1 
for years when productivity was sampled. Measurements were 
taken in mid-July as grass species matured. Clipped material was 
separated into sagebrush, grass, and forb components to provide 
information about vegetation composition. Herbaceous matter 
was weighed after being oven-dried at 105’ C for 24 hours. 

The canopy cover of big sagebrush was determined by the line 
intercept method in the first and last year of the study (1969 and 
1990, respectively). Measurements were taken on 5 randomly 
located transects on each experimental unit; transects were 15.2 m 
long. That portion of the sagebrush plant containing live trunk, 
stem, or leaf tissue, was defined as intercept. In addition, canopy 
cover measurements were taken on unsprayed experimental units 
in 1980 and 1987. 

The density of big sagebrush was determined on all experimental 
units in 1969 and on unsprayed experimental units in 1990 by 
counting the number of plants rooted in a belt 1.3 m wide and 7.6 m 
long centered over a line intercept transect. Density counts were 
made on 2 of the 5 line intercept transects in 1969 and on all 5 
transects in 1990. 

The density of big sagebrush inhabiting sprayed experimental 
units was measured in 1980, 1987, and 1990 (10, 17, and 20 years 
after spraying, respectively) by counting the number of plants 
rooted within 5 circular plots on each experimental unit. These 
plots were 20 mr in size and were randomly located each year. 

Snow Accumulation 
Soil water content was fully recharged by melting snow in most 

years. Maximum snow deposition on an index transect located 
about 37 m from the eastern boundary of the study site was 
determined annually in conjunction with other hydrologic investi- 
gations conducted at the Stratton site. The transect was 122 m long 
and snow depths were measured at 15.2-m intervals along the 
transect. The water content of snow was estimated from the rela- 
tionship Tabler (1985) developed between the depth of wind- 
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transported snow and its density. Actual snow deposition on 
experimental units was determined in 1970 and 1, 3, and 4 years 
after treatment as part of a study that evaluated the effect of 
sagebrush control upon snow accumulation and melt (Sturges 
1977b). The water content of snow on experimental units was 
recalculated for this paper utilizing the same depth-density rela- 
tionships as for data from the index transect. 

Soil Water 
The water content of soil was measured with a neutron moisture 

meter at 4 randomly located access tubes on each experimental 
unit. Several different radium-beryllium neutron probes were used 
for measurements from 1968 to 1975 while the same americium- 
beryllium neutron probe was used through the remainder of the 
study, The manufacturer-supplied calibration relationship was 
employed to convert field counts to volume water content. Soil 
water measurement procedures were described in detail by Sturges 
(1977a). 

Soil water measurements began at the 15-cm depth and extended 
downward by 30.5-cm increments to provide information about 
water content at 6 levels within the surface 1.83 m of soil. The 
evaluation of treatment effect was based upon the change in water 
content between 2 measurement dates, rather than on the absolute 
water content of soil. Data collected at the conclusion of snowmelt 
(usually in May) and in the fall when vegetation was dormant 
(about October 1) provided information about seasonal water 
depletion. Information was available from 1969 to 1990 except for 
1974 and 1976. Soil water measurements were also made at 2 to 3 
week intervals throughout the season beginning the year before 
spraying and extending through the third year after spraying. 
Similar measurements were repeated 5, 10, 11, and 19 years after 
spraying to determine if differences between treatment in seasonal 
water-use patterns changed in years subsequent to spraying. 

Data Analysis 

A randomized block design was employed to minimize the 
effects of any differences in soil or vegetation characteristics within 
the study site on treatment evaluation. Snow accumulation, vege- 
tation, and soil water data, were collected in 1969 when all experi- 
mental units were in an undisturbed state to test the assumption 
that experimental units assigned to the spray and nonspray treat- 
ments were similar at study initiation. 

Soil water data were statistically analyzed utilizing a split-plot 
analysis imposed on the randomized block design. The 0.4-ha 
experimental units served as whole units and the 6 measurement 
depths served as subunits. Differences between sprayed and 
unsprayed experimental units in seasonal water depletion were 
tested for statistical significance. Additionally, differences in 
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depletion at the 6 measurement depths, and a treatment X depth 
interaction were tested for significance within the split-plot analy- 
sis. Differences in water depletion between treatments at each of 
the 6 soil depths were tested for significance utilizing a modified “t” 
value calculated for the split-plot design (Steel and Torrie 1980). 
Similar analyses, based on soil water depletion between consecu- 
tive measurement dates, were performed in years when soil water 
data were collected through the growing season. Statistical signifi- 
cance in this paper is based on a 0.05 probability level. 

Seasonal soil water depletion data from the 2 treatments were 
also tested for significance by regression analysis (Steel and Torrie 
1980). This analysis was based on average soil water depletion for 
sprayed and unsprayed experimental units in the first to twentieth 
year after spraying. 

Treatment differences in vegetation composition, herbaceous 
production, sagebrush density, and sagebrush canopy cover, were 
tested for statistical significance utilizing a randomized block 
experimental design. Analyses were based on the average value of a 
parameter on an experimental unit as determined from replicate 
measurements on the unit. The yearly analysis of variance for 
yields of sagebrush, grasses, and forbs was based on data from 
production plots that were clipped. Data from the capacitance 
meter were used in variance analyses of total herbaceous yield. 
Herbage percentage composition data were transformed to arcsin 
values before performing the analysis of variance. The least signifi- 
cant difference method (Steel and Torrie 1980) was utilized to 
identify significant changes in canopy cover of sagebrush on undis- 
turbed experimental units over time. 

Results 
Big Sagebrush Characteristics 

In 1969, density of mountain big sagebrush was 50,000 and 
43,000 plants/ ha on experimental units assigned to the spray and 
nonspray treatments, respectively, while sagebrush canopy cover 
was 29% and 28% for the 2 treatments. Differences were not 
significant. Herbicide application in 1970 and follow-up hand 
control measures in 1971 virtually eliminated big sagebrush on 
treated experimental units (Fig. 1). 

Some invasion of big sagebrush into sprayed experimental units 
did occur in the 20 years after treatment. Sagebrush canopy cover 
on treated experimental units was 1.5% at the end of the study. 
Average sagebrush density increased from 2,100 plants/ ha to 4,400 
plants/ ha between the 10th and 20th year after spraying, but this 
change was not statistically significant. A single plot containing 
119 sagebrush plants accounted for most of the change in density. 
Data from plots used to evaluate sagebrush invasion indicated that 
plants were unevenly distributed (Fig. 2). One-sixth of individual 
plots remained free of sagebrush 20 years after spraying and about 

Ye8r8 rfbr 8praylng 
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0 l-4 5-8 9-12 13-16 17-20 >20 

Number of plants/20 m2 

Fig. 2. The number of big sagebrush plants on plots 20 m* in size 10,17, 
and 20 years after treated experimental units were sprayed with 2,4-D. 

half of the plots contained from 1 to 4 plants. The number of plots 
free of sagebrush declined between the 10th and the 20th year after 
treatment while the number of plots inhabited by l-4 plants 
increased. 

Characteristics of the mountain big sagebrush stand on non- 
spray experimental units changed significantly during the study 
even though sagebrush is a long-lived shrub. Sagebrush density 
declined from 43,000 plants/ha in 1969 to 22,000 plants/ha in 
1990. Canopy cover decreased from 27.5% to 18.1%, between 1969 
and 1980, but remained about 20% over the succeeding 10 years. A 
snowmold fungus was the primary causal agent thinning the sage- 
brush stand. 

Vegetation Composition and Yield 
When vegetation was in an undisturbed state in 1969, herbace- 

ous composition (Table 1) and production (Table 2) were similar 
for the 2 treatments. Spraying eliminated big sagebrush the year of 
treatment, significantly increased grass productivity, and sign& 
cantly decreased forb productivity. The typical response of big 
sagebrush-dominated vegetation to application of 2,4-D became 
evident the first year after spraying and persisted through the 
study. Grass yields more than doubled in the first 3 years after 
spraying and were still about twice as great as grass yields of 
untreated experimental units between 10 and 17 years after spray- 
ing. Forb production was significantly reduced 0, 1, and 3 years 
after spraying, but returned to production levels existing on 
untreated experimental units between the 4th and 10th year after 
spraying. Big sagebrush was first detected on sprayed experimental 

Table 2. Herbaceous production on unsprayed and sprayed experimental units through 17 years after treatment. 

Year 
Years 

after spraying 

Sagebrush 

Unspray Spray 

Grass Forb Total 

Unspray Spray Unspray Spray Unspray Spray 

1969 -1 _____946________r12;________~~~___________~~~_(~g/~~)-~~-----------~~~~~~~--~~~~~~~~~______________ 
1,334 1,511 

1970 0 828* 0 102* 39 377* 450 1,307* 489 
1971 1 818* 0 472* 6O* 13 939 1,350* 952 
1972 2 1081* 0 468* 1,102 59” 21 1,608* 1,123 
1973 3 859: 0 383* 993 711 17 1,313; 1,010 

1980 10 401* 0 376* 58 30 712 835 742 
1981 11 656* 31 545* 928 15 16 1,216” 975 

1986 16 840* 28 657 26 42 337* 1,203* 727 
1987 17 617* 53 447* 48 29 891 1,112 973 

*Treatment differences significant at 0.05 probability level. 
‘Treatment differences significant at 0.10 probability level. 
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units in production data the 11 th year after spraying, but remained 
a minor vegetation constituent. Sagebrush production ranged 
from 28 to 53 kg/ ha between I1 and 17 years after spraying. 
Differences in sagebrush and grass production and in their compo- 
sition on spray and nonspray experimental units were significant in 
all post-spray years. The net effect of treatment was to significantly 
reduce total herbaceous production from 0 to 3 years after spraying 
as well as in the 16th year. 

Snow Accumulation 
The water content of snow on the index transect ranged from 0.1 

cm to 103 cm during study years (Table 3). The 4 years of informa- 
tion available when snow accumulation was also measured on 

experimental units indicates that water storage on the index tran- 
sect exceeded water storage on experimental units by 25 cm. Water 
contained in snow was usually sufficient to replenish evapotranspi- 
rational losses from the previous growing season. Sagebrush con- 
trol retarded snow accumulation before snow completely covered 
vegetation at the study site, but had no effect upon the depth of 
maximum snow accumulation or upon the rate of snowmelt 
(Sturges 1977b). Snow water storage exceeded winter precipitation 
in all but drought years which emphasizes the importance of snow 
relocation as a hydrologic process in windswept regions of the 
sagebrush ecosystem. Burke (1989) and Burke et al. (1989) quanti- 
fied the relationship between topographic position and soil mois- 
ture, soil temperature, and nitrogen mineralization that arises 

Table 3. Hydrologic information about maximum snow water accumulation on the snow course and on the experimental units, soil water content, and 
seasonal depletion to a 1.8-m depth, for experimental units sprayed with 2,4-D in 1970, and for experimental units remaining in an undisturbed 
condition. 

Year Treatment 

Snow water Soil water measurement Soil water 
Years 
after Snow Exp. Interval Precip. Water content Seasonal Decrease in 

treatment Date course units cm Spring Fall depletion withdrawal 

1969 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

Avg. 

Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray _ 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray _ 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 
Spray 
Unspray 

Spray 
Unspray 

Number of years 

0 

2 

3 

4 

5 

6 

7 

8 

9 

IO 

II 

12 

13 

14 

15 

16 

17 

18 

19 

20 

4109 39.0 

4130 51.4 

3/30 61.7 

3/ 10 57.2 

4/05 70.8 

3/20 68.8 

4124 64.8 

4113 64.3 

4/07 14.5 

4104 35.4 

4111 103.0 

4/08 73.0 

4/02 0.1 

3125 61.7 

3/09 46.4 

41 I I 83.3 

4/03 56.3 

3104 45.7 

3110 16.4 

3/30 49.8 

3113 53.3 

_____(cm)_____ 

53.2 

21 

31.3 
30.0 
34.1 
32.5 

50.8 
46.9 

05/13-09129 

05/27-09130 

05/23-09114 

05/18-IO/O4 

OS/ 13-IO/O4 

39.2 
38.0 

06/02-09/30 5.7 

38.9 
36.9 

4 

04/28-IO/O6 

05/15-IO/O2 

06/04-IO/O2 

05/27-IO/O2 

06/01-IO/O1 

05/26-IO/O4 

05/24-IO/O8 

05/31-IO/O2 

05/09-IOjOl 

05/12-IO/O1 

04/28-IO/O9 

OS/ I I-lOjO5 

05/03-IO/O2 

OS/ I5-OS/ 24 

(I-20) 

(cm) 
11.7 

16.5 

8.7 

11.2 

12.4 

19.2 

14.8 

7.1 

9.0 

8.6 

15.0 

17.8 

23.9 

12.8 

21.7 

12.5 

9.2 

14.4 

12.8 

13.2 

18 

________(cm)-------- 

70.1 44.8 25.5 
70.5 45.9 24.6 
68.3 54.3 14.0 
68.5 47.4 20.8 
70.6 52.4 18.2 
67.1 45.1 22.0 
69.2 51.9 17.3 
66.8 46.4 20.4 
80.3 54.4 25.9 
79.7 50.6 29.1 

78.3 54.4 23.9 
77.7 51.7 26.0 

79.0 56.0 23.0 
78.5 53.2 25.3 
93.8 64.4 29.4 
92.7 62.3 30.4 
89.8 59.9 29.9 
91.2 58.0 33.2 
91.0 63.9 27.1 
90.3 61.1 29.2 
83.9 59.2 24.7 
82.4 56.2 26.2 
89.5 71.5 18.0 
88.2 70.1 18.1 
95.6 67.2 28.4 
95.7 65.3 30.4 
93.8 71.3 22.5 
94.8 70.6 24.2 
91.3 62.2 29.1 
92.3 61.6 30.7 
90.1 72.4 17.7 
91.0 71.4 19.6 
80.6 56.3 24.3 
83.3 55.1 28.2 
90.5 62.8 27.7 
93.4 61.1 32.3 
88.8 65.2 23.6 
90.3 64.5 25.8 
88.5 62.2 26.3 
89.2 59.0 30.2 

85.8 61.5 24.3 
85.8 59. I 26.7 

18 18 18 

(%I 
+4 

33* 

17* 

15” 

II’ 

8 

9 

3 

IO* 

7” 

6” 

1 

7 

7 

5 

10 

14* 

14* 

9* 

13* 

9 

18 

*Significantly different at 0.05 level of probability. 
‘Significantly different at 0. IO level of probability. 
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because of snow redistribution. Their study site included the north- 
facing slope where the study was conducted. 

Soil Water Regime 
Soil water data collected the year before spraying indicated that 

the soil water regime was similar for plots assigned to the 2 treat- 
ments. In the spring of 1969, water content averaged 70.1 cm and 
70.5 cm for experimental units assigned to the spray and nonspray 
treatments, respectively, and 44.6 and 45.9 cm in the fall (Table 3). 
The change in water content between consecutive measurement 
dates was similar for the 2 treatments in 1969 and in 1970 until June 
23 when sagebrush was sprayed (Sturges 1973). The lack of a 
significant treatment difference for vegetation, snow accumula- 
tion, and water depletion characteristics, prior to treatment indi- 
cates that changes in these characteristics after spraying can be 
reasonably ascribed to control of big sagebrush. 

The water content of soil in spring, when averaged over the 1 st to 
20th year after spraying, was identical for the 2 treatments (Table 
3). Initial profile water content was reasonably similar considering 
the wide range in yearly snow deposition and the effect this had on 
the spring soil water measurement date. Following the drought 
winters of 1976-77, 1980-8 1, and 1986-87, sufficient precipitation 
fell between the date of maximum snow accumulation and the 
spring measurement to wet soil nearly to the level present in years 
of normal winter precipitation. The discontinuity in profile water 
content evident in data collected before and after 1975 is attributa- 
ble to the 2 types of neutron probes used during the study. Instru- 
ment differences were minimized by basing the analysis of treat- 
ment effect upon the change in water content between measure- 
ment dates. 

In the 20 years after sagebrush control, seasonal water withdraw- 
al from the surface 1.8 m of soil averaged 24.3 and 26.7 cm on 
sprayed and unsprayed experimental units, respectively (Table 3), 
a reduction of 9% in water use. The relationship between seasonal 
depletion for treatments was significant (Fig. 3). Precipitation 
received between the spring and fall measurements averaged 13.2 
cm; thus evapotranspirational water usage by untreated sagebrush 

0.0 - 1.8 m 

35 

y = 0.06 t 0.910 

15 I- 
I,,, ,,I, ,.,,I I,,, 

15 20 25 30 35 

Depletion - unsprayed (cm) 
Fig. 3. The relationship between seasonal water depletion for sprayed and 

unsprayed experimental units based on a soil depth of 0.0-1.8 m. Data 
includes information from the 1st to 20th year after spraying. 
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Fig. 4. The relationship between the number of years since spraying and 
percentage reduction in seasonal water depletion based on soil depths of 
O.O-1.8m, 0.0-0.9 m, and 0.9-1.8 m. The variable t represents the number 
of years since spraying + 1. 

vegetation was 39.9 cm at the study site. 
Study data were also used to develop a relationship to predict the 

percentage reduction in seasonal water withdrawal for the surface 
1.8 m of soil in relation to time since sagebrush control. The 
relationship applies in the treatment year and was strongly curvili- 
near during the first 5 years after treatment (Fig. 4). This contrasts 
with the linear relationship of Figure 3 that was based on the 
quantity of seasonal depletion and excluded data from the treat- 
ment year. The relative reduction in seasonal depletion to a 1.8 m 
depth was predicted by: 

y = 6.6 + 25.62 (1) 
t 

166 JOURNAL OF RANGE MANAGEMENT 46(2), March 1993 



Unsprw*d 
+ + 0.0 - 0.3 m 
SFWWd 
x x x 

: : 
* 

; +x t 

i 
+ p ; +“+ ** ** 

t 
$ r 

11 . . . * . *-.-.-. . . . 
-2 0 2 4 6 6 10 12 14 16 16 20 22 

Years since spraying 

t 

0.3 - 0.6 m 

10 

o[.....................-... 
-2 0 2 4 6 6 10 12 l4 16 16 20 22 

Year8 since spraying 

0.6 - 0.9 m 

* + r+ 

*:Z* t 
+ *r *i* +tfx* + 

x 
x 

,......................., 

-2 0 2 4 6 6 10 12 I4 16 16 20 22 

Years since spraying 

+ + 
0.9 - 1.2 m 

sprmy86 

+ : : + ;x x 

“ix f 
xx 

I.......‘.‘...“.‘.-.-.‘. 
.2 0 2 4 6 6 10 12 I4 16 16 20 22 

Years since spraying 

1.2 - 1.5 m 

-2 0 2 4 6 6 10 12 14 16 16 20 22 

Years since spraying 

1.5 - 1.8 m 

-2 0 2 4 6 6 10 12 14 16 16 20 22 

Years since spraying 

Fig. 5. Seasonal water depletion at the 6 measurement depths for all years of study. A star indicates that yearly treatment differences are significant at the 
0.05 level of probability. 

where y = percentage reduction in the fall soil water recharge 
requirement t q  number of years + 1 since control of big sagebrush. 

The reduction in water use on treated experimental units did not 
accrue uniformly through the soil profile. Sprayed vegetation 
withdrew less water at all soil depths in the treatment year; differ- 
ences were statistically significant below a depth of 0.6 m, but this 
effect was short-lived. By the second year after spraying, a marked 
treatment difference was present in soil above and below 0.9 m 
(Fig. 5). Vegetation on treated experimental units usually with- 
drew more water in the surface 0.9 m of soil than did sagebrush- 
dominated vegetation, but differences were seldom significant. 
Relative differences in seasonal depletion for the surface 0.9 m of 
soil (Fig. 4) were predicted by: 

y = 5.38 - 3.841n(t) (2) 

where y q  percentage reduction in the fall soil water recharge 
requirement t = number of years + 1 since control of big sagebrush. 

Beginning the second year after spraying, almost the entire 
reduction in water use was realized from soil 0.9 to 1.8 m deep. 
Seasonal reductions in depletion within the 3 measurement depths 
of this zone were usually significant especially in the first 10 years 
after treatment (Fig. 5). The relative reduction in seasonal deple- 
tion within soil 0.9 to 1.8 m deep (Fig. 4) was predicted by: 

y q  30.42 + 45.05 (31 
t 

where y = percentage reduction in the fall soil water recharge 
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requirement t = number of years + 1 since control of big sagebrush. 
The duration of a treatment effect predicted by equations 1 and 3 

exceed values indicated by earlier prediction relationships (Sturges 
1977a, 1983). The asymptotic form of equations indicates that a 6% 
reduction in water use will persist indefinitely over a 1.8 m soil 
depth while the reduction from soil 0.9-1.8 m deep will be 30%. 
Sagebrush, however, was increasing in density on treated experi- 
mental units as the study progressed. The form of the prediction 
relationships will continue to change with additional information 
in order to mirror the influence of sagebrush establishment. 

The soil water measurements conducted at biweekly intervals 
through the growing season provided information about timing of 
water use. The year after spraying, treatment differences in water 
withdrawal through a 1.8 m soil depth were significant over the 
40-day period from 10 June to 20 July. This effect dissipated in 
years after spraying. A significant difference existed only from 17 
July to 31 July in the 10th post-treatment year. Differences in water 
depletion between consecutive measurement dates were not signif- 
icant in the 19th post-treatment year. 

Water-use zones shifted seasonally as shown by data collected 
the 1st and 19th year after spraying at depths of 0.3-0.6 m and 
1.2-I .5 m (Fig. 6). These depths represent zones without and with a 
significant treatment difference, respectively. Both grass and 
sagebrush-dominated vegetation utilized water primarily from sur- 
face soil through June. Thereafter, additional depletion from this 
zone was largely in response to summer precipitation. Total sea- 
sonal depletion was similar for both treatments at the 0.3-0.6 m 
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Fig. 6. Soil water depletion on sprayed and unsprayed experimental units 
in soil 0.3 m to 0.6 m deep, and 1.2 m to 1.5 m deep in the 1st and 19th year 
after spraying. A star indicates that differences in depletion between 
successive measurement dates are significant at the 0.05 level of 
probability. 

depths in both the 1st and 19th year after spraying. 
The rate of water extraction from soil 1.2 to 1.5 m deep increased 

sharply in July once available water in surface soil was depleted 
(Fig. 6). However, extraction under grass-dominated vegetation 
was less than under sagebrush-dominated vegetation. There were 
significant treatment differences in the magnitude of depletion 
between consecutive measurement dates at the 1.2-1.5 m depth in 
the 1st and 19th year after spraying but only in the first year at the 
0.3-0.6 m depth. A marked reduction in the rate of water use by 
sagebrush-dominated vegetation occurred in late August from soil 
1.2-I 5 m deep. At that time, ephemeral sagebrush leaves produced 
in the spring were being shed and sagebrush floral buds were about 
ready to open. 

Discussion 

Biological factors were responsible for the decline in importance 
of mountain big sagebrush on unsprayed experimental units 
between 1969 and 1990. Voles (Microtus spp.) damaged sagebrush 
by girdling the trunk during several winters. Mueggler (1967), 

Tabler (1968), and Frischknecht and Baker (1972) noted that voles 
can produce significant sagebrush mortality in winters when popu- 
lation levels are high. However, the main agent responsible for 
thinning the sagebrush stand was a snowmold fungus that also 
reduced mountain big sagebrush cover on the 663-ha watershed 
containing the study site &urges 1986). Hess et al. (1985) des- 
cribed morphological characteristics of the fungus while Nelson 
and Sturges (1986) provided information about its growth charac- 
teristics in relation to temperature. A minimum snow depth of 40 
cm at maximum accumulation was required before the fungus 
caused appreciable sagebrush mortality (Sturges and Nelson 
1986). 

Sagebrush control increased production of grass species and 
induced major changes in soil water dynamics. Both effects per- 
sisted through the 20-year interval following treatment. These 
responses will continue until sagebrush invasion shifts vegetation 
and water depletion characteristics to those of a sagebrush- 
dominated system. Because of the absence of livestock grazing and 
the location of the study site in a mesic portion of the sagebrush 
zone, study results are probably indicative of the maximum treat- 
ment longevity that can be expected when big sagebrush is 
controlled. 

The change in soil water dynamics was closely related to the 
response of vegetation to herbicide application. The grass- 
dominated vegetation that resulted from sagebrush control was 
rooted primarily in the surface meter of soil and utilized all the 
water made available by the absence of sagebrush roots. However, 
substantially less water was withdrawn from soil occupied primar- 
ily by sagebrush roots. It was this difference located at a 0.9-I .8 m 
depth which accounted for essentially all differences in water 
depletion. Total above-ground plant biomass production on 
treated experimental units was less than production on undis- 
turbed experimental units, which also contributed to reduced 
water depletion. The increase in production by grasses and recov- 
ery of forb production did not fully compensate for the loss of 
sagebrush production. Similar decreases in above-ground biomass 
production following sagebrush control have been detected at 
other locations (Johnsonand Strang 1983, West and Hassan 1985). 

Previous soil water studies noted a reduction in depletion from 
the surface meter of soil which persisted only 1 or 2 years after 
treatment (Hyder and Sneva 1956, Sonder and Alley 1961, Cook 
and Lewis 1963). These results lead to the conclusion that sage- 
brush control had only minor short-term effects on soil water use. 
Current study results and those of Tabler (1968) clearly demon- 
strate that the effects of sagebrush control upon soil water dynam- 
ics must be assessed over sagebrush’s full rooting depth. 

Management Implications 

The control of big sagebrush is a proven method of increasing’ 
the quantity of forage available to livestock. This potential could 
be utilized to alleviate grazing usage within riparian areas, which 
has become such a contentious issue between ranchers and other 
users of public lands. Herbaceous production on treated experi- 
mental units was still twice as great as on untreated areas at the end 
of the study. The shift to a grass-dominated vegetation had essen- 
tially no effect upon site fertility through the 14th post-treatment 
year (Burke et al. 1987). The only detectable changes were a redis- 
tribution of phosphorus and potassium from depth to the surface 5 
cm of soil under grass-dominated vegetation and a reduction in the 
surface concentration of nitrogen. 

Sagebrush control produced desirable hydrologic changes on a 
238-ha watershed at the Stratton Sagebrush Hydrology Study 
Area in addition to causing herbaceous productivity to double 
(Sturges 1986). Spraying the watershed with 2,4-D resulted in 
decreased bare ground in the 5 years following treatment accom- 
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panied by an increase in litter and grass cover. 
Results of this study suggest that sagebrush control can also 

increase water yield. The 2.4-cm difference in soil water recharge 
requirement potentially could be translated into increased stream- 
flow in locations such as the study site where winter snow accumu- 
lation plus early spring precipitation exceed water required to 
rewet soil to field capacity. An increase in water yield, however, 
would not be expected in locations where sagebrush roots were 
confined to the same volume as replacement grass roots, or where 
recharge is less than the water holding capacity of soil. Much of the 
increase in water yield from forested lands after logging is attribu- 
table to a reducation in summer water use on areas where trees 
were removed (Troendle and King 1985). The same hydrologic 
mechanism is operative on chaparral lands where increased water 
yields can occur after brush removal (Hill and Rice 1963). 
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Abstract 

In 1974 we selected 8 pairs of gully beadcuts on the Santa Rita 
Experimental Range. Mesquite (Prosopis velutina Woot.) on the 
watershed of 1 headcut of each pair was killed with diesel oil. 
Densities of perennial grasses and shrubs, shrub cover, surface 
erosion, headcut advance, and gully depth were recorded at 3-year 
intervals, 1974-1986. Four of the watershed pairs were in pastures 
grazed yearlong: 4 were in Santa Rita rotations. Each grazing 
schedule included 2 watershed pairs that were about 200 m higher 
in elevation than the other 2. In 1974, before mesquite was killed, 
perennial grass densities were low with little difference between 
assigned conditions. By 1977 perennial grass density was greater 
where mesquite was killed than on untreated watersheds and was 
greater at upper elevations. Lehmann lovegrass (Eragrostis Leh- 
manniana Nees.) made up almost all of the grass density increase at 
the upper elevation. Native perennial grasses, which were largely 
replaced by Lehmann lovegrass at the upper elevation, accounted 
for almost ail of the gain at the lower elevation. Lower density 
(P50.05) on low elevation rotation grazed watersheds in 1986 was 
the result of summer drouth in 1985 and 1986 that coincided with 
March-October grazing in 1986. Soil loss (mm) during each 3-year 
period was lower at headcut-soil surface grids where mesquite was 
dead. Advances in headcuts and changes in gully depth showed 
similar trends. On the 4 pairs of watersheds that were equipped to 
measure runoff, there was more total runoff per millimeter of 
rainfall where mesquite was alive than where mesquite was killed. 

Key Words: perennial grass density, rainfall, erosion, runoff, 
semidesert grassland, shrub density, shrub cover 

Velvet mesquite (Prosopis velutina Woot.) is an indigenous 
woody plant of southern Arizona. During the last century it has 
increased on semidesert grassland areas, as have other mesquite 
varieties on rangelands in New Mexico, Texas, Mexico, and Latin 
American countries (Leopold 1950, Parker and Martin 1952, 
Fisher et al. 1959, Platt 1959, Cable and Martin 1973). Herbaceous 
vegetation usually increases if invasion stands of mesquite are 
removed. For example, Parker and Martin (1952) found that basal 
cover and herbage production of perennial grasses more than 
doubled and herbage yields of annual grass increased 5-fold after 
mesquite was killed at 1 study site on the Santa Rita Experimental 
Range near Tucson, Ariz. At other sites, perennial grass produc- 
tion on mesquite-free plots was 2 to 7 times greater than in mes- 
quite stands. They observed that where mesquite was killed, grass 
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cover increased and soil erosion was reduced. Additional expe- 
rience (Martin 1963, 1975; Reynolds and Tschirley 1963; Martin 
and Cable 1974) confirm these observations. Partial explanations 
for the effects of velvet mesquite on herbaceous cover and soil 
erosion are provided by Paulsen (1953) and Tiedemann and 
Klemmedson (1973, 1986). However, these reports do not include 
measurements of soil movement. 

We began this study in 1974 to evaluate differences in erosion, 
runoff, and vegetation between mesquite-free and mesquite- 
infested watersheds. 

Materials and Methods 

The study was conducted on the Santa Rita Experimental Range 
near Tucson, Ariz. Study areas were pairs of small gully headcuts 
at elevations ranging from 975 to 1,175 m and slopes of 2.8 to 4.2% 
on soils of Anthony, Comoro, and Continental series (Richardson 
et al. 1979, Soil Survey Staff 1975). Herbaceous vegetation was 
sparse and accelerated erosion was obvious at all locations when 
the study began. We chose gullies on a variety of range sites in 
order to evaluate effects of mesquite removal across a broad range 
of conditions. 

Vegetation on study areas was typical of Southwestern grass- 
lands that have been invaded by mesquite. The major shrubs were 
velvet mesquite, burroweed (Haplopappus tenuisectus [Greene] 
Blake ex Benson), prickly pear and cholla cactus (Opuntia spp.), 
little leaf baccharis (Baccharis brachyphyla Gray), and desert zin- 
nia (Zinnia pumila Gray). 

Major perennial grasses were Arizona cottontop (Digitaria cali- 
fornica [Benth.] Henr.), Santa Rita threeawn (Aristida glabrata 
[Vasey] Hitchc.), other threeawns (A. hamulosa Henr. and A. 
ternipes Cav.), plains bristlegrass (Setaria macrostachya H.B.K.), 
Rothrock grama (Bouteloua rothrockii Vasey), Lehmann love- 
grass (Eragrostis lehmanniana Nees), and bushmuhly (Muhlen- 
bergiaporteri Schribn.). Other grasses included tanglehead (Hete- 
ropogon contortus [L.] Beauv.), Boer lovegrass (E. curvula var. 
conferta Ness), plains lovegrass (E. intermedia Hitchc.) witchgrass 
(Leptoloma cognatum [Schult.] Chas.), spike dropseed (Sporobo- 
lus contractus Hitchc.), and fluffgrass (Erioneuron pulchellum 
Tateoka). 

Main Study 
The main study included 8 pairs of gully headcuts, and their 

2.5-4.5 ha watersheds. Of these, 4 pairs were about 1,170 m eleva- 
tion where mean annual rainfall is about 350 mm. The other 4 lie 
between 975 and 1,040 m elevation where annual rainfall is about 
300 mm. At each elevation 2 pairs of headcuts were in pastures 
grazed yearlong; the other 2 pairs were grazed once March-Oc- 
tober and once November-February in a 3-year rotation with 12 
months rest between grazing periods (Martin 1978). Rotation pas- 
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tures were grazed l/3 of the time at triple the stocking rate for 
yearlong grazing. Mesquites on 1 watershed of each pair were 
killed with basal applications of diesel oil in 1974 with retreatment 
as needed to keep treated watersheds mesquite free. 

Density (plants/m2) at each watershed was recorded by species 
for perennial grasses and shrubs on 5 permanently marked belt 
transects (30 cm by 30 m) run perpendicular to the drainage at 15 m 
intervals above the headcut (Fig. 1). Crown intercept of shrubs was 
measured along the tape used to define the transect. Density and 
crown intercept were measured in 1974, 1977, 1980, 1983, and 
1986. 
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Fig. 1. Map of watershed lc showing stream channel system, location of 
vegetation transects, flow flume, hendcut-soil surface grid, recording 
rain gauge and geomorphic zones. 

Erosion measurements included soil surface level, headcut 
advance, and gully depth. Soil surface levels at each headcut were 
measured at 66 points spaced 0.6 m apart in a 6- by 11-point 
soil-surface grid oriented lengthwise over the stream channel and 
centered over the initial position of the headcut (Fig. 2). Headcut 
position and soil surface level were remeasured in 1977,1980,1983, 
and 1986. Maximum gully depth was measured under each of the 
11 transverse grid lines at each headcut in 1980, 1983, and 1986. 

Supplemental Study 
In a supplemental study, precipitation, runoff and sediment 

measurements were made on half of the watersheds (2 pairs at each 
elevation). Recording rain gauges and Replogle flumes were 
installed in 1975 and 1976. Flumes were equipped with automatic 
total load, traversing slot sediment samplers with 18-sample capac- 
ity (Renard et al. 1976). Flumes were installed SO-100 m down- 
stream from the headcut soil-surface grids and received runoff in 
addition to what passed through the headcut. Replogle flumes 
were replaced with supercritical flumes (Smith et al. 1982) on 
watersheds 3c and 4t in May 1984. Total precipitation, total runoff, 
number of runoff events, number of sediment samples and total 
sediment yield were computed annually for the period 197551988. 

L+__i_.&-_i-_i-_i-_i-i-4’ 

+ Point for meosuring level of soil surface 
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Fig. 2. Detail of headcur-soil surface grid for measuring soil loss. 

Statistical Analyses 

Vegetation and erosion data from the 8 pairs of watersheds were 
classified as a hierarchal or nested classification and analyzed by 
analyses of variance (Steel and Torrie 1980 p. 155). Runoff and 
erosion data from the subset of instrumented watersheds (4 pairs) 
were analyzed as paired observations as outlined by Steel and 
Torrie (1980 p. 102). We paired watersheds lc and 2t (Comoro 
sandy loam soil series and texture, 3c and 4t (Anthony fine sandy 
loam soil series and texture), 5c and 7t (Continental gravelly sandy 
loam soil series and texture) and 8c and 7t (Continental gravelly 
sandy loam soil series and texture) (Table 9). 

Results and Discussion 

Precipitation 
Summer precipitation was extremely low at both elevations in 

1973; below average in 1975,1976,1978, 1979,1985 and 1986; and 
above average in 1974, 1981, 1982, 1983, and 1984 (Table 1). 
Average summer precipitation during the study was higher at the 
upper than at the lower elevation (237 vs 183 mm). At the lower 
elevation mean summer rainfall was 20 mm higher on watersheds 
grazed yearlong. Mean differences in summer precipitation between 
yearlong- and rotation-grazed watersheds at the upper elevation 
were small (240 mm vs 233 mm). Summer precipitation in 1977 at 
the low-elevation watersheds grazed yearlong was 100 mm greater 
than on those grazed in rotation. 

Perennial Grass Densities 
Perennial grass densities increased from 1974-77, peaked in 

1983, and had declined by 1986 (Table 2). Densities were very low 
in 1974 and not significantly different between mesquite treat- 
ments, elevations or grazing schedules. Low densities in 1974 were 

Table 1. Summer precipitation (June to September) from 1973 to 1986 at rain gauges on or near watersheds. 

Year 

Elevation Grazing 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 Mean 
_________ ____________ Lower Yearlong ~932‘~131~~~~69__~18o__~~~~~_164_~~o~~~_141(~~)~~~~-.~~~~~--~ 

222 268 
Lower Rotation 

301 172 166 192 
822 237’2 130 130 133’ 168 170 170’ 190 191 248’ 

Upper Yearlong 
290 130 144’ 172 

1102 31s 1822 216 231 184 189 170 291 256 270 Upper Rotation 524 221 196 240 110’2 3152 1822 208’ 204 170 194’ 166 276 258’ 262 
510 217’ 190 233 

‘Indicates years when the rotation grazed watersheds were grazed March to October. 
*Recording rain gauges were established on or near instrumented watersheds in 1975 and 1976. Earlier values are from nearest rain gauges in the Santa Rita rain gauge network. 
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Table 2. Density (plants/m*) of all perennial grasses by year and change 
from 1974 to 1986. 

Year of Comparison Change 
Comparison1 1974 1977 1980 1983 1986 1974-1986 

---____________(plants/mZ)_____________-- 
Mesquite2 

Dead 3.64 12.080 10.66’ 22.10** 14.89* 11.24* 
Live 3.38 8.74 6.95 13.42 11.69 8.31 

Elevation2 
Upper 3.81 14.26** 11.66** 21.74* 14.29 10.48 
Lower 3.23 6.57 5.96 13.76 12.31 9.08 

Grazing2 
Yearlong 3.20 8.70 8.06 17.50 14.92* 11.72* 
Rotation 3.86 12.15 9.54 18.07 11.67 7.81 

Mean 3.52 10.43 8.84 17.78 13.30 9.78 

‘Paired comparisons which are significantly different are indicated by symbols on the 
first line: 0 = PSO.10, * = P50.05, ** = PSO.01. 
Walues for comparisons within columns may not be exactly equal due to rounding. 

largely the result of exceptionally low rainfall from 1 July 1973 
through June 1974-the driest 1Zmonth period on the Santa Rita 
Experimental Range since 1924. Much of the density gain from 
1974 to 1977 was normal recovery from drought. 

Average densities, 1977-1986, and density gains, 1974-1986, 
were greater on mesquite-free watersheds than on those with live 
mesquite (PIO. 10 to pSO.01) and were greater at the upper eleva- 
tion than at the lower from 1974 to 1983. Densities, 1977-1986, 
were similar to average values recorded in the grazing study that 
involved the same pastures (Martin and Severson 1988). 

Grass density was greater under yearlong grazing than under 
rotation grazing only in 1986 (Table 2). However, further analysis 
showed little difference between grazing schedules at the upper 
elevation; but at the lower elevation, perennial grass density was 
more than twice as great under yearlonggrazing. We think this was 
the result of lower summer rainfall on the low-elevation rotation- 
grazed watersheds in 1985 and 1986 (Table 1) coupled with March- 
October grazing in 1986. Similar trends were observed in an earlier 
study in which recovery of grass density after drought was slow if 
March-October grazing was imposed during summer drought or 
in the summer following (Martin 1973). Also, Cable and Martin 
(1975) reported that 2 or 3 favorable summer growing seasons are 
required for recovery of perennial grasses after heavy grazing 
during drought. 

The only grasses that increased more where mesquite was killed 
were Arizona cottontop, Santa Rita threeawn, other threeawns 

and bushmuhly (Table 3). Trends suggest that plains bristlegrass 
declined where mesquite was killed but Rothrock grama was not 
affected. 

The only species that increased significantly more at the upper 
elevation than the lower was Lehmann lovegrass. It dominated 
grass stands there beginning in 1977 but did not appear at all in 
samples at the lower elevation in 1974 and reached a density of only 
0.35 plants/m* in 1986. The increase in Lehmann lovegrass at the 
upper elevation was accompanied by decreases in Arizona cotton- 
top, Santa Rita threeawn, other threeawns, and plains bristlegrass, 
all of which increased at low elevation in the absence of Lehmann 
lovegrass. The upper watersheds are in that part of the Experimen- 
tal Range where Lehmann lovegrass has replaced much of the 
native perennial grass since it was introduced in 1937 (Cable 1971). 

Densities of Arizona cottontop and bushmuhly increased more 
under yearlong than rotation grazing. Most of the increase was on 
the lower elevation yearlong units, which received higher rainfall 
than the low elevation rotation units. Responses of other native 
grass species to grazing schedules showed similar trends. 

Mesquite control increased total grass density. Higher grass 
densities at the upper elevation early in the study were the result of 
favorable rainfall and increases in Lehmann lovegrass. As the 
Lehmann lovegrass stands matured, from 1983-1986, large plants 
crowded out seedlings of native grasses and lovegrass as well and 
reduced grass density at the upper elevation. Low density of Leh- 
mann lovegrass at low elevation allowed the native grasses to be 
more successful there. These changes agree with Cable’s (1971) 
observations. 

Significant interactions among main effects in density changes 
from 1974 to 1986 support these conclusions. For example, the 
mesquite by elevation interaction showed the increase in perennial 
grass density on mesquite-free watersheds at the upper elevation to 
be more than one and one-half times that of any other combina- 
tion. Lehmann lovegrass at the upper elevation increased one and 
three-fourths times as much on mesquite-free as on mesquite- 
infested watersheds but increased negligibly under either grazing 
schedule at low elevation. Density of native perennial grasses 
increased only at low elevation where Lehmann lovegrass was 
absent or its density low. The elevation by grazing interaction 
showed that density of Arizona cottontop at low elevation 
increased over twice as much as under either grazing schedule at 
the upper elevation. Similarly, other grasses were many times more 
abundant on the low-elevation, yearlong-grazed watersheds than 
any other combination. Lehmann lovegrass also exhibited a graz- 
ing by mesquite interaction in which the least increase was on 
untreated watersheds with rotation grazing and the greatest on 
mesquite-free watersheds with yearlonggrazing. Finally, the great- 

Table 3. Perennial grass density changes (Plant/m*) by major specie-s from 1974 to 1986. 

Grass species compared 
Arizona Santa Rita Other Plains Rothrock Lehmann Other 

Comparison1 cottontop threeawn threeawns bristlegrass grama lovegrass Bushmuhly grasses 

_______________________-___ ____---__-(plants/m2)-------------------- ------___________ 
Mesquite2 

Dead 1.15; 0.73** 0.72* -0.25** 0.63 7.92 0.09* 0.29 
Live 0.17 -0.02 0.10 0.19 0.64 4.50 0.04 2.70 

Elevation2 
Upper 4x66** -0.28** -0.09** -0.440 0.00 12.06** -0.05 -0.04 
Lower 1.99 0.99 0.91 0.37 1.26 0.35 0.18 3.03 

Grazing2 
Yearlong 1.15* 0.60 0.50 0.22 0.75 6.78 0.12’ 2.97 
Rotation 0.18 0.10 0.30 -0.28 0.51 5.62 0.02 0.01 

Mean 0.66 0.36 0.41 -0.03 0.63 6.21 0.06 1.50 

‘Paired comparisons which are significantly different are indicated by symbols on the first line: 0 q  P50.10, * = EO.05, l * = p10.01. 
‘Values for comparisons within columns may not be exactly equal due to rounding. 
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test density gain for lovegrass was at the upper elevation (Table 3). 
Differences in gain between yearlong and rotation grazing were 
negligible but there was a trend for higher gains on mesquite-free 
watersheds. 

Summer drought, 1975-1980, except on lower elevation water- 
sheds that were grazed yearlong (Tables 1 and 2), was responsible 
for the small losses in grass density under all treatments from 1977 
to 1980. 

Density of Shrubs 
Total shrub density averaged about 2 plants/m2 (Table 4). 

Major species were mesquite, burroweed, prickly pear and cholla 

Table 4. Density (plants/m*) of all shrubs by year and change from 1974 to 
1986. 

Mesquite control reduced shrub density (19741986) on mesquite- 
free watersheds (Table 4). Density losses for burroweed and zinnia 
were greater on the upper watersheds and burroweed losses were 
greater under yearlong grazing (Table 5). Densities of perennial 
grasses were negatively related to densities of shrubs (KO.01). 

Shrub Cover 
Total shrub cover, overall mean, decreased l/3, 1974-1977, as 

mesquite crowns died on treated watersheds (Table 6). Shrub cover 

Table 6. Shrub cover (%) of all species by year and changes from 1974 to 
1986. 

Comuarisonl 
Year of Comparison Change 

1974 1977 1980 1983 1986 1974-1986 

Year of Comparison Change 
Comparison1 1974 1977 1980 1983 1986 1974-1986 

Mesquite2 
Dead 
Live 

Elevation2 
Upper 
Lower 

Grazing2 
Yearlong 
Rotation 

Mean 

__________ _____(plants/m2) __ _______ ____ 

1.77 1.76 1.56 I .420 1.47” -0.30** 
1.78 1.66 1.95 3.01 2.06 0.28 

2.33** 2.1 I** 1.86 2.43 1.58 -0.75** 
I .23 1.30 1.65 2.00 1.95 0.72 

1.83 1.89 1.65 2.02 1.43O -0.40** 
1.73 1.53 I .86 2.41 2.09 0.36 
1.78 1.71 1.76 2.22 1.76 -0.02 

‘Paired comparisons which arc significantly different arc indicated by symbols on the 
first line: ’ = p10.10, ** q  SO.01. 
Walues for comparisons within columns may not be exactly equal due to rounding. 

cactus, littleleaf baccharis, and desert zinnia. Density differences 
associated with mesquite control were small, 1974-1980, but were 
higher (m.10) where mesquite was alive in 1983 and 1986. The 
density change, 1974-1986, was negative where mesquite was killed 
but positive where mesquite was alive due largely to losses in 
density of burroweed and desert zinnia on mesquite-free watersheds 
(Table 5). Shrub densities were usually higher at the upper eleva- 
tions, but were significantly greater only in 1974 and 1977. Shrub 

Table 5. Shrub density changes (plants/m*) from 1974 to 1986. 

Snecies Comaared 

Comparison’ Burroweed Mesquite Zinnia Other 

Mesquite2 
Dead 
Live 

Elevation2 
Upper 
Lower 

Grazing2 
Yearlong 
Rotation 

Mean 

-----_______ 

-0.10 
0.20 

-0.54* 
0.64 

a.340 
0.44 
0.05 

.---(plants/m2)_______________ 

a.030 -0.18 0.01 
0.01 a.08 0.14 

0.02 -0.220 0.03 
0.01 -0.04 0.12 

-0.01 a.10 0.05 
-0.01 -0.16 0.10 
-0.01 -0.13 0.08 

‘Paired comparisons which are significantly different are indicated by symbols on the 
first line: 0 = EO.10, l * =IQO.Ol. 
*Values for comparisons within columns may not be exactly equal due to rounding 

Soil Sheet Erosion, Headcut Advance and Changes in Gully Depth 
densities were lower under yearlong grazing (pIo.10) in 1986. Soil loss at headcut soil-surface grids was always greater on 
Significant declines in density from 1974 to 1986 were recorded for watersheds with live mesquite than where mesquite was killed 
watersheds with dead mesquite, those at the upper elevation, and (Table 8). Soil loss was consistently greater at the lower elevation 
those with yearlong grazing. The average density of shrubs on all but the difference was significant (KO. 10) only from 1977-1980. 
watersheds changed little from 1974 to 1980, increased about 26% Differences in soil loss between yearlong and rotation grazing were 
from 1980 to 1983, and declined to the 1974 level in 1986. erratic due to differences among watersheds in soil, slope, and 

Mesquite2 
Dead 
Live 

Elevation2 
Upper 
Lower 

Grazing2 
Yearlong 
Rotation 

Mean 

_____________(%)_____________ 

26.6 9.7*+ 16.6 15.1, l8.1** -8.5 
21.3 20.7 28.3 31.0 33.0 11.7 

28.8* 18.5* 23.8 30.0* 29.1 0.3 
19.1 11.9 21.1 16.1 21.9 2.8 

25.9 14.9 20.2 21.3 24.3 -1.6 
22.0 15.6 24.6 24.9 26.7 4.7 
24.0 15.2 22.4 23.1 25.5 1.5 

1 Paired comparisons which are significantly different are indicated by symbols on the 
first line: l q  PSO.05, ** q  P50.01. 
Walues for comparisons within columns may not be exactly equal due to rounding. 

on treated watersheds, where mesquite initially made up 56% of the 
total, declined almost 2/3,1974-1977, then regained about halfthe 
loss by 1986. Burroweed made up most of the shrub cover increase, 
1977-1986, on both treated and untreated watersheds. Shrub cover 
was higher at the upper elevation but was not significantly different 
between grazing schedules. Losses in cover, 1974-1986, with mes- 
quite control were significant for mesquite and zinnia (Table 7). 
General trends were positive for burroweed, negative for baccharis. 

Table 7. Shrub cover (%) changes between 1974 and 1986 by species. 

Comparison1 
Burro- 
weed 

Cover change 
Mes- Bac- 
quite charis Cactus Zinnia Other 

Mesquite* 
Dead 
Live 

Elevation2 
Upper 
Lower 

Grazing2 
Yearlong 
Rotation 

Mean 

___--_ ______ (%Coverchange)________ ____ 

7.26 -14.79** a.60 0.16 -0.71* -0.02 
6.93 2.69 0.14 0.19 -0.18 1.89 

8.06 -7.44 -0.21 0.65 a.640 -0.120 
6.13 4.58 -0.25 -0.29 -0.25 2.03 

7.33 -6.84 -0.32 0.52 -0.48 0.26 
6.86 -5.18 -0.14 xl.15 -0.41 1.70 
1.10 -6.01 -0.23 0.18 -0.44 0.95 

‘Paired comparisons which are significantly different arc indicated by symbols on the 
first line: 0 = ZSO.10, l = pIo.05, ** q  PSO.01. 
Tames for comparison within columns may not be exactly equal due to rounding. 
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Table 8. Soil loss (mm) during four j-year intervals from 1974 to 1986, headcut advance (m) from 1974 to 1986, and changes in gully depth (cm) from 1980 
to 1986. 

Soil loss Headcut Change in gully depth 
Comparison1 1974-1977 1977-1988 1980-1983 1983-1986 advance 1980-1983 1983-1986 

----__ ______ __-_______(mm)__ _____ _ ____ ___ _______ (m) 
Mesquite* 

----------(cm)__________ 

Dead 1* 9** l8* 150 1.8 -0.7 -1.6 
Live 24 34 58 75 4.9 6.7 -0.7 

Elevation* 
Upper IO 150 27 40 3.2 2.7 1.8 
Lower 15 28 48 50 3.5 3.5 -4.0 

Grazing* 
Yearlong 20 17 44 50 4.2 2.9 -0.9 
Rotation 5 27 32 40 2.6 3.3 -1.3 

Mean I3 22 38 45 3.4 3.1 -1.1 

‘Paired comparisons which are significantly different are indicated by symbols on the first line: 0 q  pIo.10, * I pIo.05, l * = p10.01. 
2Values for comparison within columns may not be exactly equal due to rounding. 

precipitation. Mean soil loss was higher in 1980-1986 than in 
1974-1980, possibly due to the higher rainfall in 1983 and 1984 
(Table 1). 

Headcut advances and increases in gully depth were consistently 
greater for watersheds with live mesquite than where mesquite was 
killed but neither measure showed consistent trends associated 
with differences in elevation or grazing schedule (Table 8). Average 
increases in gully depth, 1980- 1983, were almost 3 times as great as 
from 1983 to 1986 as silt deposits reduced the depths of some 
gullies. 

Supplemental Studies 

Runoff and Sediment Yield 
Kunoff and sediment yield were measured only on the 4 pairs of 

instrumented watersheds. Descriptions of the watersheds includ- 
ing stream channel lengths, geomorphic zones, and overall slope 
are presented in Table 9 and Figure 1. Mean runoff was higher 
(prO.05) where mesquite was alive (7%) than where it was dead 
(5.5%) (Table 10). Reductions in runoff from watersheds where 

mesquite was killed are consistent with erosion data from the main 
study (Table 8) and with Gould’s report (1982) of reduced wind 
erosion after controlling honey mesquite (P. glundulosa [Torr.] 
Cockll.) in New Mexico. 

A tracer study on watersheds lc and 2t in 1976 (Lane et al. 1977) 
indicated that no runoff came from the upper part (Zone 1 of either 
watershed (Fig. 1). The mid sections (Zone 2) of watersheds lc and 
2t contributed 13 and 36% of the total runoff. Zones and 3 and 4, 
which were closest to the flume, produced most of the runoff (87 
and 64%, respectively) for watersheds 1 c and 2t in 1976. These data 
help explain apparent differences between erosion indicators 
recorded at the flumes and those from the headcut soil-surface 
grids. For example, only 1 of the 5 plant density transects lay in 
zone 3 or 4 and that one was near the upper edge of the high runoff 
area. The other 4 transects were located in zone 2, which contrib- 
uted only modest amounts of silt. Also, the transects sampled 
about 0.5 ha of watershed immediately above the headcut soil- 
surface grids, less than 20% of the drainage area for the flumes. 
Consequently, vegetation conditions on the transects affected ero- 
sion rates on the headcut grids much more strongly than they 

Table 9. Watershed number, grazing schedule, elevation, stream channel length, watershed slope, soil series, texture, and classification for instrumented 
watersheds. 

Watershed’ Grazing* 
number schedule 

- 
Stream Watershed 

Elevation length slope Soil series & texture’ Classification 

lc 

2t 

3c 

Yearlong 

Yearlong 

Rotation 

4t Rotation 

5c Rotation 

6t Rotation 

7t Yearlong 

8c Yearlong 

(ml 
1040 

1040 

975 

1010 

1175 

1160 

1175 

1175 

b-4 
329 

256 

298 

306 

1203 

470 

230 

404 

(%j 
4.1 

4.0 

2.8 

3.7 

3.9 

3.5 

4.0 

4.2 

Comoro sandy loam 

Comoro sandy loam 

Anthony tine sandy loam 

Anthony tine sandy loam 

Continental gravelly 
sandy loam 
Comoro sandy loam 

Continental gravelly 
sandy loam 
Continental gravelly 
sandy loam 

coarse-loamy, mixed thermic 
Typic Torrifluvents 

coarse-loamy, mixed thermic 
Typic Torrifluvents 
coarse-loamy, mixed (calcareous) 
thermic Typic Torrifluvents 
coarse-loamy, mixed (calcareous) 
thermic Typic Torrifluvents 
fine, mixed, thermic 
Typic Haplargids 
cease-loamy, mixed thermic 
Typic Torrifluvents 
fine, mixed, thermic 
Typic Haplargids 
fine, mixed, thermic 
Typic Haplargids 

IThe letters after the watershed numbers indicate the mesquite treatment: c = control or live mesquite and t = treated or dead mesquite. 
t = treated or dead mesquite. 
*Rotation watersheds were grazed under the Santa Rita Grazing schedule from March through October 1 year in 3 and from November through February I year in 3 with 12 
months between grazing periods (Martin 1978). 
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Table 10. Precipitation and runoff (mm) on instrumented watersheds from 1976 through 1988. 

Watershed Precipitation/ Runoff 

Number’ Slope 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 Mean 

(%) __________ _________________________ ________ (mm)-__ _______________ 

Ic 4.1 306/11 463140 511/30 25315 25117 358140 325116 564154 459jll 318/2 
2t 4.0 29619 430147 551133 26212 26612 389/30 357/11 641/18 508/4 361/12 
3c 2.8 20216 345141 589/88 341/30 269121 367135 324161 620/150 541139 352114 
4t 3.7 241118 345136 515j85 320138 242126 329140 321149 586/80 470137 303120 
5c 3.9 315114 422121 559121 361116 27314 432142 406117 586123 711167 42512 
6t 3.5 30413 42412 580/4 37114 297/l* 46514 450/l 593/I 76018 431/l* 
7t 4.0 310115 457124 638144 355124 29216 433157 406119 593135 6981125 418/8 
8c 4.2 310/ 16 457133 638/50 388129 298112 484147 456128 652145 813/115 506110 

‘Watersheds numbers followed by c are those with live mesquite and those followed by t are those with dead mesquite. 
2T = Less than 0.5 mm of runoff. 

affected measurements at the flumes. 
Variances were high for runoff and erosion due to differences 

among watersheds in soil characteristics, vegetation cover, slope, 
stream length, sizes of geomorphic zones, and rainfall amounts and 
intensities. For example, total sediment yields, 19751988, ranged 
from 103,551 kg/ ha on watershed 4t at the lower elevation to 307 
kg/ ha on upper elevation watershed 6t. Both were rotation grazed 
and mesquite free. Sediment yield was 2.5 times greater at the lower 
than at the upper watersheds; and over 3 times as much sediment 
came from watersheds grazed in rotation as from those grazed 
yearlong, but these differences were not significant. Even so, runoff 
as a portion of the total amount of precipitation that fell on the 
watersheds was greater for watersheds with live mesquite than 
where mesquite was killed (P50.05). Comparisons between 
mesquite-free and mesquite-infested watersheds with respect to 
numbers of runoff events, numbers of sediment samples, and sedi- 
ment yield showed similar trends. 

Conclusions 
Density of perennial grasses increased on watersheds where 

mesquite was killed. Higher grass density on mesquite-free water- 
sheds reduced runoff and soil movement below levels recorded 
where mesquite was alive. 
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Abstract 

The importance of evaluating multiple resource values on range- 
lands is demonstrated in this study of California’s 3.0 million 
hectares of oak-covered (Quercuz spp.) hardwood rangelands. 
Production functions are derived for oak tree growth on range- 
lands for stands with at least 50% of the total tree cover in blue oak 
(Quercus doughii Hook. & Am.) based on oak volume per acre 
and site index. Forage production is estimated based on oak cover, 
weather variables, growing period, and site factors from data 
reported in the literature. Hunting revenue and cost functions are 
derived from a survey of commercial hunting clubs, and are based 
on oak cover, hunter success variables, hunter demographics, 
advertising, livestock density, and club size. The interrelationship 
of these resource values is shown in output from an optimal control 
model that incorporates these production functions. Oak trees are 
gradually cleared for situations where cattle are the only economic 
product, whereas a residual tree canopy is maintained for cases 
where firewood and hunting enterprises are considered. In addi- 
tion, cattle stocking is higher and net profitability is lower for the 
cattle only management scenario when compared with a multiple 
use management scenario. The development of these multiple use 
production functions allows the full range of resource management 
options to be considered. 
Key Words: range economics 

Rangelands provide a variety of valuable resources such as 
wildlife habitat, aesthetics, recreation, forage, and watershed pro- 
tection Increasingly, economic and policy analysis of rangelands 
requires that all of these resources are adequately assessed in order 
to evaluate likely acceptable management practices and long-term 
resource values. However, production functions for these diverse 
resource values often do not exist, nor are the interrelationships 
among different resources known. 

California’s oak woodlands, also known as hardwood range- 
lands, are an example of a rangeland system where a variety of 
resource values are important and where there has been little 
analysis of the multiple resource values. This absence of detailed 
information has not prevented multiple resource values from being 
advocated. These rangeland areas occupy an estimated 3.0 million 
hectares in the state (Bolsiner 1988). Hardwood rangeland areas 
have at least a 10% canopy of hardwood tree species, predomi- 
nantly in the oak genus (Quercus spp.), with an understory of 
annual grasses. Griffin (1978), Bartolome (1987), and Holmes 
(1990) provide good descriptions of these areas. Historically, these 
areas have been managed primarily for livestock production. In 
addition, hardwood rangelands are important in providing critical 
habitat for many game and nongame wildlife species (Verner 
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1980, Barrett 1980). &her public values obtained from hardwood 
rangelands include high quality water supply, outdoor recreation, 
and aesthetic values. Hardwood rangelands are somewhat unique 
for western wildlands, with over 80% in private ownership (Bolsin- 
ger 1988). Management concerns which impact supply of public 
values on private rangelands are different from those on publicly 
owned rangelands because of the need to generate pecuniary 
returns to maintain the operation. 

Policy concerns about the economic and ecological sustainabil- 
ity of California’s hardwood rangelands formed the rationale for 
this study of multiple use values. Hardwood rangelands have 
decreased by about 485,000 ha in the period from 1945 to 1973 
(Bolsinger 1988). There is concern about the lack of regeneration 
for some oak species in certain geographical areas of the state 
(Muick and Bartolome 1987, Bolsinger 1988). Low profitability 
from traditional range livestock operations on hardwood range- 
lands and increasing population pressure have accelerated loss of 
these open space areas to subdivisions (Doak and Stewart 1986). 
These factors make it important to evaluate trends for optimal oak 
canopy levels, especially since public regulation of oak harvesting 
on private lands has been proposed (State Board of Forestry 1982. 
California’s hardwood regulation in California hardwood types. 
Unpublished report of the Study Committee to the State Board of 
Forestry, Sacramento, Calif.) 

Two of the major economic forces affecting oaks on hardwood 
rangelands are tree removal for firewood and range improvement. 
Firewood prices increased dramatically in the mid-1970’s but 
remained relatively constant in real dollars through the mid-1980’s 
(Doak and Stewart 1986). Oak clearing for range improvement 
reached a peak in the 1950 to 1960 era (George 1987). Recent 
increases in the demand for recreational hunting, with hunters 
willing to pay landowners for trespass rights, have created new 
market opportunities. Since the principal upland game species in 
the state, namely deer, quail, turkey, and feral pig, are all enhanced 
by oak stands (Barrett 1980), landowners who market hunting 
rights may be able to capture private economic benefits from oak 
retention. 

Study Objectives 

The objective of this study is to develop models of hardwood 
rangeland resource dynamics and interrelationships. Firewood 
production, livestock production, and commercial hunting are 3 
enterprises chosen for this study. Not evaluated were other forms 
of recreation, water supply, or aesthetics. Rangelands are dynamic 
systems in that decisions made about tree or brush removal, range 
improvements, and cattle stocking influence the state of the system 
in all subsequent years. These systems are also subject to seasonal 
and yearly variability due to climatic and economic factors. These 
models will also incorporate these uncertainty factors. 
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Fig. 1. Periodic annual oak growth in cubic meters per hectare per year by oak crown cover percent for oak site index 12 m. 

Previous Studies on Hardwood Rangeland Production 
Processes 

Hardwood Tree Growth 
The only study conducted on oak tree growth on California’s 

hardwood rangelands had static yield relationships (N.H. Pills- 
bury and M.J. DeLasaux 1985. Site index, height and yield predic- 
tion equations for blue oak and coast live oak in Monterey and San 
Luis Obispo Counties. Unpublished report of the Nat. Res. Man- 
agement Dept., California Polytechnic State University, San Luis 
Obispo). This did not allow dynamic updating of the hardwood 
tree stock as a result of partial tree harvesting. 

A wide variety of methods have been used to investigate stand 
growth. Models of whole stand growth as a function of tree density 
and site characteristics can usually be developed for fairly low costs 
(Clutter 1963), which appeared to be the most useful starting point 
for this study. 

Interaction of Tree Overstory and Forage 
The impact of oak cover on forage yield has been well- 

documented in a variety of studies in California. Kay (1987) 
reports on 22 years of comparisons between forage production on 
dense oak woodland and open annual grassland range. This study, 
conducted on an area receiving 50 to 75 cm of annual rainfall, 
indicated that forage production in cleared areas was consistently 
higher than areas with a relatively dense blue oak overstory (Quer- 
cu.s dougkzsii Hook. & Am.). This can be compared with the results 
obtained by Holland (1980) and Frost and McDougald (1989) 
working in areas with less than 50 cm of annual rainfall, showing 
that range forage production was higher in areas with scattered 
blue oaks than in open grassland areas. McClaran and Bartolome 
(1989) reported that forage yield comparisons between areas with 
50% canopy and open areas depend upon annual precipitation. On 
areas with less than 50 cm of seasonal rainfall, forage yield was 
higher under blue oak canopies, whereas on higher rainfall areas 
this pattern was reversed. Jensen (1987) reported forage yields for 3 
differing crown cover percents of blue oak compared with open 
range. Forage productivity decreased as oak overstory density 
increased. In general, oak effects on annual grassland production 

vary with canopy density and rainfall. 

Annual Range Productivity 
Annual fluctuations in forage yield due to weather variability 

cause uncertainty for hardwood range managers in California. 
Five studies of hardwood rangeland forage production over 3 to 34 
years reported maximum peak standing crop 1.5 to 5 times greater 
than lowest reported peak standing crop (George et al. 1989, 
Murphy et al. 1986, Pitt and Heady 1978, George et al. 1989, 
Duncan and Woodmansee 1975). 

Different studies have evaluated various climatic variables to 
explain this variation in yields. Duncan and Woodmansee (1975) 
were largely unsuccessful in utilizing early season precipitation to 
predict forage yields. Pitt and Heady (1978) used temperature and 
precipitation to explain 73% of yearly standing crop fluctuation. 
Murphy (1970) found that early season rainfall was a good predic- 
tor of fall germination but not of peak standing crop. Sully (1980) 
used in-season precipitation and growing-degree days to explain 
forage variability. George et al. (1989) also utilized both early 
season precipitation and temperature to develop good predictions 
of both seasonal and peak range forage production and livestock 
weight gain. 

These studies suggest that forage production relationships 
should include crown cover, rainfall, an interaction of rainfall and 
crown cover, and growing-degree days. 

Wildlife Values 
Although a variety of methodologies have been used to estimate 

on-site and off-site wildlife values, this study used hedonic regres- 
sion to estimate on-site wildlife values (Rosen 1974). This involves 
observation of actual market transactions for goods such as hunt- 
ing leases and decomposing the price into its component parts 
using econometric techniques. This method assumes that a good 
receives values from its bundle of characteristics that contribute to 
a consumer’s utility. Livengood (1983) and Pipe and Stoll(l985) 
used hedonic regression to assess deer hunting value in Texas based 
on hunt club location, hunting quality, and services and facilities 
provided. 
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Fig. 2. Relative forage yield, expressed as a fraction of open crown yield 
for varying oak crown cover percent, and different average annual 
rainfall zones. 

Empirical Estimation of Production Processes 

Oak Tree Growth 
To develop oak growth functions, 81 study sites were selected 

throughout California’s hardwood range area in stands of pure 
blue oak, mixed blue oak and interior live oak (Quercus widizenii 
A. DC.) stands in the Sierra Nevada foothills, and mixed blue oak 
and coast live oak (Quercus ugrifolia Nee) stands in the coastal 
foothills. Study sites were confined to areas that had a basal area of 
at least 50% blue oak. 

Individual tree diameter at breast height (DBH), basal area, 
total tree height, crown diameter, and radial growth over the last 
5-and IO-year periods were collected at each plot. There were 972 
individual trees measured in this study. Relationships for site 
index, periodic oak tree growth, and crown cover-volume relation- 
ships are developed below to be used to simulate the impact of 
thinning on oak growth on hardwood rangelands with at least 50% 
blue oak basal area. 

Oak site index functions were developed to assess potential tree 
productivity by integrating the various elements contributing to 
tree growth into 1 single index number. The standard method for 
constructing site index curves utilizes height and age of the domi- 

25 

nant trees in a stand as a proxy for site productivity. However, 
since total tree age was extremely difficult to collect on rangeland 
oaks, the relationship between tree height and diameter was used. 
Site index under this concept is defined as the height attained by 
dominant trees at a standard DBH. The standard DBH used in this 
study was 25 cm. The means that the dominant trees on a stand 
with a site index of 12 m would average 12 m in height when the 
average DBH of these dominant trees was 25 cm. The taller the 
dominant trees for a given DBH, the higher the site index. 

Using the method described by Chojnacky (1986) on the 204 
dominant trees on the study sites, the regression analysis of the 
height-diameter relationship was transformed to give equation (1) 
below.’ 

In(SITE,,& = In(HTmeten) + 7.882( l/ DBHcm) - 0.3103 (I) 

Site index for the 81 samples sites ranged from a low of 7.3 
meters to a high of 17.1 meters. 

Cubic meter volume for the 8 1 different study sites ranged from 5 
cubic meters per hectare (.8 cords per acre) to 378 cubic meters per 
hectare (64 cords per acre), with an average annual growth ranging 
from .14 cubic meters per hectare per year (0.02 cords per acre per 
year) to 3.6 cubic meters per hectare per year (0.6 cords per acre per 
year). Equation (2) below shows the results of the regression analy- 
sis of cubic foot growthz. 

ln(PAI) = -5.8368 + 0.60934ln(VOL) + 1.2139[ln(SITE)] (2) 
(-I 149)*** (12.54)*** (5.34)*** 

R2 q  .78 

Variable Description 
PAI Periodic annual increment (m3/ ha/ year) 
VOL Total volume (m3/ ha) 
SITE Site index 

INote: The height-diameter equation followed the form - 
In(HT) = aa + a~ *(l/DBH) 
where HT = total height; DBH = diameter at breast height; a~, and aI significant at 
.OS level. 

*Note: Numbers in parentheses below coefficients are t-values; ***means significant at 
<O.Ol level; **significant at 0.05 level; *significant at 0.10 level. 
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Fig. 3. Annual hunting revenue per hectare for average and good conditions by oak cover percent. 
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Volume - Crown Cover Relationship 
Crown cover is the most commonly used tree measure in range 

management and is highly correlated with wildlife habitat suitabil- 
ity and range forage production. Oak crown cover on the 8 1 study 
sites ranged from 8% to 100%. Equation (3) below shows this 
relationship between volume and crown cover. 

ln(CC) = -4.359 + 0.4268[ln(VOL)] + 0.832qln(SITE)] (2) 
(-&41)*** (8.58)*** (3.59)*** 

R2 = .62 

Variable Description 
cc Oak crown canopy percent 
VOL total volume (mj/ hectare) 
SITE Site index 

Forage Production 
A data set of 142 forage production observations in the open and 

under several different oak canopy densities was collected from 4 
different studies on 6 different sample sites representing time series 
ranging from 2 to 22 years (Jensen 1987, McClaran and Bartolome 
1989, Kay 1987, Heady and Pitt 1979). The data set includes forage 
yield in kg per ha for that year at that location, and crown cover 
percentage. Since the literature shows the overstory effects vary by 
climatic regions, seasonal rainfall and accumulated annual degree 
days were added to the data set. 

A combined cross-section time series analysis was carried out for 
the 6 sample sites to predict forage yield as a function of overstory 
density and climatic variables. Accumulated seasonal rainfall was 
shown to be a much more significant weather variable than accum- 
ulated degree days for forage yield under different crown covers. A 
nonnested hypothesis test was carried out for 2 hypothesized func- 
tional forms for the forage/ tree cover relationship (Davidson and 
MacKinnon 1981). The selected functional form is shown below in 
equation (4). 

In(FORij) = -4.2505 - 2.8807~1 -2.2442~2 + 0.2563~ - 1.6785~ 
(13.29)‘; (-5.53)*** (-6.74)*** (0.40) (-2.62)** 

-2.0225~5 - O.O566[ln(lWCCi)] + O.W7qln(lOO-CCi)RAINij (4) 
(-3.20)*** (-0.73) (6.23)*** 
-0.OOOO29[ln(lOO-CCi)RAINij* + 0.0162slDayij + O.O162szDAYi,i 
(-4.74)*** (8.00)*** (14.98)*** 
+ 0.0126s3DAYiJ + 0.0187s4DAYi.j + 0.0208~sDAYij 
(4.33*** (6.41)*** (7.33)*** 

R2 q  .85 

Variable Descrintion 
FORij 
Sl 
SZ 
S3 
S4 
s5 

CCi 
RAINij 

DAYij 

forage yield for year i, day j (kg/ ha) 
Dummy variable (range site 1) 
Dummy variable (range site 2) 
Dummy variable (range site 3) 
Dummy variable (range site 4) 
Dummy variable (range site 5) 
Oak cover percent in year i 
Accumulated cm. of rain in year i, day j 
(rain-canopy interaction) 
Julian day (Sept. 1 = day 1) 

These results show that canopy has a greater effect in depressing 
forage yield on higher rainfall areas, consistent with the results in 
the literature. The monotonic increase in forage yield with the 
number of days since the beginning of a typical season (1 Sep- 
tember) in California’s annual grassland is consistent with the 
biology of this range type. 

Hunting Production 
A random sample of 60 ranches with recreational hunting pro- 

grams on hardwood rangelands was surveyed by personal inter- 
views. Each interviewee provided data on type of hunting lease, 
hunting lease price, number of hunters, hunter success, club loca- 
tion, wildlife habitat at the club, and detailed cost summaries. The 

major game species of interest in these surveys were deer, wild 
turkeys, and wild pigs. There were 55 usable surveys. 

Total revenue and cost per hectare functions were estimated 
using hedonic regression techniques (Rosen 1974) to decompose 
costs and revenues to various physical and biological attributes of 
the hunting club. Since deer hunting was found on 49 of the 55 
ranches, analysis was restricted to areas with deer hunting. The 
added value from pig and turkey hunting on areas with deer 
hunting was evaluated. 

Average hunting revenue for surveyed ranches was $10.28 per 
ha. Preliminary analyses showed that distance from the ranch to 
several large cities such as Los Angeles, Sacramento, and San 
Francisco was insignificant in explaining variability in price struc- 
ture. This was surprising at first since higher travel cost associated 
with clubs further from major cities would leave less surplus for 
hunting payments. However, a hunting fee study in Texas (Pope 
and Stoll 1985) showed that fees increased as distance from major 
cities increased. This indicates hunters may value isolation more 
highly than the cost associated with obtaining isolation. The trade- 
off between isolation value and travel cost must be the reason that 
distance from major cities was nonsignificant in this study. 

Information on various services and improvements provided by 
clubs was analyzed. Availability of cabins, guide services, camping, 
hunting dogs, or vehicle use were not significant. This was appar- 
ently due to the great diversity in services provided by ranches and 
the high variability in hunter demand for these services. 

A Davidson-MacKinnon nonnested hypothesis test was carried 
out to evaluate a logarithmic revenue function (equation 5) against 
a linear form. The logarithmic form of the hunting revenue func- 
tion was selected by this procedure. 

ln(HR) =3.364+0.084[ln(CC)]+0.72~ln(SCEN)]+O.I2~ln(HINC)]+ 
(3 74)***(2. I l)** (2.55)** (2.22)** 

O&tqln(DdTRP)] + O.l3l[ln(DRAUM)] + O.l38[ln(PPIG)] 
(5) 

(1.24) (1.99)* (3.06)*** 
- 0.234[ln(HECT) + O.l08[ln(ADV)] 
(-2.80)*** (1.92)* 

22 = .62 

Variable Description 
HR Hunting revenue per hectare cc 
SCEN Subjective scenery rating supplied by interviewee 
HINC Percent high income clientele 
DRTRP Percent harvest deer trophy size 
DRAUM Difference in animal unit months (AUMs) per hectare 

with and without hunting 
PPIG Percent deer area with pig hunting 
HECT Total hectares hunted 
ADV Advertising dollars per hectare 

Positive coefficients for scenery, percent of high income hunters, 
percent of trophy deer, allocation of forage to the hunt club, 
percent of the hunt club where pig hunting is also allowed, and 
expenditure for advertising show that as hunt quality or appeal to a 
higher paying clientele increases, revenue per hectare also increases. 
The positive coefficient for oak crown cover shows that since oak 
cover enhances habitat for game species, revenue from hunting 
also increases. The negative sign on hectare hunted shows that 
large ranches have lower net revenues per hectare than smaller 
ranches due to the more dispersed, extensive type of hunting 
operation on larger ranches. 

Average hunting costs in the survey were $7.54 per hectare. 
Preliminary regression analysis of the hunting cost function 
showed low significance for care of game, hunt club acreage, 
transportation services, availability of cabins and percent of high 
income hunters, possibly due to the high variability in the provi- 
sion of the bundle of these services between ranches. 

A linear hunting cost function is shown below. A logarithmic 
form was also evaluated and rejected using the Davidson-MacKinnon 
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nonnested hypothesis test. 

HC q  1.7191 + 2.2912 ADV - 0.9259 GUIDE + 1.698 TAG 
(3.17)**% :2;.?*** (l.El)* (6) 

Variable Description 
HC Hunting cost per hectare 
ADV 
GUIDE 
TAG 

Advertising dollars per hectare 
Dummy variable for guide services 
Dummy variable for deer tags 

The negative coefficient for guide services shows that total cost 
per hectare of the hunting club decreases for ranches where guides 
assume management for part of the hunting operation. These 
guides, who are actually subcontractors, bear some of the hunt 
club operating costs, reducing costs paid by the rancher. This 
analysis shows the high significance of advertising on the total cost 
function. It serves as a good index for other hunting club costs. 
Ranchers who spend money to advertise may also spend more 
money per hectare to operate the club. The positive sign of the 
yariable for deer tags shows that these direct costs are borne by the 
rancher. 

Implications of Evaluating Multiple Use Management 
The significant variables in the oak growth, hunting revenue, 

and forage production functions demonstrate linkages between 
resource values. For example, oak crown canopy affects forage 
yield, hunting revenue, and tree growth. Decisions about oak tree 
harvest levels therefore modify revenue from livestock production, 
hunting, and wood products in all subsequent time periods. Fig- 
ures 1 through 3 are generated by simulating equations 2,3,4, and 
5. These show that as oak canopy increases, tree growth and 
hunting revenue increase while forage production decreases. 

This study also developed a model to assess likely behavior of 
range managers and the impacts on interrelated hardwood range- 
land resources over time. Because of the complexities of the hard- 
wood range system and interest in long term trends for oak stands, 
an optimal control approach was used. 

Optimal control theory is based on derivation of decision rules 
that determine the optimum trajectory of capital stocks over time. 
The trajectory is “controlled” by the manager through decision 
variables, or control variables, that are linked with the capital 
stock in the system. 

The general framework for the optimal control model is shown 
in equation (7). The purpose of this paper is not to elaborate on the 
complete specification of the optimal control methodology, which 
is described in detail in a companion paper (Standiford and Howitt 
in press), but to discuss the implications of the multiple product 
functions on rangeland management decisions based on the empir- 
ical results of this model. 

Maximize NPV = 
T 
z 

(7) 

t I I DFt . (WRt(WDSELt, PWDJ + HRt(CCt(VOLt), HRDt, 
DRAUMt, exog.) + 
LRt(HRDt, CSt, PCOWt, PFEEDt, FEDt, REPt, FORdCcl(VOL+), 
exog.))] + TVT 

Such that: 
VOLl+t = F(VOLt, exog.) - WDSEL [Equation of motion for oaks] 
HRDl+t = G(HRDb REPt, exog.) - CSt [Equation of motion for 

livestock] 
E(TRt(LRt, WRt, HRJ - zip l cov 
(TRr)% 0 
WDo = INITWD 
HRDo = INITHRD 

[Chance constraint risk factor] 
[Initial stock of wood] 
[Initial stock of livestock] 

where: 
CCt(VOL~) = 

cov(TRt) = 
cst = 

DFt q  

DRAUMt = 

FED, = 

Oak cover percent as function of oak stock 
[derived from equation 31 
Variance-covariance matrix for total revenue 
Vector of different classes of livestock sold 
(control variable) 
Discount factor at time t 
Allocation of forage to hunting enterprise in time t 
(control variable) 
Supplemental feed purchased at time (control 
variable) 

FOR,(CC*(VOLd, exog.) q  Forage yield as function of tree canopy and 
exogenous range productivity factors [derived from equation 43 

F(VOLt, exog.) = Tree growth as function of oak volume and exogenous 
site factors [derived from equation 21 

G(HRDt, REPk exog.) q  Livestock growth as function of livestock numbers 
including replacement heifers, and exogenous factors (i.e. cattle breed) 

HRdCCr, HRD1, DRAUMt, exog.) = Net hunting revenue as a function of 
oak cover, livestock, allocation of forage to hunting and exogenous 
variables (i.e., hunting clientele, guide services, etc.) [derived from 
equations 5 and 61 

HRDt = Livestock herd size at time t (state variable) 
LRt(HRDt, CSt PCOWt, PFEEDt, FEDt, REPa FORt(WD,, exog.)) = Net 

livestock revenue at time t as function of livestock herd, cattle and feed 
prices, supplemental feed purchased, range forage production, and 
number of livestock sold. 

NPV q  Net present value 
PCOWt = Vector of prices for different classes of cattle at time t 
PFEEDt = Price of supplemental feed at time t 
PWDt q  Price of firewood at time t 
REP q  Replacement heifers added to the herd at time (control variable) 
TR = Total revenue at time t as function of firewood, hunting, and livestock 

revenue 
TVr = Terminal value of capital stocks at time T 
VOLt = Volume of oak trees at time t (state variable) 
WDSELt = Volume of firewood cut in time t (control variable) 
WRt(WDSELt, PWDJ = Firewood revenue as function of firewood harvest 

price in time t 
sly = Standardized normal variable set for probability g that total revenue 

is nonnegative 

The rancher’s objective function is to maximize net present value 
from firewood harvesting, livestock production, and commercial 
hunting. The 2 state variables for which the trajectories are deter- 
mined are the stocks of oak trees and livestock. The amount of oak 
firewood cut, livestock sold, replacement heifers added to the herd, 
amount of supplemental feed purchased and allocation of forage to 
the hunting enterprise are the 5 control variables in the optimal 
control maximization for which the ranch manager makes annual 
decisions, These were determined for different range sites and 
initial oak volumes throughout the state. Risk was considered 
using a chance constrained approach that allowed negative cash 
flows only 1 year out of 10 (Charnes and Cooper 1959). Solution 
techniques for the nonlinear optimization are described in Standi- 
ford and Howitt (1992). 

Figure 4 shows how optimum oak canopy varies depending 
upon the resource values considered. These figures are for initial 
conditions of 52 cubic meters of oak volume per hectare (corres- 
ponding to about 55% crown canopy), site index of 12 m, 150 
cow-calf pairs per 400 ha, and a relatively productive range site. 
When firewood value and hunting revenue are not considered and 
only livestock production is evaluated (the Livestock Only option 
on Fig. 4), the model indicates that rational economic behavior is 
to gradually clear the oaks because of resulting additional forage. 
Immediate tree clearing does not take place because of the annual 
budget constraint imposed in the risk specification. However, 
when tree value for selective firewood harvesting is considered, a 
light harvest takes place. All trees are not harvested because of the 
terminal value the trees represent for the future firewood produc- 
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Fig. 4. Optimal oak canopy level estimated by different levels of manage- 

4 
ment diversification. 

tion and the “true”costs of tree harvest determined in a calibration 
procedure which considers actual producer behavior (Standiford 
and Howitt 1992). When hunting revenue is received, no firewood 
harvesting occurs. The marginal value of oak canopy for wildlife 
habitat exceeds the marginal value of extra forage and firewood 
volume. To summarize, when tree growth and value are considered 
for wildlife habitat and wood products, cutting is decreased from 
the scenario where livestock is the sole revenue source. 

Cattle stocking rates are also modified when considering multi- 
ple values. Figure 5 shows the assessment of optimum cow-calf 
pairs for the same set of conditions described above. For the 
livestock only scenario, optimum cow-calf pairs are higher than for 
the cases where firewood and hunting value are considered. Failure 
to include multiple resources in the analysis would lead to a conclu- 
sion about optimum cattle stocking that would be too high to 
optimize net ranch revenue from all sources. 

The model showed that hunting revenues can be a significant 
component of total ranch income. Figure 6 compares the magni- 
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Fig. 6. Net present value by resource enterprise for different multiple use 
scenarios. 

tude of economic value from cattle, hunting, and firewood enter- 
prises for a 4% real discount rate. Inclusion of hunting value 
contributes 40% to total net present value. The value of the fire- 
wood enterprise in the livestock and firewood scenario accounts 
for only about 3% of the total net present value. However, this 
small contribution provides sufficient value for a conservation 
incentive for rangeland oaks. Development of production func- 
tions for these resources was important in being able to adequately 
assess the full range of resource management options open to 
landowners. 

Conclusions 

These results indicate that production functions for diverse 
resource values found on hardwood rangelands can be developed 
from a combination of field research and data collected from 
studies reported in the literature. Relationships were developed for 
range productivity considering site factors, weather variables, and 
competition from oak tree overstory. Tree growth functions were 
developed based on an oak site index and tree volume per hectare. 
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Fig. 5. Optimal cow-calf pairs per 400 ha for different multiple use scenarios. 
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Revenue functions for fee hunting were derived from habitat char- 
acteristics of the ranch as well as demographic characteristics of the 
hunter clientele. 

The use of these multiple resource production functions and the 
interrelationship between these factors is of great importance in 
assessing likely range management practices. If hunting and fire- 
wood values were ignored, for example, then complete oak clear- 
ing, higher cattle stocking, and lower profitability would be pre- 
dicted on hardwood rangelands. With the increasing demands 
being placed upon rangelands, studies that look at multiple use 
management will be increasingly important. 
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Abstract 

Tallgrass prairies provide a valuable source of diverse native 
plant germplasm. Seed harvested from native prairies can be used 
to revegetate highly erodible or marginal cropland and degraded 
rangeland if adequate quantities of seed can be produced. The 
effect of spring burning, fertilization, and atrazine [6-chloro-N- 
ethyl-N’-(l-methylethyl)-l,3,5-triazine-2,4-diamine] on big blue- 
stem (Andropogon gerardii Vitman var. gerardii Vitman) and 
indiangrass [Sorghtrm nutans (L.) Nash] reproductive stem 
density and seed production was determined in 9 tallgrass prairie 
environments (each year by site was considered a unique environ- 
ment). Studies were conducted at tallgrass prairies near Bloomileld, 
Lincoln, and Virginia, Nebr., from 1987 through 1990. Atrazine 
was applied at rates of 0 and 2.2 kg a.i. ha-’ in mid-spring. Fertilizer 
rates applied in late spring were 0 and 110-O kg N-P ha-’ at Lincoln 
in 1987,O and 110-22 kg N-P ha-’ at Bloomfield in 1987 and all sites 
in 1988, and 0 and 67-22 N-P kg ha-r at all sites in 1989 and 1990. 
Improvement practices increased stem density of big bluestem in 5 
environments and indiangrass in 4 environments. Number of ger- 
minable seed produced by the grasses was influenced by treatment 
only in 1987 and 1990 when precipitation amounts were above or 
near the long-term average. In 1987, atrazine increased indiangrass 
germinable seed number from 202 to 481 seed m-* at Bloomfield. At 
Lincoln in 1987, the combined effects of fire, fertilizer, and atrazine 
increased the number of germinable indiangrass seed to 2,517 seed 
m-* as compared to 331 seed m-* produced on areas that had not 
been treated. In 1990, burning in mid-May increased big bluestem 
seed number from 52 to 125 germinable seed m-* at Virginia, and 
fertilizer increased big bluestem seed number from 333 to 724 seed 
m-* at Lincoln. The tallgrasses did not produce germinable seed in 
1988 and 1989, presumably because of drought conditions that 
persisted both years. Improvement practices evaluated in this 
study increased native grass seed production when precipitation 
was adequate. However, no single treatment or combination of 
treatments reliably or consistently increased the number of seed 
produced and the absolute amount of seed produced on native 
prairies was low. 
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There are over 4.3 million ha of remnant tallgrass prairies in 
Kansas, Nebraska, and South Dakota (Herbel et al. 1982). These 
prairies are a valuable forage resource and repository for native 
plant germplasm. The prairies provide a diverse assortment of 
plant species and ecotypes within species that are well adapted to 
local edaphic and climatic conditions. Seed from native prairie 
plants are a resource of considerable value to man-directed germ- 
plasm improvement programs (Vogel et al. 1989). Seed from native 
prairies can be used to reestablish prairies on severely depleted 
range sites and reclaim highly erodible cropland if adequate quan- 
tities of seed are available for harvest. Grass seed harvested from 
prairies was used to revegetate about 15% of the 500,000 ha 
enrolled in the Conservation Reserve Program in Nebraska from 
1985 through 1990 (K. Hladek, USDA-SCS, 1991, personal 
communication). 

Prairies are assumed to be unreliable sources of seed because of 
the negative influence plant competition and adverse climatic con- 
ditions, such as erratic precipitation and high temperature, have on 
seed production. Cornelius (1950) conducted a study in Kansas 
and compared grass seed yields from commercial seed production 
fields and native prairies. Seed yields from native prairies were 
much more variable than from commercial seed production fields. 
Big bluestem (Andropogon gerardii Vitman var. gerardii Vitman) 
in native prairies produced “harvestable quantities” of seed in only 
3 out of 9 years from 1937 to 1945. The same species in cultivated 
stands produced adequate quantities of seed each year during the 
same time period. 

Cornelius (1950) determined that burning and fertilization in 
late spring increased warm-season grass seed yields from cultivated 
stands. Influence of these treatments on seed yield of grasses in 
native prairies was not assessed. Spring burning, fertilization, and 
atrazine [6-chloro-N-ethyl-~~_(-methylethyl)-l,3,5-triazine-2,4- 
diamine] have been used to manipulate botanical compositionand 
improve herbage productivity of warm-season grasses in southern 
and central Great Plains tallgrass prairies (Gillen et al. 1987, Mas- 
ters et al. 1992). Studies were conducted to evaluate the influence of 
these improvement practices on reproductive stem density and 
seed production of big bluestem and indiangrass [Sorghasrrum 
nutans (L.) Nash] growing in tallgrass prairies. The purpose of the 
studies was to determine if these practices could be used to reliably 
increase seed production of big bluestem and indiangrass. 
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Materials and Methods Study i 

Three studies were conducted from 1987 through 1990 in 9 
tallgrass prairie environments located near Bloomfield, Lincoln, 
and Virginia, Nebr. In this research, each year by site was consi- 
dered a unique environment. The influences of burning, fertilizer, 
and atrazine on big bluestem and indiangrass reproductive stem 
density and seed production were assessed the year of treatment 
application. These 2 grasses were selected for study because they 
are common in most tallgrass prairies and seed of these species 
mature at about the same time in the fall. Livestock were excluded 
from the study sites during the year of treatment. 

In 1987, sites were established on grasslands located 15 km 
northwest of Lincoln, Nebr. (Nine-Mile Prairie) and 10 km 
southwest of Bloomfield, Nebr. The soil at the Lincoln site was a 
Sharpsburg silty clay loam, fine, montmorillonitic, mesic, Typic 
Argiudoll and at the Bloomfield site was a Dickinson loamy sand, 
coarse-loamy, mixed, mesic, Typic Hapludoll. The Lincoln site 
was a tallgrass prairie that had not been grazed and had been 
burned at 3-year intervals since 1968. The Bloomfield site sup- 
ported a grassland community that had been grazed annually since 
revegetation with tall- and mid-grasses in the 1950’s. 

Precipitation was below normal at 8 of 9 sites during the studies 
(Fig. 1). Precipitation amounts in 1987 were 18% above the long- 

One-half of an area, 148 X 54 m in size, was burned at the 
Lincoln and Bloomfield sites on 18 April and 23 April 1987, 
respectively. Three plots, each 74 X 18 m, were delineated within 
the burned and unburned areas at each site. In May 1987, one-half 
of each plot was fertilized with 110 kgN ha-’ at Lincoln and 1 lo-22 
kg N-P ha-’ at Bloomfield. Atrazine was applied at 2.2 kg a.i. ha-’ 
to half of each fertilized and unfertilized plot within the burned and 
unburned areas. Density of big bluestem and indiangrass stems 
with inflorescences was determined in early October 1987 by count- 
ing numbers of stems within two OS-m* quadrats randomly located 
in each subplot. Big bluestem and indiangrass inflorescences 
within 4 X 8-m areas located in the center of each subplot were 
harvested after stems were counted. 
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Fig. 1. Cumulative precipitation at 3 locations in eastern Nebraska during 

the time the studies were conducted. 

term average at Lincoln and 6% below average at Bloomfield. 
Precipitation at Lincoln in 1988,1989, and 1990 was 31,9, and 1% 
below normal, respectively, and at Virginia was 38, 27, and 17% 
below normal in 1988, 1989, and 1990, respectively. The precipita- 
tion deficit at Lincoln and Virginia in 1988 and 1989 was below the 
long-term average throughout the growing season. Precipitation in 
1990 closely followed the long-term average throughout the year at 
Lincoln and through July at Virginia. 

Study 2 
In 1988, sites were established on tallgrass prairies near Lincoln 

(Nine-Mile Prairie) and Virginia (Dalbey-Halleck Farm), Nebr. 
The soil at the Lincoln site was a Sharpsburg silty clay loam and at 
the Virginia site was a Pawnee clay loam, fine, montmorillonitic, 
mesic, Aquic Argiudoll. The Lincoln site had a similar history to 
the tallgrass prairie in Study 1. Two sites located on a tallgrass 
prairie 5 km south of Virginia were used in this study. For a period 
of 25 years before initiation of this study, 1 site (Virginia-G) had 
been moderately grazed for 50 to 60 days during the summer and 
the other site (Virginia-H) had been hayed in late July or early 
August. The Virginia-G site was sprayed with atrazine at 4.4 kg a.i. 
ha-’ in 1986 and with 1.1 or 2.2 kg a.e. ha-’ of 2,4-D [(2,4-dichloro- 
phenoxy)acetic acid] each year from 1982 to 1987. Both sites were 
burned in mid-April 1986 and 1987. 

Eight plots, each 10 X 20 m, were established at each site in April 
1988. Four of these plots were burned at each site on 6 May 1988. 
Four 5 X 10-m subplots were delineated within each main plot after 
burning. On 12 May 1988, 2 randomly selected subplots were 
fertilized at a rate of 1 lo-22 kg N-P ha-’ and atrazine was applied at 
a rate of 2.2 kg a.i. ha-’ to 1 fertilized and unfertilized subplot 
within each plot. Density of big bluestem and indiangrass repro- 
ductive stems with inflorescences was determined by counting 
number of stems within four 0.5-m2 quadrats randomly located in 
each subplot in early October 1988. Big bluestem and indiangrass 
inflorescences were harvested from within the quadrats after stems 
were counted. 

Study 3 
In 1989 and 1990, study sites were established on tallgrass prair- 

ies near Lincoln (Nine-Mile Prairie) and Virginia (Dalbey-Halleck 
Farm), Nebr. The soil at the Lincoln site was a Shelby clay loam, 
fine-loamy, mixed, mesic, Typic Argiudoll and at the Virginia site 
was a Pawnee clay loam. Management of the tallgrass prairie near 
Lincoln was similar to that used in Study 1, except that the site was 
burned by a wildfire on 10 March 1988. Management of the 
Virginia site was the same as the Virginia-G site used in Study 2. 

Twelve plots, each 10 X 20 m, were established at the Lincoln 
and Virginia sites in April 1989 and again in 1990. The plot areas 
used in 1990 had not been treated the previous year. In 1989,3 of 
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the plots were not burned while 3 plots were burned on either 31 
March, 19 April, or 15 May at Lincoln and 5 April, 20 April, or 16 
May at Virginia. In 1990,3 plots were. not burned while 3 plots were 
burned on either 2 April, 27 April, or 14 May at Lincoln and on 27 
March, 24 April, or 17 May at Virginia. Each of the main plots 
were divided into four 5 X 10-m subplots. Atrazine at 2.2 kg a.i. 
ha-’ was applied on 25 and 26 April 1989 at Virginia and Lincoln, 
respectively, to 2 randomly selected subplots in each main plot. 
Fertilizer at a rate of 67-22 kg N-P ha“ was applied on 18 and 19 
May 1989 at Virginia and Lincoln, respectively, within each main 
plot to 1 subplot that had been treated with atrazine and 1 that had 
not been treated with atrazine. Plots included in the experiments 
conducted in 1990 were treated with atrazine on 12 and 16 April 
1990 at Virginia and Lincoln, respectively, and fertilizer was app- 
lied on 18 May 1990 at both sites. Rates of atrazine and fertilizer 
applied in 1990 were the same as those applied in 1989. Density of 
big bluestem and indiangrass stems with inflorescences was deter- 
mined by counting number of stems in two OS-m2 quadrats ran- 
domly located in each subplot in late September 1989 and mid- 
October 1990 at sites treated in the spring of 1989 and 1990, 
respectively. Big bluestem and indiangrass inflorescences within a 
2 X 2-m area located in the center of each subplot were harvested 
after stems were counted. 

Grass Seed Germinability Determination 
Big bluestem and indiangrass inflorescences harvested in each of 

the 3 studies were dried at 25 to 30” C for 14 days. Caryopses were 
threshed from inflorescences by hand, weighed, and stored at 25O C 
for 150 days. After storage l-g subsamples of the caryopses har- 
vested from each of the subplots were placed in separate germina- 
tion dishes. Five milliliters of a solution of 2% KNOs and 1% 
captan ~N_l(trichloromethyl)-thio]-4-cyclohexene-1,2-dicarboxi- 
mide}, a fungicide, were added to each dish. Dishes were stored at 
5O C for 14 days to break seed dormancy (Crosier 1970). Following 
cold storage, dishes were placed in a germination chamber where 
temperature and light alternated from 20 and 30° C for 16 (dark) 
and 8 (light) hours, respectively. At 7-day intervals for 28 days the 
number of germinated seed were counted and discarded. Number 
of germinable seed per unit area produced was calculated by mul- 
tiplying number of germinated seed within a dish by weight of the 
caryopses harvested. 

Botanical Composition 
The prairies used in these studies were in good to excellent 

condition as indicated by botanical composition (Table 1). The 
Bloomfield site was dominated by indiangrass and little bluestem 

[Schizachyrium scoparium (Michx.) Nash], with each comprising 
40% of the warm-season grasses. Big bluestem was uncommon at 
the Bloomfield site. At Lincoln, big bluestem constituted 60% or 
more of the herbage with indiangrass as the next most common 
species except on the site treated in 1988. Big bluestem, indian- 
grass, tall dropseed [Sporobolus asper (Michx.) Kunth], and 
prairie dropseed [ Sporobolus heterolepis (A. Gray) A. Gray], were 
the most common grasses at Virginia. The cool-season grass com- 
ponent of the 9 grassland environments evaluated in these studies 
ranged from I to 10% except at the Virginia sites in 1989 and 1990 
which contained 22 and 16% cool-season grasses, respectively. The 
most common cool-season grasses were smooth brome (Bromus 
inermis L.), Kentucky bluegrass (Pea pratensis L.), Scribner’s 
panicum [ Dicanthelium oligosanthes(Schult.) Gould var. scribne- 
rianum Nash], and Wilcox’s panicum [ Dicanthelium oligosanthes 
(Schult.) Gould var. wilcoxianum (Vasey) Gould and Clark]. 

Experiment Design and Data Analyses 
Study 1 was designed as a randomized complete block arranged 

as a split-split plot. Burning treatments constituted the whole plots 
and were not replicated. Fertilizer and atrazine treatments were the 
subplots and sub-subplots, respectively, and were replicated 3 
times within the burned and unburned whole plots. Because whole 
plots were not replicated an error term could not be generated to 
test the main effect of burning. Despite the restriction in placement 
of burn treatments, appropriate error terms could be developed as 
described by Anderson and McLean (1974) to test fertilizer and 
atrazine main effects and interactions with each other and burning. 
Testing the interactions that include burning is appropriate if the 
differences observed in plant response resulted from burning and 
not from other factors unique to the burned or unburned whole 
plots. Given the similarity in botanical composition, soil character- 
istics, and management history between the whole plots at each 
site, we were confident that interactions with burning could be 
tested. Data from burned and unburned whole plots at each site 
were pooled after the error variances were determined to be equal. 
Equality of error variances was determined using a F-test where 
pIO.05 (Steel and Torrie 1980). Studies 2 and 3 were designed as 
randomized complete blocks arranged as split plots with 4 and 3 
replications per treatment combination, respectively. Burning 
treatments were the whole plots and fertilizer and atrazine treat- 
ments were randomly assigned to subplots within the replicated 
whole plots. Hierarchial analysis of variance was used in each 
study to determine the influence of main effects (except main effect 
of burning in Study 1) and interactions on big bluestem and 

Table 1. Botanical composition of tallgrass prairies near Bloomfield, Lincoln, and Virginia, Ncbr.’ 

Species or category 
1987 1988 1989 1990 

Bloomfield Lincoln Lincoln Virginia-G Virginia-H Lincoln Virginia Lincoln Virainia 

Big bluestem 
Indiangrass 
Prairie/tall dropseed 
Other warm-season 

grasses 
Smooth brome 
Kentucky bluegrass 
Scribner*s/ Wilcox’s 

panicum 
Other cool-season 

grasses 
Sedge 
Forbs 

___________________________________________%___________________________ 
0 68 78 I9 I1 60 42 

40 I3 2 28 29 I6 14 
0 0 0 41 I2 1 II 

48 I2 7 2 36 4 6 

7 0 0 0 4 0 7 
NH* NH 9 1 1 I 9 

3 1 0 4 3 I 6 

________________ 
62 47 
I4 I5 
0 4 

I8 I6 

NH NH 
NH NH 
NH NH 

0 1 0 0 0 I 0 

I 3 0 2 2 6 4 
I 2 4 3 2 IO I 

I 16 

I 2 
4 n 

ferA2e.r or atrazine 
‘Ex ressed as a percent of total herhaceous vegetation standing crop harvested from plots in mid-July of the year indicated. Plots harvested had not heen treated with fire, 

2Not haAested sepanrtely (NH). 
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Table 2. Reproductive stem density of indiangrass in the faii foliowing 
appiieation of fire and fertilizer to tailgrass prairies near Bioomfieid and 
Virginia, Nebr. 

Spring 19872 19882 
burning Fertilizer’ Bloomfield Virginia-H 

_______ __no.m-s_________ 
None None 7 7 
None Fertilized 15 5 
Burn None 15 8 
Burn Fertilized 38 13 

LSD (0.05) 7 4 

‘Fertilizer rates: I lOI- kg N-P ha-’ applied at Bloomfield in 1987 and Virginia-H in 
1988, 110 kg N ha- applied at Lincoln in 1987, and 67-22 kg N-P ha-’ applied at 
Lincoln and Virginia in 1989 and 1990. 
*Stem density averaged over atratine treatment. 

indiangrass reproductive stem density and germinable seed number. 
Treatment means were compared using Fisher’s_protected least 
significant difference (0~ = 0.05) (Steel and Torrie 1980). 

Results and Discussion 

Grass reproductive stem density response to fire, fertilizer, and 
atrazine treatments varied by species and environment. Improve- 
ment practices increased stem density of big bluestem in 5 envi- 
ronments and indiangrass in 4 environments evaluated in these 
studies (Tables 2, 3, 4, and 5). Big bluestem reproductive stem 

Table 3. Reproductive stem density of indiangrass (IN) and big biuestem 
(BB) in the fail following application of fire and atrazine in the spring to 
tailgrass prairies near Lincoln and Virginia, Nebr. 

1988’ 

Spring Lincoln Virginia-G 

burning Atrazine BB IN 

-kg ha-‘- _________no,m+ ______ --- 

None 0 4 12 
None 2.2 20 27 
Burn 0 3 16 
Burn 2.2 38 18 

LSD (0.05) 14 10 

‘Stem density averaged over fertilizer treatment. 

density was not influenced by treatment in 3 environments and big 
bluestem was not abundant enough at Bloomfield to adequately 
assess its response to the treatments. Burning in mid-May 1989 
increased big bluestem reproductive stem density as compared to 
the density on unburned areas or those areas burned in late March 

Table 4. Reproductive stem density of indiangrass (IN) and big blue&em 
(BB) in the fail following application of fire in the spring to tailgrass 
prairies near Lincoln and Virginia, Nebr. 

19892 I9902 

Lincoln Virginia Lincoln 

Spring burning’ BB IN BB BB IN 

_______________no,m~s--------------- 

None 6 23 1 29 6 
Early 17 12 8 70 24 
Mid 27 18 5 88 21 
Late 67 27 23 96 20 

LSD (0.05) 42 9 14 33 12 

1Bnrn dates: Early = late March and early April, Mid q  mid to late April, and Late = 
mid-May in 1989 and 1990. 
ZStem density averaged over fertilizer and atrazine treatments. 

Table 5. Reproductive stem density and number of germlnabie seed of 
indiangrass (IN) and big blue&em (BB) harvested in the fail following 
application of fertilizer in the spring to tailgrass prairies near Lincoln and 
Virginia, Nebr. 

Fertilizer 

kg N-P ha-’ 
0 
67-23 

LSD (0.05) 

Stem density’ Seed Number* 

1989 1990 1990 

Lincoln Virginia Lincoln Lincoln 

BB BB BB IN BB IN 

_____ __---no.m~2__________ _ _ no, m-s- _ 
21 6 50 24 333 113 
38 13 91 11 724 59 
16 4 6 7 186 50 

‘Stem density averaged over bum and atrazine treatments. 
%eed number averaged over burn and atrazine treatments. 

or early April (Table 4). Burning has been shown to increase 
reproductive stem density of warm-season grasses (Hulbert 1988, 
Ehrenreich and Aikman 1963, Kucera and Ehrenreich 1962, Curtis 
and Partch 1950). Increased stem density following burning has 
been attributed to the positive effects of fire-induced removal of 
standing dead and mulch (Knapp and Seastedt 1986). Removing 
plant debris has been found to stimulate plant growth by improv- 
ing the light environment of emerging shoots and causing the soil 
to warm earlier in the spring than soil in unburned areas (Knapp 
1984). Fertilizer increased stem density of big bluestem in Lincoln 
in 1989 and 1990 and in Virginia in 1989 (Table 5). Indiangrass 
stem density was less on fertilized areas in Virginia in 1990 than on 
unfertilized areas. The reason for this response was not deter- 
mined. Atrazine increased stem density of big bluestem at Lincoln 
in 1988 when combined with burning and increased density of 
indiangrass stems in 1988 at the Virginia-G site on areas that were 
not burned (Table 3). The influence of atrazine on grass reproduc- 
tive stem density has not been previously assessed; however, the 
positive effect of this herbicide on herbage yield of warm-season 
grasses has been documented (Samson and Moser 1982, Waller 
and Schmidt 1983, Masters et al. 1992). 

Number of germinable seed produced by the grasses was influ- 
enced by treatment only in 1987 and 1990 (Tables 5 and 6; Fig. 2). 

2500 

BFA BF BA B FA F A 0 

Treatment 

Fig. 2. Indiangrass germinabie seed number harvested in the fail after 
applications of fire, fertiiizer, and atradne to a tailgrass prairie near 
Lincoln, Nebr., in the spring of 1987. Treatments are burned in the srtig 
(B), fertiiized with 110 kg N M’ (F), atrazine applied at 2.2 kg a.iC (A), 
and no treatment (0). 
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The positive response of grass seed production to treatments was 
facilitated by precipitation amounts that were above or near the 
long-term average through July in 1987 and 1990 (Fig. 1). No 
germinable seed were produced in 1988 and 1989 when precipita- 
tion was below average throughout the entire growing season. 
Upon inspection, seeds harvested in 1988 were shriveled with no 
obvious endosperm and those harvested in 1989 were immature 
with endosperm of reduced size. Delaying seed harvest in 1989 
would not have enhanced seed maturation because the growing 
season ended within 24 hours after harvest when temperatures 
dropped below 0’ C for a 5-hour period. The adverse effect of 
precipitation deficit on plant growth and development during the 
growing season probably accounted for poor seed fill during 1988 
and 1989. Cornelius (1950) indicated that water was the primary 
factor limiting seed production of perennial warm-season grasses 
in tallgrass prairies. Insect damage to grass seed may have been 
another factor that influenced seed production in our studies. A 
cecidomyiid midge (Conrariuna wartsii Gagne) has been identified 
that reduced big bluestem seed yields by 40% (Carter et al. 1988). 

No single treatment consistently increased number of germina- 
ble seed produced by big bluestem and indiangrass in 1987 and 
1990. Atrazine influenced the number of indiangrass germinable 
seed produced at Bloomfield in 1987. Indiangrass produced 481 
germinable seed me2 (averaged across fire and fertilizer treatments) 
on areas treated with atrazine as compared to only 202 mm2 pro- 
duced on areas that were not treated with atrazine. The positive 
influence of atrazine on grass seed production may have resulted 
from suppression of cool-season grasses and forbs (Masters et al. 
1992) and herbicide-induced enhancement of warm-season grass 
growth (Reis 1976). At Lincoln in 1987, the combined effects of 
fire, fertilizer, and atrazine increased the number of germinable 
indiangrass seed to 2,517 seed me2 as compared to 331 seed me2 
produced on untreated areas (Fig. 2), but treatments did not affect 
big bluestem seed number (2 q  16 seed mm2). Number of indiangrass 
seed produced at Lincoln in 1987 exceeded that of big bluestem, 
even though big bluestem was the dominant species (Table 1). 
Burning in mid-May 1990 increased number of germinable bif 
bluestem seed at Virginia from 52 to 125 germinable seed m 
(Table 6). 

We compared yields from commercial certified seed production 
fields to amount of seed harvested from the native tallgrass prairies 
evaluated in these studies. Estimates of seed yields from commer- 
cial certified seed production fields in eastern Nebraska from 1987 
through 1990 were obtained from the Nebraska Crop Improve- 
ment Association (R. Hammons, 1991, personal communication). 
The estimates ranged from 95 to 150 kg of clean pure live seed 
(PLS) ha-’ for big bluestem and 105 to 170 kg PLS ha-’ for 
indiangrass. To enable comparison of seed number in our studies 
with average seed yields from commercial seed production fields, 
germinable seed number were converted to weight using big blue- 
stem and indiangrass seed weight estimates of 352 and 386 seed g-’ 
of fertile spikelets, respectively (R. Hammons, 1991, personal 
communication). We estimated the 2,517 germinable indiangrass 
seed mm2 (Fig. 2) harvested from the prairie site at Lincoln in 1987 
was comparable to 65 kg PLS ha-‘, the 481 indiangrass seed mm2 
produced after atrazine treatment at Bloomfield was comparable 
to 13 kg PLS ha-‘, and the 125 big bluestem seed mm2 (Table 6) 
produced on areas burned in mid-May at Virginia was roughly 
equivalent to 4 kg PLS ha-‘. The 724 big bluestem seed mm2 (Table 
5) produced on fertilized areas at Lincoln was similar to 21 kg PLS 

Table 6. Number of germinable seed of indlangrass (IN) harvested in the 
fall following application of llre and atrazine in the spring to II tallgrass 
prairie near Lincoln, Nebr. and big bluestem (BB) harvested in the fall 
following application of llre in the spring near Virginia, Nebr. 

1990 

Spring burning’ Atrazine 
Lincoln* 

IN 

Virginia3 
BB 

kg ha-’ _________no.~-2_________ 

None 0 I9 52 
2.2 49 - 

Early 0 128 41 
2.2 87 - 

Mid 0 46 39 
2.2 202 

Late 0 82 125 
2.2 76 - 

LSD (0.05) 100 55 
‘Burn dates: Early = late March and early April, Mid = mid to late April, and Late = 
mid May. 
2Germinable seed number averaged over fertilizer treatment. 
JGerminable seed number averaged over fertilizer and atrazine treatments. 

ha-‘. Given these estimates, big bluestem and indiangrass seed 
yields from native prairies were substantially less than yields from 
commercial certified seed production fields. 

Conclusions 
Application of improvement practices on good to excellent con- 

dition tallgrass prairies enhanced big bluestem and indiangrass 
seed production when precipitation was adequate. However, no 
single treatment or combination of treatments reliably increased 
seed production and the absolute amount of seed produced on 
these prairies was low compared to estimates of production from 
commercial certified seed fields. The tallgrasses did not produce 
germinable seed when precipitation was below the long-term aver- 
age during the entire growing season, regardless of treatment or 
number of reproductive stems produced. 

Under certain circumstances, such as high market demand for 
grass seed, it may be profitable to harvest seed from tallgrass 
prairies. In such instances applications of tire, fertilizer, and/or 
atrazine may improve the probability of increasing grass seed 
production. The feasibility of using atrazine as a component of a 
program to improve grass seed production on native prairies is 
tempered by the current suspension of this herbicide from use on 
rangeland. This suspension makes it illegal for producers to allow 
livestock to consume herbage from atrazine-treated rangeland. 

In most situations, native prairies are not reliable sources of 
large quantities of grass seed. Native prairies are probably best 
used as a seed resource by those involved in activities requiring 
small quantities of seed from genetically diverse native prairie 
plants, such as, germplasm improvement programs and restora- 
tion or reclamation of small prairie refuges located close to rem- 
nant prairies. In contrast to native prairies, commercial certified 
grass seed production fields are a more reliable source of large 
quantities of seed from single grass species. Seed from commercial 
production fields are best used to revegetate large areas, such as 
highly erodible or marginal cropland (i.e., land enrolled in the 
Conservation Reserve Program) and severely degraded rangeland. 
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Book Reviews 
Waste of the West: Public Lands Ranching. By Lynn Jac- 

obs. 1991. Privately printed by Lynn Jacobs, PO Box 
5784, Tucson, Arizona. 602 p. US $28.00 paper. ISBN 
0-9629386-O-2. 
In Lynn Jacobs’ Waste of the West, the advent of environmental- 

ism as the secular religion of the 1990’s reaches home to those 
individuals involved in Western livestock ranching. The immediate 
purpose of the book is to end public lands ranching in the United 
States, with the ultimate goal (as stated by the author) of ending the 
political and social injustice both causing and resulting from our 
destruction of Earth and our separation from Nature (author’s 
capitalizations). 

Politically, the book is full of left-wing group politics. It is we 
against them, with individual freedom and rights counting for 
nothing. The Marlboro Man, that symbol (however flawed) of 
individualism, is taken deadly seriously then taken dead after he is 
provided with a schizophrenic duality of personality. He is simul- 
taneously scorned as a symbol of individuality and freedom and 
then ironically dehumanized as a mindless, destructive cog in the 
regionally entrenched cultural machinery termed the “ranching 
establishment.” Women ranchers (no “stockpersons” here), of 
which there are many, and agency personnel are spared much of 
the personalized and seemingly petty wrath reserved for the”stock- 
man”. Reaction to multi-faceted intimidation by cowboys and 
especially the Landed Gentry of the West, which many aware 
individuals have experienced, in the book has festered into bitter 
group resentment and fear based on financial class, gender, diet, 
and lifestyle. Individuality of ranchers is assumed nonexistent or 
unworthy of consideration. Individual freedoms such as private 
property rights are casually but repeatedly backhanded and dis- 
dainfully targeted for future abscission without recognition that 
they may be essential tools in future protection of natural resources 
from voracious public demands. Evidently Mr. Jacobs does not 
realize that declaring war on individual rights is declaring war on 
oneself. Or perhaps eventual self-immolation is not too great a 
price to pay to preserve Nature born of Earth, especially if we get 
them first. This is war, and according to Mr. Jacobs, the time for 
negotiation has past. 

In war, it has been said, truth is the first casualty. Don’t look for 
much properly cited, credible science presented in context in Waste 
of the West. Many of the sources cited might be considered extrem- 
ist publications. Range scientists cited in the book are quoted 
out-of-context sufficiently often to send most scurrying to the 
literature cited section in trepidation. The numerous black-and- 
white photographs and illustrations (which are interesting and 
diverse) are often inadequately captioned. Some are left to speak 
for themselves, but remain mute or obscure. Others have captions 
which mimic the text, speaking exaggeratedly or simplistically in 
half-truths. So truth doesn’t die here, it is merely injured by lack of 
objectivity. 

And that is all too bad because the book makes many good 
points, including the following ones. Most of our grazing lands, 
while being overmanaged to squeeze out marketable products, are 
not being well managed. Many lands are significantly overstocked. 
Some should be destocked. Subsidies to ranchers should be ended 
(although in my opinion, without expropriation of their property). 
Many of our so-called management techniques are ill-conceived, 
unnatural, and environmentally destructive. The list goes on and 
Mr. Jacobs describes them thoroughly. 

Most problems are directly or indirectly a result of a burgeoning 

population full of demands on land for all kinds of uses including 
homesites, wood, minerals, and water, in addition to livestock 
products. Our political and commercial institutions are largely 
vehicles of that population’s will. And should Mr. Jacobs expect 
the uprising of a heretofore silent majority to his causes, he should 
remember that people vote every day when they buy beef. Furth- 
ermore, environmental preservation has been and will likely 
remain a luxury item mostly of interest to financially secure indi- 
viduals. The book carelessly targets many influential private land- 
owners who need to be educated and motivated toward conserva- 
tion, restoration, and preservation ethics, or who are already 
practicing such ethics. 

Emotionally charged in tone, and clearly the work of one highly 
motivated individual, the book has an almost organismal quality 
about it. But humor takes the form of cynical caricature, and the 
negative, in-your-face flavor makes the otherwise highly readable 
text painful going. At 602 double-columned pages, it is amazing 
something so unhappy could live so long. 

In reading Waste of the West, the reader will find exhaustively 
presented, sound reasons for reducing or ending livestock grazing 
on public lands, and for ending all subsidies to livestock producers. 
Criticisms of the deplorable destruction of complex ecosystems 
around the globe for the benefit of human wants are pointed and 
valid. An insightful analysis of Allan Savory’s Holistic Resource 
Management is included. The multiple non-market values of range- 
lands are well described. But from its failure to disavow monkey- 
wrenching to its hostility to individual property rights, I found 
little in this book that will help bring about an end to political or 
social injustice.-David L. Scarnecchia, Washington State Uni- 
versity, Pullman, Washington. 

America’s Renewable Resources. Historical Trends and 
Current Challenges. Edited by Kenneth D. Frederick and 
Roger A. Sedjo. 199 1. Resources for the Future, Washing- 
ton DC. 296 p. US $34.95 cloth, US $19.95 paper. ISBN 
O-9 15707-60-8 cloth, O-9 15707-6 l-6 paper. 
America is a country of abundant and unending resources, or so 

it must have seemed to European settlers when they began arriving 
here 500 years ago. Indeed, until the last 150 to 200 years, the 
supply of natural resources was of little concern. As the country’s 
population grew, the demands on the resources grew and the 
unending supply began to be questioned. The last 100 years have 
seen dramatic changes in use and demands placed on renewable 
resources. It has also seen an increase in management, and many 
changes in our expectations and desires of the resources. 

This book is arranged into 7 chapters: (1) Overview: Renewable 
Resources Trends; (2) Water Resources: Increasing Demand and 
Scarce Supplies; (3) Forest Resources: Resilient and Serviceable; 
(4) Rangeland Resources: Changing Uses and Productivity; (5) 
Cropland and Soils: Past Performance and Policy Challenges; (6) 
Wildlife: Severe Decline and Partial Recovery; and (7) The Grow- 
ing Role of Outdoor Recreation. The overview chapter provides a 
brief review of the trends of resource use and then discusses in some 
detail the renewability of each resource and the interrelationships 
among them. The chapter ends with a discussion of the ability of 
the resources to meet future demands. 

The next five chapters are organized alike. They begin with a 
discussion of the condition of each resource before any sizable 
human use, approximately 200 years ago. The discussion then 
traces the use and management of each resource to the present, 
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discussing the various and changing demands we place on them. 
All chapters end with a discussion of the future. Each chapter is 
followed by a list of references. While recreation (Chapter 7) is 
recognized as not being a specific resource, it is a use involving all 
resources and is becoming increasingly important. The chapter 
follows the same format as the resource chapters. 

I found the book to be well organized and well written. There are 
numerous black-and-white photographs throughout the book. 
The tables and figures enhance and support the test. While there 
was not an immediate identification of the target audience, anyone 
with an interest in natural resources should find the book, in whole 
or in part, interesting. A basic knowledge of ecology is needed to 
understand the terms used but the authors have avoided highly 
technical language and jargon. It is a book written for everyone.- 
Carol Boyd, U.S. Forest Service, Mackay, Idaho. 

Managed Grasslands. Ecosystems of the World. Volume 
17A. Edited by A.I. Breymeyer, with 29 text contributors. 
1990. Elsevier Science Publishers, Amsterdam. 387. p. US 
$194.25 hardbound. ISBN 0-444-42998-O (Vol. 17A). 
The first part of Volume 17 of the Ecosystems of the World 

Series surveys grasslands from all regions of the world which, 
compared with most rangelands, have been intensively managed. 
Many of these grasslands exist largely or solely due to community 
modification imposed by management. Volume 17A focuses on 
regional descriptions and management practices, while the pre- 
viously published Part B focused on ecological processes impor- 
tant on managed grasslands. Written at the level of a review article 
in a scientific journal for an audience of grassland scientists and 
managers, Volume 17A contains a number of black-and-white 
photos, and in addition to a general index, indices of authors and 
species. Maps and figures are abundant. 

Wide in scope, Volume 17A has 5 chapters on managed grass- 
lands of Europe (the British Isles, Spain, France, Poland), 2 from 
Latin America (Venezuela, northern Patagonia), a chapter on 
South Africa, and 1 on Japan. Chapter 10 is survey of turfgrass 
areas of temperate, humid climates. 

Chapters 11 through 13 attempt to synthesize a general descrip- 
tion of managed grasslands and to analyze them within a less 
managerial, more ecological framework. Some of the discussion in 
these chapters concerns environmental problems and ecological 
inefficiencies associated with managed grasslands, and how these 
challenges can be overcome or exploited, sometimes through sys- 
tems management. As might be expected, the discussions by the 
more basic scientists tend to be more process oriented, while the 
applied scientists emphasize products. 

In fact, the products emphasized throughout the discussions are 
forage and domestic livestock. Some will see both parts of Volume 
17 as focusing too strongly on forage and livestock products, while 
slighting interests of wildlife, water, and other components of 
physical and biological diversity. Because most managed grass- 
lands owe their existence to forage and livestock concerns, their 
emphasis in the chapters is understandable. Still, the multidimen- 
sional role of managed grasslands within larger ecosystems and 

their contributions to both conspicuous and obscure ecosystem 
components and processes seems underemphasized, at least in 
Volume 17A. Within a philosophy of sustainable, integrated man- 
agement, the managed grasslands can play a role of greater value 
than the intrinsic value of their processes and products.-David L. 
Scarnecchia, Washington State University, Pullman, Washington. 

Landscape Linkages and Biodiversity. Edited by Wendy E. 
Hudson. 1991. Island Press, Washington, D.C. 196 p. US 
$34.95 cloth, $19.95 paper. ISBN l-55963-108-2. 
On March 17, 1990, Defenders of Wildlife sponsored a half-day 

symposium on the issue of biodiversity conservation. The sympo- 
sium was held in conjunction with the North American Wildlife 
and Natural Resources Conference and consisted of 2 panels of 
specialists from various areas related to biodiversity conservation, 
The panelists gave brief presentations and then answered questions 
from the audience. This book is an edited transcript of the panel’s 
comments and the following discussion sessions. 

The book is divided into 3 sections: (1) Conserving Biodiversity: 
A Unified Approach; (2) Conservation Corridors: Countering 
Habitat Fragmentation; and (3) Reintegrating Humans and Nature. 
An introduction was prepared for the book and each section 
following the symposium to provide an overview and increase 
continuity. Several noted scientists from the fields of ecology and 
conservation biology contributed chapters to the book, including 
M.E. Souli, R.F. Noss, A. Cooperrider, L.D. Harris, J.M. Scott, 
H. Salwasser, and G.W. Barrett. Chapters within each section not 
only give an overview of the subject but also responses and direc- 
tions of organizations such as the US Forest Service, The Nature 
Conservancy, and the Klamath Forest Alliance. 

The 10 chapters of the book give a good general overview of 
scientific and social issues related to biodiversity conservation and 
the application of corridors to counteract habitat fragmentation. 
These include some of the values and costs of biodiversity conser- 
vation, applications of new technology, and approaches that sev- 
eral agencies are implementing. Chapters by M.E. Souli: and L.D. 
Harris and K. Atkins provide an excellent overview of the pros and 
cons of corridor application and design. The primary focus of the 2 
sections is on fauna but applications to flora can readily be made 
by the reader. The section on integration of humans and nature is 
less fully developed than the other topics, and leaves the reader 
questioning how conservation and economic development can 
coincide. All chapters contain minimal scientific data and technical 
jargon, and the book can be easily read by people with an interest in 
conservation. 

In summary, the book gives a good review of this timely topic. It 
would provide the background on biodiversity conservation for an 
introductory ecology or natural resource conservation course. The 
depth of the book is probably not adequate for courses specifically 
addressing conservation biology or biodiversity. It also provides 
land managers with some suggestions when biodiversity is included 
as an objective in land management-Stephen C. Bunting, Univer- 
sity of Idaho, Moscow, Idaho. 
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