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Golden Memories - Golden Opportunities 

JOHN R. HUNTER 

This address was given by John Hunter, 1996 President of the Society for Range Management, on February 17, 1997, at the Society’s 50th Annual Meeting 
in Rapid City, S. D. 

It is a pleasure to participate in the Plenary Session of this 50th 
Anniversary Meeting. When the Program Chairman asked if I 
would like to talk about the History of SRM, I was delighted to 
address this topic. Now, I am having misgivings because SRM 
has such a rich history. What can I include and what must be left 
out? As I look out at you today, I see the people who made this 
history; and I, too, am a part of it. 

Before I continue, I want to ask all of the Charter and 50 year 
Members, or their widows, to stand and be recognized. Now I 
will ask all of the past presidents to stand and be recognized. 
Next I would like for all past Directors to stand and be recog- 
nized. To carry this one step further, will all past Committee 
Chairpersons stand and be recognized. Look around you and you 
will see the people who are a part of this history. 

For the benefit of our younger SRM members, I would like to 
call the names of all the Charter Members, but time will not per- 
mit this; however, the Charter Members are listed in Volume I, 
No. 1, of the Journal of Range Management. They are also listed 
in our SRM History from 1948 to 1985. I encourage all of you to 
read this history and read the first issue of the Journal of Range 
Management. Also available at this meeting is the “Supplement 
to the History of Range Management from 1986-1995”, plus 
SRM Past Presidents, Video Interviews, Status and Highlights. If 
you get as much inspiration from reading this history as I 
received, I guarantee it will be worth your time. Many of our 
Charter Members and Past Presidents are deceased. Please join 
me in a moment of silent prayer to honor their memory. 

A large portion of this presentation is taken from “A History of 
the Society for Range Management 1948-1985” by Clinton 
Wasser, Elbert Reed, and Arthur Smith, from Joe Pechanec’s arti- 
cles “Our Range Society” found in Volume 1, Number 1, and 
“The History and Accomplishments of our Range Society” in 
Volume 10, Number 4, of the Journal of Range Management, 
from “Milestones in Range Management” by Robert Campbell, 
and “Past and Present of Range Management” by E.J. 
Dyksterhuis. When I tried to capture the essence of what they had 
written, it lost some of its meaning, so in many instances these 
are direct quotes. If you want “the rest of the story” you will need 
to read all of the historical information! 

The first exploratory range management investigations were 
made by such men as F.V. Coville, H.L. Bentley, Thomas A. 
Williams, and Jared G. Smith. Several of these studies were pub- 
lished in 1898 as bulletins of the Division of Agronomy, Botany 
or Forestry in the U.S. Department of Agriculture. This was 
exactly 50 years prior to the organization of the American 
Society of Range Management. 

Prior to 1900, there was very little control of grazing on public 
land. Aggressive administration and management of forest 
reserves was initiated by the Forest Service in 1905. The objec- 
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tive was sustained productive range on which to build a sound 
grazing enterprise and to provide economic family units. Indian 
lands were next, and by 1930 a systematic program of range man- 
agement was established on nearly 50 million acres. Part of the 
unreserved public domain was brought under control by the 
Taylor Grazing Act of 1934, after decades of exploitation. In 
1936, the Act was amended to include the entire area. Thus, the 
Grazing Service was born and started on the road to good man- 
agement of some 134 million acres. 

The concept of a Society for Range Management goes back at 
least to 1931. Between 1931 and 1946, several different groups of 
range men seriously considered such an organization. Chiefly 
because there was a general feeling that numbers of range men 
were insufficient to support a strong society, none of these earlier 
considerations bore any tangible move toward formation of a 
society. The fact that the idea was kept alive, however, was a real 
accomplishment of the earlier workers. 

The first tangible event which subsequently gave birth to the 
American Society of Range Management took place in Moscow, 
Idaho, on March 28-30, 1946. Here, at an Interagency Range 
Management Conference attended by representatives of 5 col- 
leges and several state and federal agencies, one of the panel dis- 
cussions was entitled “The Need for a Range Management 
Organization”. hlembers of the panel included Charles A. Fite, 
Gene Payne, Vernon A. Young, Joe Pechanec, and Harold F. 
Heady as leader. A spirited and somewhat heated discussion 
ensued. 

At the close of this conference a motion was passed instructing 
Vernon A. Young, Chairman of the Conference, to appoint a 
committee to inquire further into interest by range men in a range 
organization and the type of organization desired. Tom 
Lomasson, Liter F. Spence, W.T. White, Harold Heady, and Joe 
Pechanec were appointed to that committee, with the last 2 
named as co-chairman. 

On August 20, 1946, a survey was mailed to 858 range men. 
Enclosed was a card to fill out and return, asking whether the 
men favored an organization of range men, whether this should 
be a separate organization or a section of an existing society, 
whether he would become a member in either event, and whether 
such an organiration should publish a journal. 

The spirited discussion at Moscow was wan and sickly com- 
pared to the pungency of some of the replies. Some wanted to 
affiliate with the Society of American Foresters, some with the 
American Society of Agronomy, and some with the American 
Society of Animal Production. There were 505 replies with 495 
favoring a range management organization and 390 favoring pub- 
lication of a journal. The issue of a separate organization or affili- 
ation with an existing organization was not absolutely clear, but a 
slight majority favored a separate organization. 

JOURNAL OF RANGE MANAGEMENT 50(2), March 1997 



A second letter was mailed to about 850 persons in July of 
1947 summarizing the results of the survey and requesting pay- 
ment of $3.00 dues. A meeting was planned during the winter of 
1947-48. 

This letter also requested a vote on members for a temporary 
council to assist and help guide the committee until officers could 
be elected and vote on a name for the Society. 

Funds for mailing these letters were contributed by several 
leading range men in the country and members of the committee 
contributed as much as $25.00 each. Another important event was 
official support of the new range organization by W.L. Dutton 
and W.R. Chapline of the Forest Service and Fred Renner of the 
Soil Conservation Service. They sent letters to members in their 
respective agencies strongly urging them to join the new society 
and give it their support. Later, the Chiefs of both the Soil 
Conservation Service and the Forest Service sent letters to all of 
their regions expressing official interest and support. Still later, 
G.M. Kerr of the Bureau of Land Management sent a similar 
message to the range men in that agency. 

Five committees were formed. They included an organization 
committee, membership committee, program committee, arrange- 
ments committee, and a journal committee. 

By the end of 1947 arrangements had been completed for the 
first annual meeting to be held in Salt Lake City, Utah. A first 
draft of the constitution had been completed. Membership stood 
at somewhat more than 400 members and progress was being 
made toward publishing a journal. 

The first meeting was at Salt Lake City January 30-31, 1948. 
The attendance of 192 members clearly indicated a positive inter- 
est in forming a range organization. Up to this point, there was 
still a question as to whether or not this should be a separate orga- 
nization. The great majority were in favor of a separate society 
instead of affiliation with some existing society. The die was cast 
and a new society was on its way! 

The Organization Committee had chosen the name “American 
Society of Range Management”, but an alternate name proposed 
was the “American Grassland Society”. It was decided to submit 
by mail vote the 2 choices to the full membership for vote, 
together with a full explanation of the relative merits of each. The 
“American Society of Range Management” was the preferred 
choice. 

Membership requirements also came up for considerable dis- 
cussion. There were clearly 2 schools of thought. One group 
favored requirements broad enough to include anyone sufficiently 
interested in joining the Society and supporting its objectives. 
The other thought that such a liberal policy would detract from 
the professional standing of the society. A proposal was made 
from the floor that ranchers be admitted only if they were “con- 
servation ranchers” and after examination by Society representa- 
tives revealed they actually had “a good crop of grass” on their 
land. 

Chairman Fred Renner, of the Organization Committtee, who 
was then presiding, “innocently” suggested that this sounded rea- 
sonable, but pointed out that in a democratic organization, any 
such requirement ought to be applied to all classes of members. 
He went on to suggest that if it were applied to project managers, 
national forest supervisors, district grazers, or other technicians 
managing rangelands, the Society might find itself in a position 
of having to refund the membership dues of a considerable num- 
ber who had already joined. The ensuing laughter settled the 

point, and the group went on to vote the inclusion of broad mem- 
bership requirements as they stand today. 

It was agreed that those who became members prior to July 1, 
1948, by payment of 1947 as well as 1918 dues would become 
Charter Members. 

A resolution from the floor was passed by unanimous vote of 
those in attendance at the Salt Lake City Meeting “that the pre- 
sent executive group and council be retained and placed in office 
for the year 1948”. As a result the officers chosen to guide the 
Society through the first year were: Fred G. Renner, David F. 
Costello, George Stewart, L.A. Stoddart, B.W. Allred, and 
Vernon A. Young; for Secretary/Treasurer-.Harold Heady; for 
Vice President-W.T. White; and for President-Joseph F. 
Pechanec. 

The first election of officers by mail ballot was late in 1948. 
Wyoming was the first section formed. The Society incorporated 
in the State of Wyoming in 1919. Growth of the Society was 
rapid during 1949. Membership nearly doubled, 6 new sections 
were formed-Colorado, Utah, Pacific Northwest, California, 
and Northern Great Pllins. Additional sections were formed in 
succeeding years. The first issue of the Journal of Range 
Management was printed by Waverly Press in October of 1948. 

At the end of the first year the Society was financially solvent. 
Income from the annual meeting was $4,605.70 and expenses 
totaled $1,842.41 including the cost of publishing the first 
Journal of Range Manngernent. This left a balance of $2,763.29 
on January 1,1939. 

The first tax-exempt status approved for the Society appears to 
have been for a business concern, but this was finally resolved 
and the Internal Revenue Service granted a (501) (C) (3) 
Classification under the Federal Internal Revenue Code which 
granted tax-exempt status to the Society beginning January 1, 
1971. 

In 1949 Fred Renner had received a typewritten copy of the 
program for the 1950 Annual Meeting for printing. Fred attached 
a photograph of Charles M. Russell’s drawing of “The Trail 
Boss” to the program instructing the printer to reproduce it in the 
center of the program cover. This was the first use of the emblem. 
The Board of Directors obtained permission from Fred Renner to 
use “The Trail Boss” as the Society Emblem. It first appeared on 
the Journal cover in 195 1. 

The office of Executive Secretary was established in 1952 on a 
part-time basis. It became a full-time position in 1968. On March 
1, 1983, the Board of Directors authorized a change of title from 
“Executive Secretary” to Executive Vice-President”. 

The “Council” became a “Board of Directors” in 1950 to con- 
form to the pattern of corporations, and “Councilmen” became 
“Directors”. Since inception, the Board has included 6 elected 
Directors and the Officers (President and First Vice-President). 
Now it also includes the Second Vice-President. 

In 1950 the Board of Directors asked local sections to send 
officer/representatives to be non-voting observers at business ses- 
sions during annual meetings. At the 1953 Annual Meeting, 
Officers and Representatives of 16 sections of the Society orga- 
nized an unofficial “Body of Section Chairmen”. In 1962 this 
became a “Council of Section Officers”, and in 1966 this 
“Council” changed its name to “Advisory Council”. However, it 
was not until 1970, at the Summer Board Meeting, that the 
Advisory Council was accepted as an official body with its role 
and status confirmed in the Bylaws revisions of 1974. 

(Continued on page 222) 
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Leaf nutritive value related to tiller development in warm- 
season grasses 

J.R. HENDRICKSON, L.E. MOSER, K.J. MOORE, AND S.S. WALLER 

Authors are forage agronomist, Northern Great Plains Research Laboratory. USDA-ARS, Mandan, N. D. 58554; professor, Department of Agronomy, 
University of Nebraska, Lincoln, Nebr. 68583; professor Department of Agronomy, Iowa State University, Ames, Iowa 50011, and assistant dean Agricultural 
Research Division, Institue of Agricultural and Natural Resources, Lincoln, Nebr. 68583. At the time of the research, the senior author was research assistant, 
Department of Agronomy, Ukv&sio of Nebraska. Lincoln, Nebr. 

Abstract 

Assessing nutritive value of key grass species in relation to 
plant development is essential for producers to efficiently man- 
age livestock enterprises. Changes in nutritive value for tiller 
populations of 2 common Nebraska Sandhills grasses, prairie 
sandreed [Calamovilfa longifolia (Hook.) Scribn.] and sand 
bluestem [Andropogon gerurdii var. paucipilus (Nash) Fern.], in 
response to morphological development was evaluated at the 
Gudmundsen Sandhills Laboratory (GSL) during the 1990 and 
1991 growing seasons. Morphological development was deter- 
mined on a 40 to 60-tiller sample from each block (12 blocks in 
1990 and 8 blocks in 1991) at ten-day intervals using a compre- 
hensive staging system. In vitro dry matter digestibility 
(IVDMD), crude protein (CP), neutral detergent fiber (NDF) and 
lignin were determined for leaves and correlated with the mor- 
phological index (Mean Stage by Count), growing degree days 
and day of the year. Leaf NDF values of both species remained 
constant while leaf IVDMD declined throughout the summer 
indicating that decline in leaf IVDMD was caused by declining 
cell wall digestibility. Leaf IVDMD was influenced more by tissue 
aging than advancing morphological stage. Leaf CP was signifi- 
cantly different between years but not between species indicating 
leaf CP was largely influenced by environmental factors. In both 
species and for both years, leaf CP initially declined rapidly to 
low levels and then stabilized during the vegetative phase. 
Nutritive value of a single vegetative morphological stage over 
the growing season was similar to the leaf tissue of the tiller pop- 
ulations. Management decisions by producers depend on accu- 
rate assessment of changes in nutritive value during the growing 
season in tiller populations of these 2 important grasses. 

Key Words: Calumovilfa longifolia (Hook.)Scribn., Andropogon 
gerurdii var. paucipilus (Nash) Fern., Phenology, IVDMD, 
Protein, populations. 

Low nutritive value of grasses, especially Cb species, late in the 
growing season frequently limits animal production. Indicators of 
nutritive value including crude protein (CP) and in vitro dry mat- 
ter digestibility (IVDMD) generally decline in grasses as the 
growing season progresses (Anderson 1985, Undersander and 

Published as journal article 11068, Agr. Res. Div. University of Nebraska. 
The authors would like to thank Dn. D. Briske, R. Lyons, K. Vogel, and W. Schacht 

for their suggestions on earlier versions of the manuscript. 
Manuscript accepted 21 Apr. 1996. 
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Hutchenson 1984, Perry and Baltensperger 1979). Increases in 
the proportion of stem tissue with maturity was a major determi- 
nate of whole-plant nutritive value in big bluestem (Andropogon 
gerurdii Vitman) and switchgrass (Panicum virgatum L.) (Griffin 
and Jung 1983, Aman and Lindgren 1983). However, IVDMD 
values between leaves and stems of big bluestem and indiangrass 
[Sorghastrum nutuns (L.) Nash] were comparable when sampled 
at the same date (Perry and Baltensperger 1979) indicating leaf 
maturation, rather than plant development, had the greatest influ- 
ence on nutritive value. 

Environmental variables are also known to affect nutritive 
value in addition to tissue age and plant development. 
Switchgrass leaves that developed earlier in the season during 
cooler temperatures had lower neutral detergent fiber (NDF) than 
leaves at the same growth stage developed later (Anderson 1985). 
High temperatures and low soil moisture reduced the nutritive 
value of Cynodon and Paspalum spp. (Henderson and Robinson 
1982a, 1982b). Plant tissues produced in more extreme environ- 
mental stresses may result in lower nutritive value regardless of 
tissue age or stage of plant development. 

Limited understanding of processes controlling nutritive value 
also interfere with our ability to define the relationship between 
nutritive value and plant development. Values for IVDMD 
decreased and NDF increased linearly for smooth bromegrass 
(Bromus inermis Leyss.) and timothy (Phleum pratense L.) 
(Sanderson and Wedin 1989) with advancing morphological 
development based on a staging system developed by Simon and 
Park (1983). However, IVDMD and CP values were more closely 
related to calendar day than morphological development in 
orchardgrass (Dactylis glomerata L.), smooth bromegrass, reed 
canarygrass (Phularis arundinacea L.) and tall fescue (Festuca 
arundinacea Schreb.) (Buxton and Marten 1989). Inconsistent 
predictions of nutritive value indicate that additional insight into 
the mechanism controlling nutritive value is required. 

Previous researchers, attempting to relate morphological devel- 
opment of grasses to nutritive value, have often used indices that 
evaluate a small number of tillers rather than tiller populations. 
Tiller population estimates provide a more representative forage 
sample and may more accurately describe the morphology of the 
available forage. Moore et al. (1991) developed a system of 
growth staging that measured tiller populations rather than indi- 
vidual tillers or a selected group of tillers, that would effectively 
meet this requirement. 
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The objectives of our study were to: 1) correlate changes in leaf 
nutritive value in response to morphological development on a 
tiller population basis for 2 Nebraska Sandhills grasses, prairie 
sandreed [Calamovilfa longifolia (Hook.) Scribn.] and sand 
bluestem [Andropogon gerurdii var. parwipillls (Nash) Fern.], 
using the growth staging system developed by Moore et al. 
(1991) and 2) estimate the importance of factors other than plant 
morphology on nutritive value by analyzing a single morphologi- 
cal stage. Both of these grasses are major components of the veg- 
etation of the region and are heavily utilized by grazers (Northup 
1993). 

Material and Methods 

Field Procedures 
Nutritive value of prairie sandreed and sand bluestem was eval- 

uated for 2 years under range conditions. The study took place at 
the Gudmundsen Sandhills Laboratory (GSL) near Whitman in 
the Nebraska Sandhills. Soils were Valentine fine sands (mixed, 
mesic, typic Ustipsamments) and the vegetation was dominated 
by prairie sandreed and sand bluestem. A mixture of forbs and 
other grasses, including little bluestem [Schizuchyrium scoparium 
(Michx.) Nash], prairie junegrass [Koeluriu mucrunthu (Ledeb.) 
Schult.] and switchgrass, comprised the remaining vegetation. 
Sample locations were in good range condition. Average annual 
precipitation is 514 mm and falls mainly during the growing sea- 
son (May-September). During the 1990 sampling period of May 
through August, precipitation was 251 mm or 76% of normal. 
During the same period in 1991, precipitation was 353 mm or 
110% of normal. Valentine fine sands have a low water-holding 
capacity which makes precipitation frequency more important 
than total amount for plant growth. Although 1990 was drier than 
1991, 1990 had smaller but more frequent rains throughout the 
growing season. Weather data were collected electronically at 
GSL headquarters approximately 1 to 2 km from the plots. 
Thirty-year averages were taken from a U.S. Weather Bureau sta- 
tion located 20 km northeast of the field site. 

In April 1990, 12 blocks, ranging from 20 x 20m to 30 x 50m, 
were located within a 2 km radius. Block size was determined by 
plant composition and terrain homogeneity. All blocks were 
located on sands range sites where grazing had ended before sam- 
pling. In April 1991, 8 blocks, comparable to the 1990 blocks, 
were located within the same 2 km radius. Sampling of prairie 
sandreed began on 15 May in 1990; however, sand bluestem was 
not sampled until 31 May 1990 because of limited plant growth. 
Sampling then continued at lo-day intervals until 24 August 
1990. In 1991, sampling of both species started 20 May and con- 
tinued until 21 August at similar intervals to 1990. 

Twelve transects were permanently marked within each block 
at the start of each season to aid in sample location. Transect 
length varied with block size. Samples for evaluating morpholog- 
ical development were located by randomly selecting a transect 
and a random point along the transect. A comer of a 1-m’ quadrat 
was placed on the random point and all tillers of either sand 
bluestem or prairie sandreed were clipped at 3 cm. This proce- 
dure was repeated, within a block, until a sufficient number of 
tillers (40-60) was collected. Complete quadrats were clipped 

even if the minimum tiller number was reached prior to comple- 
tion of clipping to avoid bias in harvesting tillers. After a quadrat 
was harvested, the area was marked with a flag to prevent resam- 
pling. This procedure was then repeated for the other target 
species. Both species were sampled in this manner in all blocks at 
all dates. The sampling regime was repeated in the second year, 
although in 1991, a minimum of 2 quadrats was harvested even if 
the minimum tiller number was reached in the first quadrat. 
Because of the variable number of quadrats needed to reach the 
minimum quadrat and tiller numbers for each species, not all the 
transects were sampled on each harvest date. Five to 10 transects 
were usually sampled within each block during each harvest. 

While the samples used to classify growth stage were being 
collected, separate samples of each species wrre collected for 
nutritive value analysis from quadrats randomized as described 
above. This sampling was continued until at least 20g (fresh 
weight) of material was collected. On harvests 1, 3, 5, 7, and 9, 
additional sampling of prairie sandreed was conducted in the 
same manner until about 20g (fresh weight) of tillers in the 3-leaf 
vegetative stage (V3) was collected for nutritive value analysis. 
On harvests 2, 4, 6, 8, and 10, additional sampling of the V3 
stage of sand bluestem was conducted. The V3 stage was the 
smallest stage that appeared throughout the growing season in 
sufficient quantities for analyzing nutritive value. All samples 
were dried in a forced air oven at 55°C for 4 days. 

Sheaths were retained with leaves until stem development 
could be detected. Stems were identified by the presence of pal- 
pable nodes. All tillers were dried and if stem material was pre- 
sent the leaf blades were removed at the collar and sheaths were 
included in the stem portion. All material above the last node was 
considered leaf tissue. After head emergence, the heads were 
included with the stems. All quality samples were ground to pass 
through a 1 -mm screen. 

Field Classi~cation 
Determining the morphological development of the tiller popu- 

lations was accomplished using the mnemonic scale described in 
Moore et al. (1991). This system divides the life cycle of individ- 
ual grass tillers into 5 primary growth stages with the following 
index values: 0) germination, 1) vegetative, 2) elongation, 3) 
reproductive, and 4) seed ripening, but the germination growth 
stage was not applicable in our study. Each primary stage con- 
tains substages describing specific events that occur in most 
grasses. Each harvested tiller was assigned a mnemonic stage in 
the field and placed in a sack with tillers of the same species and 
mnemonic stage. The number of tillers in each stage were count- 
ed and each separate stage was dried at 55°C before weighing. 

Assigning quantitative indices (Moore et al. 1991) was com- 
pleted at the end of the growing season. The mean stage by count 
(MSC) is a numerical weighted average using all the tillers from 
each stage within a sample location. It was calculated for each 
species using the following formula: 

4.9 SiNi 
Mean Stage by Count (MSC) = C ~ 

i=O C 
Where: Si = growth stage, 1 to 4.9 

Ni = number of tillers in stage Si 
C = total number of tillers 
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The value for mean stage by weight (MSW) was calculated by 
replacing N with the dry weight of tillers in stage Si and C with 
the total dry weight of all the tillers. Both indices are the weight- 
ed average of all stages using the tiller count (MSC) or tiller 
weight (MSW) in each substage. This procedure quantifies mor- 
phological development of the tiller population and is reported as 
a decimal value of a primary growth stage. A higher MSC or 
MSW value indicates a more morphologically advanced tiller 
population. For example, a tiller population with a MSC value of 
1.5 is primarily vegetative but more advanced than a population 
with a MSC value of 1.2. 

Laboratory Procedures 
Neutral detergent fiber and permanganate lignin were deter- 

mined on the composite samples according to Goering and Van 
Soest (1970). Crude protein content was estimated on a dry mat- 
ter basis from Kjeldahl N X 6.25 (A.O.A.C. 1976). In vitro dry 
matter digestibility was estimated using a 2-stage procedure with 
urea in the buffer (Marten and Barnes 1980). Crude protein and 
IVDMD were also determined on the individual growth stage 
(V3). Samples were dried for 12 hours at 50°C in a forced air 
oven before weighing for laboratory procedures and all values are 
based on oven-dry weights. 

The data were analyzed as a split-plot with species being the 
main plot effect and harvest date being the sub-plot. Blocks were 
used as replications and transects were averaged within each 
block. Correlation analysis was conducted using only the harvest 
means. Data were analyzed using GLM (SAS 1985). 

Results and Discussion 

In both species, the morphological indices of mean stage by 
count and mean stage by weight were highly correlated within 
both years (r=O.99) so results are presented using only the mean 
stage by count index. The mean stage by count index is faster and 
easier to use in the field. Tiller populations of both species 
remained predominately vegetative (mean stage by count 1.0 to 
2.0) throughout most of the study period in both years and only 
the mean stage by count of prairie sandreed in 1991 advanced 
past the early elongation stage. Lack of morphological advance- 
ment in the tiller populations may have occurred because of large 
numbers of young emerging tillers. A high proportion of imma- 
ture tillers would have retarded advancement to later growth 
stages by weighting morphological development to a lower mean 
stage by count. However, tiller populations contained up to 20 
separate morphological stages at the end of the growing season. 
A majority of the observed changes in nutritive value occurred 
while both species populations were primarily in the vegetative 
stage. Since grazing livestock generally utilize grass leaves more 
than stems even in mature tillers (Kirby and Stuth 1982, Minson 
1990, Stuth 1991), changes in leaf nutritive value over the grow- 
ing season were emphasized. 

Leaf Nutritive Value 
Leaf IVDMD was negatively correlated (P<O.O5) with 

advances in morphological development of the tiller population 
(mean stage by count), growing degree days and day of the year 

(Table 1); however, leaf NDF changed relatively little during the 
growing season (Fig. 1) and was not significantly correlated 
(bO.05) with leaf IVDMD. Burzlaff (1971) reported leaf NDF of 
these species were unaffected by advancing maturity. The lack of 
correlation between NDF and IVDMD, along with the relative 
stability of leaf NDF over the growing season, indicated that leaf 
IVDMD in these 2 species was influenced more by changes in 
cell wall digestibility than a decline in the highly digestible cell 
contents. 

Snecies 

Sand Bluestem 1990 

Sand Bluestem 1991 

Prairie sandreed 1990 

Prairie sandreed 1991 

Year Variable Lignin IVDMD CP 

DAY 0.83 -0.94 -0.85 
GDD 0.83 -0.94 -0.84 
MSC 0.83 a.92 -0.82 
DAY 0.31 -0.94 -0.90 
GDD 0.32 -0.93 -0.89 
MSC 0.35 -0.95 -0.90 
DAY 0.77 -0.99 -0.87 
GDD 0.79 -0.99 -0.85 
MSC 0.78 -0.97 -0.79 
DAY 0.29 -0.96 -0.91 
GDD 0.29 -0.96 -0.90 
MSC 0.23 -0.93 -0.85 

Table 1. Pearson cnrrelation coeffkients for lignin, in vitro dry matter 
digestibility (IVDMD) and crude protein (CP) rorrelated with growing 
degree day (GDD), day of the year (DAY) and mean stage by count 
(MSC) for the tiller populations of prairie sandreed and sand bluestem 
in 1990 and 1991. 

Reductions in cell wall digestibility have most commonly been 
associated with increasing lignin (Van Soest 1982). Leaf lignin 
values in 1990 had significant positive correlations (PcO.05) with 
mean stage by count, growing degree days and day of the year, 
but 1991 values were highly variable and not significantly corre- 
lated (fiO.05) with any of these variables (Table 1). High tem- 
peratures have been shown to increase lignification (Van Soest et 
al, 1978, Henderson and Robinson 1982a). There were several 
periods in 1991 when temperatures fluctuated up to 15°C within a 
1 or 2 day time period with high temperatures reaching 38°C. 
These fluctuations may have increased variability in leaf lignin 
values. Changes in lignin composition rather than lignin concen- 
tration may be the determining factor in inhibiting cell wall 
digestibility (Jung 1989). Although leaf lignin concentrations 
were not highly correlated with leaf IVDMD, changes in lignin 
composition could influence IVDMD as the growing season pro- 
gressed. 

Although leaf IVDMD of both species was higllly correlated 
with mean stage by count in both years, morphological advance- 
ment alone may not fully or accurately explain the decline in 
IVDMD. Advancing morphological development affects nutritive 
value by increasing the proportion of low quality stems in the 
available forage (Griffin and Jung 1983). In this study, IVDMD 
declined in leaf tissue alone. Also, tiller populations of both 
species were largely vegetative during both years (Fig. 2). When 
morphology \vas held constant by examining a single morpho- 
logical stage (V3) both day of the year and growing degree days 
had significant negative correlations with IVDMD similar to the 
composite samples (Table 2). Lower leaf IVDMD may have been 
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Fig. 1. Neutral detergent fiber (NDF) correlated with mean stage by 
count (MSC), growing degree days (GDD) and calendar day 
(DAY) for prairie sandreed and sand bluestem leaves in 1990 and 
1991. The coeffkients of variation (C.V.) are as follows; prairie 
sandreed 1990 C.V. = 1.96, 1991 C.V.= 1.75, sand bluestem 1990 
C.V. = 2.58,1991 C.V.=2.73. 

influenced by including sheath tissue with leaves in tillers that 
were in the vegetative stage. This lower quality tissue may have 
diluted the nutritive value of leaves as mean stage by count 
advanced. 

Tissue maturity was more important than morphological devel- 
opment in Jetermining nutritive value of big bluestem and indian- 
grass (Perry and Baltensperger 1979). Tissue aging reduced cell 
wall digestibility in other C4 grasses (Anderson 1985). The 
strong negative correlation of leaf IVDMD to day of the year 
(Table 1) supports the conclusion that tissue aging may reduce 
cell wall digestibility. Exact aging of the tiller populations was 
not done in this study; however, a separate study (Hendrickson et 
al. unpublished data) indicated most prairie sandreed tillers were 
initiated early in the growing season. Therefore, leaf IVDMD of 
prairie sandreed samples collected late in the growing season 
were probably from tillers that emerged early in the growing sea- 
son. 

Environmental conditions also affect nutritive value 
(Henderson and Robinson 1982a,1982b; Van Soest et al. 1978). 
The strong correlation (PcO.05) between growing degree days 
and leaf IVDMD indicates that temperature had some influence 
on nutritive value. However, factors that decrease plant growth 
have been correlated with increased nutritive value (Van Soest et 
al. 1978). Lower precipitation and cooler temperatures, along 
with retarded morphological development of prairie sandreed, 
indicated less favorable growing conditions in 1990 than in 1991, 
but leaf IVDMD was not significantly different between years 
(fiO.05). Differences between years affected leaf CP more than 
IVDMD. 

There were significant differences in leaf CP between years 
(PcO.05) but not between species indicating that environmental 
variables were more important than species differences in influ- 
encing CP levels. Crude protein for both species in both years 
declined sharply early in the season and then stabilized (Fig. 3). 
Previous studies on these grasses in the same study site have 
shown a similar trend (Bredja per. corn., Agronomy Dept., Univ. 
of Nebraska). In 1990, leaf CP decreased by approximately 50% 
in both species before the tiller populations had reached the mid- 
dle of the vegetative stage (mean stage by count = 1.5). The 
decline in leaf CP may have been caused by a combination of 
dilution with non-protein compounds and N translocation. 
Perennial grasses accumulate most of their N prior to the growing 
season (McKendrick et al. 1975) and the first leaves are usually 
high in CP. In sand bluestem, however, these leaves are smaller 
and shorter lived than later emerging leaves (Sims et al. 1973). 
The increased volume of the larger, later emerging leaves could 
dilute CP as the season progressed. In addition, leaf growth may 
continue as N uptake declines (Heckatorn and DeLucia 1994) 
making the later emerging leaves lower in N. As new leaves were 

Table 2. Pearson correlation coefficients for in vitro dry matter 
digestibility (IVDMD) and crude protein (CP) correlated with growing 
degree day (GDD) and day of the fear (DAY) for a single 3-leaf vege- 
tative stage (V3) of prairie sandrecd and sand bluestem in 1990 and 
1991. 

Species Year Variable DAY GDD 
Prairie Sandreed 1990 CP -0.99 4.90 

1991 CP -0.99 -0.90 
1990-1991 IVDMD -0.96 4.98 

Sand Blucstem 1990 CP -0.83 -0.83 
1991 CP -0.88 -0.88 

1990.-1991 IVDMD -0.96 4).98 
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Fig. 2. In vitro dry matter digestibility (IVDMD) correlated with 
mean stage by count (MS), growing degree days (GDD) and cal- 
endar day (DAY) for prairie sandreed and sand bluestem leaves in 
1990 and 1991. The coefficients of variation (C.V.) are as follows; 
prairie sandreed 1990 C.V. = 5.07,1991 C.V.= 4.53, sand bluestem 
1990 C.V. = 3.37,1991 C.V.=3.61. 

formed, N may have been translocated from the older leaves into 
the new leaves (Yoneyama 1977, Pate and Atkins 1983). Crude 
protein values would have stabilized when CP levels of new 
leaves were diluted by a larger quantity of low CP older leaves. 

As N uptake declines, internal recycling of N may increase in 
importance. Translocation of N from aging leaves accounted for 
up to 100% of the N input in new leaves of cotton sedge 
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Fig. 3. Crude protein (CP) correlated with mean stage by count 
@IX), growing degree days (GDD) and calendar day (DAY) for 
prairie sandreed and sand bhrestem leaves in 1990 and 1991. The 
coeffkients of variation (C.V.) are as follows: prairie sandreed 
1990 C.V. = 7.48, 1991 C.V.= 7.24, sand bluestem 1990 C.V. = 7.16, 
1991 C.V. 22.89. 

(Eriphorum Itaginafr/m L.) in an interior Alaskan site (Jonasson 
and Chapin 1985). They suggested that effective nutrient remobi- 
lization and sequential leaf development enables cotton sedge to 
minimize dependence on soil nutrients and thus dominate nutrient 
poor sites. Prairie sandreed and sand bluestem may also depend 
on internal translocation of nutrients in the nutrient poor 
Nebraska Sandhills. 
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Fig. 4. In vitro dry matter digestibility (IVDMD) and crude protein 
(CP) correlated with growing degree days (GDD) for a single vege- 
tative stage (V3) of prairie sandreed and sand bluestem in 1990 
and 1991. The coefficients of variation (C.V.) are as follows; 
prairie sandreed IVDMD C.V. = 4.63, sand bluestem IVDMD C.V. 
= 2.88, prairie sandreed CP 1990 C.V. = 10.78, 1991 C.V. = 5.46, 
sand bluestem CP 1990 C.V. = 6.17,1991 C.V. = 10.28. 

The point where leaf CP values stabilized after the initial sharp 
decline was on the same day of the year for prairie sandreed and 
only 1 day apart in sand bluestem for both years (Fig. 3). The 
consistency of this relationship indicated that the stabilization of 
leaf CP may be related to photoperiod but this relationship 
appears to be largely unexplored. Initiation of stem elongation 
may stabilize leaf number which would minimize the effect of 
dilution on leaf CP. However, the exact beginning of stem elon- 
gation could not be determined. The date that the first palpable 
node was detected in both species was 2 weeks earlier in 1991 
than in 1990 but palpable nodes are an indicator of elongation 
rate rather than the initial starting point. 

were similar to the leaves of the entire tiller population (Fig. 4). 
This further supports the interpretation that leaf aging affects leaf 
IVDMD more than morphological development. The declines in 
CP in the V3 samples were highly correl:lted with growing 
degree days and day of the year (Table 2). The decline of CP in 
the V3 stage was less rapid than for the leaves of the entire tiller 
population. Leaf aging in V3 tillers could he a mechanism associ- 
ated with declines in leaf CP, similar to other Cd grasses 
(Anderson 19S5, Perry and Baltensperger 1979). Evaluating a 
single morphological stage would diminish the influence of the 
oldest leaves on CP early in the season, causing the CP of the V3 
tillers to decline slower than the leaves of the tiller population. 

Conrlusions 

The dominance of sand bluestem and prairie snndreed in the 
Nebraska Sandhills make their nutritive value important for 
ranchers. Our data indicated that decreases in cell wall digestibili- 
ty, rather than reductions in the cell soluble fraction, was the 
major factor associated with the reduction in leaf IVDMD. Tissue 
aging was a major mechanism associated with reduction of leaf 
IVDMD in both species. Leaf CP was affected more by year than 
by species. Leaf CP declined sharply early in the growing season 
and then leveled out abruptly in early July, when mean stage by 
count rar ged from 1.3 to 1.6 and the plants had accumulated 
1000 to 300 growing degree days. Since protein levels after 
early July were below requirements for average sized lactating 
cows (Taylor 1984, p. 318), producers may need to supplement 
lactating cows on pastures dominated by these 2 grasses. 
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Abstract 

A 4-year experiment to evaluate herbicide treatments with 
grazing by goats to improve long-term leafy spurge (Euphorbia 
esula L.) control compared to either herbicides or goats was 
established on the Sheyenne National Grasslands and the Gilbert 
C. Grafton South State Military Reservation in North Dakota. 
Six treatments were evaluated including an untreated control, 
grazing alone, herbicides applied in the spring or fall alone, graz- 
ing following spring-applied herbicides, or grazing during the 
season prior to fall-applied herbicides. Leafy spurge was rota- 
tionally grazed at the Sheyenne National Grasslands but was 
grazed season-long at Camp Grafton South. Grazing combined 
with fall-applied herbicide treatment reduced leafy spurge densi- 
ty rapidly and maintained control longer than either method 
used alone, Picloram (4-amino-3,5,6-trichloro-pyridinecarboxylic 
acid) plus 2,4-D [(2,4-dichlorophenoxy)acetic acid] applied annu- 
ally in the spring reduced leafy spurge density similar to or bet- 
ter than the same treatment combined with grazing. Also, leafy 
spurge control tended to be more rapid with continuous than 
rotational grazing. The best treatments averaged over both loca- 
tions were picloram plus 2,4-D at 0.5 plus 1.1 kg ha-’ applied in 
the fall alone or preceded by spring grazing. These treatments 
reduced the stem density by 98% from an average of 16 stems 
per 0.25 m* at the start of the experiment to 0.3 stem per 0.25 m* 
3 years later. Leafy spurge stem density still only averaged 1 
stem per 0.25 m* 12 months after the last treatment of season- 
long grazing plus a fall herbicide treatment compared to 6.5 
stems per 0.25 m* when either method was used alone. Grazing 
and herbicide treatments alone or in combination reduced the 
root protein content at both locations but the effect on root car- 
bohydrate content was minimal. 

Key Words: integrated pest management, cost-effective 
range weed control, picloram, 2,4-D, grazing. 

Leafy spurge (Euphorbia esula L.) is a long-lived perennial 
weed that primarily infests pasture and rangeland where it 
decreases herbage production by as much as 75% (Lym and 
Kirby 1987). Annual losses in grazing capacity were estimated to 
cost the livestock industry in Montana, North Dakota, South 
Dakota, and Wyoming $37.1 million in sales and $34.2 million in 
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annual production expenditures (Leitch et al. 199-l). Some of this 
loss is due to decreased herbage production from leafy spurge 
competition (Lym and Messersmith 1985, Lym and Kirby 1987). 
However, additional herbage losses occur as cattle avoid grazing 
areas infested with leafy spurge. Leafy spurge contains a sub- 
stance that causes scours and weakness in cattle and may result in 
death (Muenscher 1948). 

Although leafy spurge is not utilized by cattle, it is readily 
grazed by sheep and goats (Landgraf et al. 198-I). Sheep and 
goats have long been used for weed control. Modem examples 
include dock (Rumex obtusifolius L.) control in Japan (Sakanoue 
et al. 1995), gorse (Ulex europaeus L.) in New Zealand 
(Radcliffe 1985) and Spain (Sineiro 1982), and general brush 
clearing in Texas (Merrill and Taylor 1976), and California 
(Adams and Hughes 1977). Sheep and goats prefer to eat more 
broadleaf plants than cattle, while sheep consume more grass 
than goats (Hanson 1994, Walker et al. 1994). Goats increased in 
popularity as biological control agents for leafy spurge in the 
northern Great Plains in the mid 1980’s and 1990’s (Hanson 1994, 
Olson and Lacey 1994). Sheep were effective in controlling leafy 
spurge topgrowth in the 1930’s (Helgeson and Thompson 1942) 
but have been little utilized. Grazing with goats may be preferred 
over sheep by cattle ranchers because the dietary overlap of sheep 
and cattle averaged 20 to 35% compared to only 5 to 20% with 
goats (Olsen and Hansen 1977). Grazing with angora goats for 2 
to 3 years reduced leafy spurge cover by 45 to 55% in North 
Dakota (Sedivec et al. 1995). Although stem densities and cover 
were reduced, no studies have shown that grazing with goats will 
kill leafy spurge (Olson and Lacey 1994). As with other control 
methods, once the animals were removed, leafy spurge began to 
regrow to its original densities. 

Herbicides are the most widely used treatments for leafy spurge 
control (Lym and Messersmith 1985). However, control with her- 
bicides is not always practical due to the high cost of treating 
large areas of infestation. Also, the weed frequently occurs in 
environmentally sensitive areas, such as near water or desirable 
trees and shrubs, where herbicide use is restricted. The purpose of 
this research was to evaluate herbicide treatments with goat graz- 
ing for long-term leafy spurge control. 

Materials and Methods 

An experiment to evaluate herbicide treatment with grazing to 
improve long-term leafy spurge control compared to either con- 
trol method alone was established in May 1992 in southeast and 
east-central North Dakota. Six treatments were evaluated includ- 
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ing an untreated control, grazing alone, herbicides applied in the 
spring or fall alone, grazing following spring-applied herbicides, 
or grazing during the season prior to fall-applied herbicides. 

The study sites were on the Sheyenne National Grasslands near 
McLeod and on the Gilbert C. Grafton South State Military 
Reservation near McHenry, N.D. The dominant grasses on the 
Sheyenne National Grasslands were Kentucky bluegrass (Pea 
pratensis L.), western wheatgrass [Pascopyrum smithii (Rydb.) 
A. Liive], needle-and-thread (Stipa comata Trin. & Rupr.), porcu- 
pine grass (Stipa spartea Trin.), blue grama [Bouteloua gracilis 
(Michx.) Torr.], big bluestem (Andropogon gerardii Vitman) and 
sedges (Carex spp.). The dominant grasses at Camp Grafton 
South were Kentucky bluegrass, smooth brome (Bromus inermis 
Leyss.), little bluestem [Schizachyrium scoparium (Michx.) 
Nash-Gould], western wheatgrass, blue grama, and needle-and- 
thread. 

Both sites had at least an 80% ground cover of leafy spurge. 
Camp Grafton South contained other perennial plants like west- 
em snowberry (Symphoricarpos occidentalis Hook.) and prairie 
wild rose (Rosa arkansana Porter). The Sheyenne National 
Grasslands site included approximately 50% cover of mature and 
dying cottonwood trees [Populus deltoides Marsh. subsp. monilif- 
era (Ait) Eckenw.]. Average annual precipitation in southeastern 
and east-central North Dakota is 50 and 45 cm, respectively, with 
77% received during the growing season (April through 
September). Annual precipitation received at Camp Grafton 
South was highly variable during the study, while that received at 
the Sheyenne National Grasslands slightly exceeded the long- 
term annual average (Table 1). 

Leafy Spurge Control 
The effect of grazing alone or combined with herbicides to con- 

trol leafy spurge was evaluated at 2 locations with the treatments 
arranged in a randomized complete block design with 3 replica- 
tions at each location. Herbicides were applied to 8 by 15 m plots 
and included picloram (4-amino-3,5,6-trichloro-2-pyridinecar- 
boxylic acid) applied with 2,4-D [(2,4-dichlorophenoxy)acetic 

acid] at 0.28 plus 1.1 kg ha-’ in the spring or 0.56 plus 1.1 kg ha.’ 
in the fall. These are the st;ind& treatments for leafy spurge con- 
trol in the region (l-pm and Wllitson 1991). Less picloram is 
translocated to the leafy spurge root system during the fall com- 
pared to the spring growth stage. Thus, the picloram application 
rate must be increased to obtain similar control from both treat- 
ments. Herbicides were applied with a tractor-mounted sprayer or 
hand-held sprayer delivering 80 liter ha-’ water at 240 kPa. Spring 
treatments were applied during the leafy spurge true-flower 
growth stage in mid June and fall treatments were applied in mid- 
September approximately 30 days after grazing had ceased and 
leafy spurge plants were in the vegetative growth stage. 

Grazing was prevented in the non-grazed treatments using 5- 
by 5-m portable exclosures. The exclosures were kept in place for 
the herbicide only and untreated control treatments, but were 
removed following the spring-applied herbicide treatments for all 
grazing treatments. Gxclosures were not used for the grazing only 
and fall-applied herbicide following season-long grazing treat- 
ments. 

Angora goats (Capra hircus) were used to graze leafy spurge at 
both locations using different grazing regimes. The study area at 
Camp Grafton South was managed using repeated seasonal graz- 
ing. Thirty-five angora goat nannies were stocked on a 5.6 ha 
paddock in 1992, 1993, and 1994. Annual grazing dates were 19 
May to 24 August 1992 (97 days), 20 May to 18 August 1993 (90 
days), and 26 May to 7 July, then 1 August to 21 August 1994 
(63 days). Stocking rates declined from 1992 to 1994 due to the 
reduction of leafy spurge. The recommended stocking rate for 
good condition native pasture (overflow range site) in this vegeta- 
tive region is 2.4 AUM ha-’ [(animal-unit month) ha-‘] (USDA- 
SCS 1984). Stocking rates at Camp Grafton South during the trial 
were 2.9, 2.8, and 2.1 AUM ha-’ for 1992, 1993, and 1994, 
respectively. Cattle were not present during the study. 

The study area at the Sheyenne National Grasslands was man- 
aged using a rotational grazing system. Grazing was initiated in 
early May of each year using approximately 1,300 goats. A 
herder was employed to concentrate the goats on areas of heavy 

Table 1. Precipitation amounts and deviation from the long-term average at the 2 experiment sites. 

Location and month Total 
1992 

Deva 

Precioitation/year 
1993 1994 

Total De@ Total Deva 

Camo Grafton South 
April 

May 
June 
July 
August 
September 
Annual total 

Shevenne National Grasslands 
April 
May 
June 
July 
August 
September 
Annual total 

(cm) (%I (cm) (%) 
1.1 35 2.7 70 

4 71 10 177 
5.3 60 18.9 218 
4 63 23.4 3.51 
4.9 78 9.7 142 
4.1 84 1.2 23 

32.4 73 74.8 169 

2.4 62 2.4 60 4.9 129 
8.3 135 10.5 166 3.5 6 

18.2 208 15.1 190 2.7 34 
3.6 47 13 160 16.6 205 

10.6 138 2.9 44 5.7 88 
6.2 135 1.5 29 3 61 

61 125 56 114 51 105 

(4 
2.7 

13.4 
8.1 
4.2 

12.2 
69.1 

(%) 
72 

127 
155 
122 

61 
239 
156 

aDeviation from long-tern average, National Weather Service, Fargo, ND. 
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leafy spurge infestations. Goats were rotated through 7 paddocks 
in succession, one of which included the experimental location. 
Goats grazed the experimental location 3 times in 1992 and twice 
in 1993 and 1994. Animals were allowed to graze leafy spurge in 
an area until most plants had been grazed before being moved to 
another paddock. The animals grazed for 2 to 3 hours in the 
morning and again in late afternoon. The animals were held in 
field pens the remainder of the day. Cattle were present in pad- 
docks, and cattle and goats both were rotated according to Forest 
Service grazing agreements. 

Leafy spurge density was determined each season prior to graz- 
ing and in the fall following grazing but prior to a fall herbicide 
treatment. Sampling was conducted at similar times in 1995 
although no herbicide treatments were applied and grazing had 
been suspended. Leafy spurge stems were counted in four 0.25 
m* quadrats per plot at approximately the same location each 
year. 

Root Nutrient Content 
Leafy spurge roots were analyzed for carbohydrate and protein 

content as a measure of vigor. Roots were collected from a 0 to 
15 cm depth for each treatment approximately 1 November of 
each year after the soil temperature was 4.4”C or lower. Plant 
material was placed in coolers with ice for transport, washed and 
frozen within 3 hours, and then dried at 60°C and stored frozen. 

Both water-soluble (mostly sucrose) and insoluble (starch) car- 
bohydrates were determined calorimetrically using the Dubois et 
al. (1956) phenol acid method as modified by Lym and 
Messersmith (1987). Total N and soluble proteins were deter- 
mined using the Kjeldahl method (Goyal and Hafez 1990) as 
described by the Association of Analytical Chemists official 
method 988.05 (Anonymous 1990). 

Statistical Analysis 
The data for leafy spurge control and root nutrient content were 

analyzed using the general linear models procedure (SAS 
Institute 1982). Analyses of variance were used to test for signifi- 
cance with a protected F-test. Grazing management differed by 
location, so the data are discussed separately. 

Results and Discussion 

Leafy Spurge Control 
Grazing by goats combined with an annual fall application of 

picloram plus 2,4-D reduced leafy spurge density rapidly and 
maintained control longer than either method used alone (Figs. 1 
and 2). Picloram plus 2,4-D applied annually in the spring 
reduced leafy spurge density similar to or better than the same 
treatment combined with grazing. Also, season-long grazing at 
Camp Grafton South either alone or combined with herbicides, 
reduced leafy spurge density more rapidly than rotational grazing 
used at the Sheyenne National Grasslands. This is in agreement 
with Bowes and Thomas (1978) who reported annual intensive, 
continuous grazing by sheep was necessary to reduce leafy 
spurge density in Saskatchewan. 

All treatments at Camp Grafton South, including season-long 
grazing alone, reduced leafy spurge density the growing season 
following the first treatment (May 1993), compared to the 

untreated control (Fig. 1). After 1 year, the combinntion treatment 
of grazing in the spring followed by picloram ~IIIS 2,4-D in the 
fall was the only treatment that reduced leafy spurge density 
more than season-long grazing alone. Leafy spurge stem density 
averaged only 0.1 stem per 0.25 m’ in May 1993 wit11 the combi- 
nation treatment compared to 5 stems per 0.25 m2 from grazing 
alone. Stem density decreased to zero with die spring grazing 
plus fall-applied herbicide combination treatment in May 1994. 
This was the only treatment to eliminate leafy spurge topgrowth 
on any evaluation date during the study at Camp Grnfton South, 
but the leafy spurge was not eradicated. 

Season-long grazing alone at Camp Grafton South reduced 
leafy spurge stem density to only I stem per 0.25 m2 following 3 
years of grazing management (Fig. 1). Thus, it required 2 years 
longer for grazing alone to reduce leafy spurge density to the 
level that the grazing plus fall-applied herbicide treatment had 
after one season. The combination treatment of a spring-applied 
herbicide followed by grazing did not increase control compared 
to the spring applied herbicide alone and may have been slightly 
antagonistic. 

Although all treatments reduced leafy spurge density to 1 stem 
per 0.25 m2 or less after 3 years, the long-term control varied 
after treatments ceased in 1994 (Fig. 1). The spring-applied herbi- 
cide treatment alone or grazing plus a fall-applied herbicide treat- 
ment maintained leafy spurge control better than grazing or fall- 
applied herbicide treatments alone 1 year after the last applica- 
tion. Leafy spurge stem density averaged 1 stem per 0.25 m2 in 
August 1995 or 12 months aftsr the last treatment of grazing plus 
a fall-applied herbicide treatment compared to 6 and 7 stems per 
0.25 m2 following fall-applied herbicides or season-long grazing 
alone, respectively. A further increase in stem density would be 
expected the next growing season if treatments were not resumed. 

Herbicides cannot be applied to a wide area during the spring 
and summer at Camp Grafton South because of training exercises 
by Army personnel. Noxious weeds generally are treated in the 
fall following the training exercises. Thus, the best treatment pro- 
gram for this location would be to allow grazing of the leafy 
spurge during the training season to prevent seed-set and cause 
stress to the root system followed by a fall-applied herbicide 
treatment to increase root kill and provide longer-term control 
than grazing alone. Continued grazing by goats alone would 
probably keep the infestation down to acceptable levels once con- 
trol reached 90% or better which would take about 3 years. 

Herbicides applied in the fall either alone or in combination 
with rotational grazing provided the most rapid leafy spurge con- 
trol at the Sheyenne National Grasslands (Fig. 2). Leafy spurge 
stem density decreased in May 1993 from an average of 20 stems 
per 0.25m2 to 2 or less stems per 0.25 m2 the year following the 
first treatment. 

Rotational grazing alone or combined with a spring-applied 
herbicide treatment at the Sheyenne National Grasslands did not 
reduce leafy spurge stem density compared to the control until 
after the third year of the study (Fig. 2). These results were much 
different than the rapid density reduction observed with season- 
long grazing of leafy spurge at Camp Grafton South (Fig. 1). 
Derscheid et al. (1985) concluded that control of leafy spurge by 
grazing was best accomplished through early season and continu- 
ous intensive grazing for several years. The results of this study 
also indicate that continuous intensive grazing yields the best 
control of leafy spurge. Rotational grazing was intended to allow 
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PIC + 2,4-D (SPR) 
PIG + 2,4-D (FALL) 
NO HERBICIDE 

GRAZED UNGRAZED 
-+.~+- - * 

Fig. 1. Leafy spurge control with angora goat grazing and herbicides used alone or in combination at Camp Grafton South, MeHenry, ND. 
Herbicides were applied and goats allowed to graze from mid May to mid August each year from 1992 through 1994 with no grazing or 
herbicide treatment applied in 1995. Vertical bars indicate LSD = (0.05). 

treatment of as large an area as possible with minimal damage to 
other forbs. Although damage to desirable shrubs and trees was 
minimized with rotational compared to continuous grazing, leafy 
spurge control was also less satisfactory. 

The combination treatment of spring-applied herbicide with 
rotational grazing did not increase control compared to the herbi- 
cide applied alone (Fig. 2). The antagonism between spring- 
applied herbicides and grazing was more evident with rotational 
grazing compared to continuous grazing. Leafy spurge stem den- 
sity after 1 year was nearly double with the herbicide plus grazing 
treatment compared to the spring-applied herbicide alone. 
Thereafter, the herbicide alone treatment provided similar or bet- 
ter leafy spurge control than the combination treatment. 

The reason for the reduced control when the spring-applied her- 
bicide was combined with grazing may be due to less picloram 
residue in the soil to maintain topgrowth control. Generally, 30% 
of the absorbed picloram remains in the stem and leaves and is 
released into the soil as the plant decays (Lym et al. 1989). 
Despite the dried topgrowth, the goats still grazed the leaves and 
top portion of the stem. Because the foliage had been removed 
there was little “residual” control from picloram leaching into the 
soil and the plants resumed regrowth more rapidly compared to 
those treated only with herbicides. 

Herbicides applied in the fall following a rotational grazing 
program provided better long-term leafy spurge control than any 
other treatment evaluated at the Sheyenne National Grasslands 

Table 2. The effect of goat grazing alone or combined with herbicides on leafy spurge root carbohydrate and protein content under continuous graz- 
ing at Camp Grafton South, North Dakota. 

Treatment Rate 92 
Sucrose” 

93 94 92 
Glucoseb 

93 94 92 
ProteinC 

93 94 

(kg ha-‘) 
Grazed only . 
Picloram+2,4-D (Fall) 0.56+1.1 
Grazed (Spring)+picloram+2,4-D (Fall) 0.56+1.1 
Picloram+2,4-D (Spring) 0.28+1.1 
Picloram+2,4-D (Spring)+Crazed (Fall) 0.28+1.1 
Control . 

LSD (0.05) 

‘Sucrose or water-soluble carbohydrate fraction. 
bClucose or water-insoluble (starch) carbohydrate fraction. 
‘Soluble crude protein. 

---------.--------..-------(mgg-’)-----..---..---..--...---.----- 

150 144 94 106 85 113 28 29 16 
NAd 147 110 NA 130 92 NA 24 41 
NA 117 Oe NA 72 Oe NA 36 NA 
NA 130 103 NA 169 117 NA 37 30 
NA 150 74 NA 103 93 NA 29 17 
153 125 113 186 186 134 48 56 70 

NS NS NS NS 57 NS 15 18 19 
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PIC + 2,4-D (SPR) 
PIC + 2,4-D (FALL) 

T 
NO HERBICIDE 

GRAZED UNGRAZED -___~ -+. .+- +A- 
+)--o- -ff 
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ti AY MAY MAY MAY AUG 
1992 1 1 1993 1 I 1994 I I 1995 1 

Fig. 2. Leafy spurge control with angora goat grazing and herbicides used alone or in combination at the Sheyenne National Grasslands, 
Lisbon, N.D. Herbicides were applied and goats rotationally grazed from 1992 through 1994 with no grazing or herbicide treatment in 
1995. Vertical bars indicate LSD = (0.05). 

(Fig. 2). Leafy spurge stem density averaged less than 1 stem per the energy source for leafy spurge to regrow following control 
0.25 m2 1 year after the last treatment, compared to an average of efforts, but remain at or near average levels even when most of 
6 stems per 0.25 m2 with all other treatments. the root tissue has been destroyed. Thus, root protein content is a 

better indicator of treatment effect on the leafy spurge root sys- 

Root Nutrient Content tern than the carbohydrate content. 

Few trends were evident for root carbohydrate content of leafy Only the water-soluble (sucrose) root carbohydrates tended to 

spurge controlled with herbicides and/or either grazing treatment decline when leafy spurge was grazed continually for 3 seasons at 

(Tables 2 and 3). Root protein content was reduced under both Camp Grafton South (Table 2). However, root carbohydrate con- 

grazing regimes when used alone or combined with herbicides. tent in the untreated control declined as well. The reason for the 

Protein content is considered a good indicator of plant vigor (Cyr decline may be due to above average moisture received during 

and Bewley 1989) and for the potential of leafy spurge to over- the study (Table 1) that allowed vigorous competition from the 

winter (Lym and Messersmith 1993). Root carbohydrates serve as grasses present. Several grass species compete well with leafy 
spurge and reduce its spread (Lym and Whitson 1991). 

Table 3. The effect of goat grazing alone or combined with herbicides on leafy spurge root carbohydrate and protein content under rotational grazing 
at the Sheyenne National Grasslands, North Dakota. 

Treatment Rate 92 
Sucrose” 

93 94 92 
Glucoseb 

93 94 92 
ProteinC 

93 94 

Grazed only 
Picloram + 2,4-D (Fall) 
Grazed (Spring) + picloram + 2,4-D (Fall) 
Picloram + 2.4-D (Spring) 
Picloram + 2.4-D (Spring) + Grazed (Fall) 
Control 

(kg ha-‘) 
. 

0.56+1.1 
0.56+1 .I 
0.28+1.1 
0.28+l.l 

. 
LSD (0.05) 

%crose or water-soluble carbohydrate fraction. 
bGlucose or water-insoluble (starch) carbohydrate fraction 
CSoluble crude protein. 
dNA = Not analyzed. 
eToo little root material remained for analysis 

.~..~~~..~~~~~~~~~~~~~~~~~~(mgg-’)~~~~~~~~~~~-~--------~~-~~~~~~~ 
160 I52 146 148 110 114 31 18 16 
167 148 112 200 96 II4 38 66 64 
149 143 I29 I38 106 104 32 46 31 
148 I38 140 126 I50 102 44 45 27 
I54 158 143 80 99 118 29 36 I6 
140 143 103 177 145 112 44 55 44 
NS NS 30 70 NS NS NS 22 23 
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At Camp Grafton South, continuous grazing alone and in com- 
bination with a herbicide treatment tended to reduce root protein 
content more than herbicides used alone (Table 2). Insufficient 
root material remained for analysis following 3 years of continu- 
ous grazing followed by a fall-applied herbicide treatment. 

Root carbohydrate content generally declined under the rota- 
tional grazing regime at the Sheyenne National Grasslands even 
in the control (Table 3). Again the root protein content was 
reduced by nearly all treatments except the herbicide treatment 
fall-applied alone. Although rotational grazing took several years 
longer than continuous grazing to reduce leafy spurge topgrowth, 
root protein content was reduced similarly after 3 years (Tables 2 
and 3). 

Conclusions 

Herbicides in combination with grazing by goats provided bet- 
ter leafy spurge control than herbicides or grazing alone. Grazing 
followed by a fall-applied herbicide treatment of picloram plus 
2,4-D resulted in the most rapid and long-term leafy spurge con- 
trol. Leafy spurge control tended to be more rapid with continu- 
ous than rotational grazing, but control from the rotational system 
would be acceptable when desirable broadleaf plants can be 
maintained in the pasture. Leafy spurge root protein content was 
a better indicator of the effect of various treatments on the leafy 
spurge root system than the carbohydrate content. 
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Abstract 

The Lassen interstate mule deer (Odocoileus hemionus) herd 
ranges from the northwestern area of Nevada to the northeastern 
corner of California along the western rim of the Great Basin. 
This mule deer herd serves as a model for what has happened in 
terms of population dynamics for many Intermountain west mule 
deer populations. Before contact with Europeans the populations 
were apparently very restricted. After the introduction of domes- 
tic livestock there has been significant impacts on the relative 
abundance of shrubs versus perennial grasses. Mule deer herds 
underwent tremendous expansion which peaked in the 1950s. 
Recent mule deer population numbers in the Lassen interstate 
herd have sharply declined. These population dynamics can be 
related to several habitat changes that reflect increased frequen- 
cies of wildfires in lower elevational sites as shrubs became old 
and decadent. Lack of fire in the higher elevations resulted in 
decadentlsenscent old shrub stands. Invasion by exotic annual 
grasses in lower elevational sites. In certain environments, 
sharply improved range condition due to grazing management 
systems. The increase in coniferous woodlands, which may retlect 
changes in climate and/or atmospheric gases, combined with the 
lack of fire significantly negatively impact the Lassen Interstate 
mule deer herd. Identifying the specific aspect of winter, transi- 
tional, and/or summer habitat, in terms of dietary deticiency, 
that are most closely related to the decline in mule deer numbers 
is a highly significant problem facing wildlife and range man- 
agers. 

Key Words: Odocoileus hemionus, Purshia tridentata, bunch- 
grass, wildfiie, historical perspective, Artemisia tridentata 

Controversy exists over the issue of mule deer ranges. Wildlife 
managers, range managers, and other interested and involved par- 
ties often sit down and discuss the problems concerning mule 
deer habitat, resulting in much finger pointing and little problem 
solving. This controversy exists throughout the west, and such is 
the case over the East Lassen mule deer herd in northeastern 
California and northwestern Nevada. The main issue in this area 
involves the condition of antelope bitterbrush (Purshiu tridentata 
(Pursh) DC.). Antelope bitterbrush is well documented as a criti- 
cal browse species for wintering mule deer herds (Hormay 1943, 
Nord 1965). Many existing stands have no seedling recruitment, 
and are becoming decadent with low forage production. The 
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twigs and winter persistent leaves of antelope bitterbrush are 
highly preferred by domestic livestock during late summer, fall, 
and winter months when herbaceous species are mature and low 
in digestible protein (Nord 1965). 

As all involved parties (representatives from different Bureau 
of Land Management [BLM], USDI districts; Forest Service, 
USDA; California Fish and Game, Nevada Division of Wildlife, 
livestock permitees, and interested conservation groups) sit at the 
bargaining table it is apparent that adversary positions are imme- 
diately taken. These conversations often begin with game man- 
agers expressing the view that livestock grazing is causing much 
of the problems concerning mule deer habitat. This instantly 
places the stockmen on the defensive, thus the arguing begins and 
progress ends. This gridlock solves absolutely nothing. 

This analysis provides current and historical background of 
mule deer population densities, vegetational changes, and the 
cyclic processes of eruption and decline of mule deer populations 
in northeastern California and northwestern Nevada (Fig. 1). 

Historical Perspective 

To understand the current conditions of mule deer herds in 
northeastern California and northwestern Nevada, we must first 
obtain a historical perspective on mule deer populations at the 
time of first contact with Europeans and the subsequent effect of 
settlement upon these populations. 

Jedidiah Smith, Peter Skene Ogden, and John Work journeyed 
through the Great Basin during the second and third decades of the 
19th century. Their journals indicate that few mule deer were 
encountered. Despite these mountain men being the epitome of 
professional hunters, they often found themselves hungry and 
sometimes killed their own horses to survive (Helfrich et al. 1984, 
Work 1833, Leopold 1950). John Work described November 1832 
near Alturas, Calif., “few tracks, but no site of deer”. “Crossing 
the road was a singular barrier, built by Indians, to pen in, proba- 
bly, large hares when they hunt them, for there is no other game 
here” reported Bruff on 25 September 1849 while traveling near 
Soldiers Meadows in northwestern Nevada (Helfrich et al. 1984). 
These early explorers and trappers noted the abundance of prong- 
horn (Antilocarpa americana), bighorn sheep (Ovis califomica), 
and waterfowl, but also noted the scarcity of deer through their 
travels. The forested edges of the Great Basin provided good 
browse species for mule deer. The east slope of the northern Sierra 
Nevada in Honey Lake Valley in northeastern California is an 
example of such locations. In the early 1850s Honey Lake Valley 
was described as having plentiful deer, pronghorn, sagegrouse 
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Fig. 1 Referred Interstate mule deer populations of northeastern 
California and northwestern Nevada. 

(Centrocercus urophasianus), waterfowl, and rabbits (Lepus 
spp.). Black bear (Ursus americanus), mountain lions (Felis con- 
color), and bighorn sheep were in abundance (Anon. 1993). 
These early records are not sufficiently detailed to provide esti- 
mates of the numbers per species, but rather provide a snapshot 
back in time. 

The areas where these early explorers and trappers traveled and 
recorded the scarcity of mule deer supported mule deer by the 
thousands a century later (Leopold et al. 1947, Leopold 1950, 
Julander 1955, Julander and Low 1976, Gruel1 1986). Now, a half 
a century later, we are experiencing declining mule deer herds 
(Julander and Low 1976, Denny 1976, Loft and Menke 1990). 

Mule deer are browsers and therefore benefit when shrub 
species such as antelope bitterbrush, preferred sagebrush 
(Artemisia) species and forms, curlleaf mountain mahogany 
(Cercocarpus ledifolius Nutt.), and other woody species are pro- 
ductive components of their ranges (Dietz and Nagy 1976). These 
woody species are beneficial as they provide desired nutrition and 
cover (Leckenby et al. 1982). This does not exclude the nutrition- 
al importance of forbs and early growth grasses to the well being 
of mule deer (Austin and Umess 1985). Diet studies conducted in 
northeastern California indicate that forbs and grasses make up a 
large part of the mule deer diet in the early summer months 
(Leach 1956, Bissell and Strong 1955, Lassen et al. 1952), pro- 
viding sufficient protein and phosphorus that is lacking after the 
dormant winter months (Dietz and Nagy 1976). 
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Most authorities agree that at the time of European contact, 
much of the prime mule deer ranges present during the early and 
mid 20th century did not exist (Julander and L.ow 1976, Gruel1 
1986). This supports the scarcity of mule deer noted by early 
explorers. Herbaceous vegetation apparently was a mnre signifi- 
cant portion of the environment under pre-contact conditions than 
woody species, indicating a lack of browse species (Clements and 
Clements 1939, Gruel1 1986). The changes in plairt communities 
that favored eruptions of mule deer populations are both subtle 
and overt, but are not easily understood. 

Historical Mule Deer Densities 
As previously noted, mule deer densities were very scarce in 

the Great Basin during thz pre-contact period. Starting with the 
Comstock Lode, silver mining spread across the Great Basin with 
a series of boomtowns. These boom and often bust cycles of local 
development extended into the 20th century with Coldfield and 
Tonopah, Nev. These sudden spurts of population growth brought 
hunting pressure to isolated mule deer populations. During the 
same time period an extended network of ranches developed 
across the state. It was common for ranches with thousands of 
cattle on the range to use venison as a staple meat. Mule deer had 
smaller carcasses than cattle in the age of no refrigeration, and in 
the eyes of the consumer they were free. By the 18SOs the native 
wapiti (Cerves eZaphus) of eastern Nevada were extinct (personal 
communication Mathis 1995, information officer, Nevada 
Division of Wildlife, retired). In the early 19OOs, it was front 
page news to have killed a mule deer near Reno, Nev. Laws to 
protect mule deer were virtually non-existent. From the first teni- 
torial Legislative Session in 1861 to the end of the century laws 
related to the harvest of mule deer consisted of no limit, long sea- 
sons, and no enforcement. With the coming of tile 20th Century 
came the awareness for the need to protect our mule deer herds. 
In 1901 the Nevada Legislature closed the season for mule deer 
hunting until 1903, after which the limit was 2 male mule deer 
per person in a season that extended from 1 September to 1 
November. By 1915 the limit was 1 per person with does legal, 
but fawns protected. In 1929, deer tags were establiched allowing 
1 tag per person for $1, ahhough you could purchase a tag in each 
county (personal communication McQuivey 1995, chief of habi- 
tat, Nevada Division of Wildlife). Game refuges were also estab- 
lished. An entire section of the Lassen interstate mule deer herd 
habitat from the Skedaddle Mountain rim to Shinn Peaks was a 
game refuge from the mid 1910s through 1954 (personal commu- 
nicaticn Hall, field biologist, California Department of Fish and 
Game). 

Estimates of mule deer populations were very crude at best 
until the late 1970s when game agencies developed more precise 
methods of counting their clzer herds. Even the early methods of 
observing mule deer numbers are useful in estimating and com- 
paring densities. An example of this is the effort that sportsmen 
made during the 1950s in counting the mule Jier that migrated 
into an area called the Sand Hills, north of Reno, Nev. These 
individuals would ride horseback in this country on a weekend, 
and using a method of only counting mule deer that broke to their 
left, would count some 3,000 individual deer (personal communi- 
cation Mathis 1995, information officer, Nevada Division of 
Wildlife, retired). Today. whrther on horseback or ill a helicopter, 
you would be fortunate to count 150 mule deer in the same area 
(personal communicatiolr Dobel 1995, field biologist, Nevada 
Division of Wildlife). It is obvious that the mule deer density is 
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lower on this winter range at present time than it was 40 years 
ago. Loft and Menke (1990) reported that mule deer numbers in 
northeastern California and northwestern Nevada declined some 
50% from 1964 to 1988 (Fig. 2a). Many mule deer herds have 
declined to the lowest numbers ever recorded. The Independence 
mule deer herd in northeastern Nevada is an example of another 
mule deer herd that has declined to record low numbers, as indi- 
cated in their harvest data (Fig. 2b). The Nevada Division of 
Wildlife estimates that there were 32,000-38,000 mule deer pre- 
sent in the Independence herd in the late 1950s and early 196Os, 
compared to the estimated 10,00~14,000 currently present (per- 
sonal communication Grey 1995, field biologist, Nevada Division 
of Wildlife). Loft and Menke (1990) suggests that deer herds in 
northeastern California and northwestern Nevada are on the 
decline due to unsuitable winter range conditions caused by the 
loss of browse plants to fire and overgrazing. 

Hypothesis for Mule Deer Population Eruptions 
Among alternatives to the absolute grassland versus shrubland 

hypothesis (Clements and Clements 1939, Gruel1 1986) are: 1) 
the keystone changes in mule deer habitat are site specific and 
specific to the seasonal dietary requirements of mule deer, 2) the 
frequency and abundance of mule deer preferred sagebrush 
increased as a result of the environmental changes induced by 
livestock grazing, 3) changes occurred in the abundance of pre- 
ferred shrubs in the rose family (Rosaceae, i. e. antelope bitter- 
brush) versus sunflower family (Asteraceae, i. e. sagebrush and 
rabbitbrush [Chrysothamnus]), 4) range improvement practices 
designed to increase perennial grasses negatively interacted with 
mule deer populations, 5) short term climatic and/or atmospheric 
changes influenced woodland vegetation, and 6) all of the above 
occurred and interacted along with the population genetics of the 
mule deer herds themselves. 
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Fig. 2a. Mule deer population estimates for the East Lassen mule 
deer herd from 1962 to 1988 (Updike et al. 1990). 

5000 
1 

00 
1956 ‘66 ‘76 ‘86 ‘94 

YEAR 

Fig. 2b. Harvest records for the Independence mule deer herd of 
northeastern Nevada from 1956 to 1994 (Grey personal communi- 
cations). 

Traditional mule deer habitat is separated into winter, transi- 
tional (spring-fall), and summer ranges. Often winter ranges have 
been considered the most critical areas for herd survival. In the 
western Great Basin the general aridity caused by Sierra-Cascade 
rain shadow raises veget.nion zonation (Billings 1949), therefore 
summer ranges may be the limiting environment for herd produc- 
tivity (Austin and Urness 1985). Transitional ranges in this 
region, apparently have not received the attention from habitat 
managers that has been devoted to winter ranges. With recogni- 
tion that ecologically significant variations in big sagebrush pop- 
ulations below the species level (Beetle 1960, McArthur and 
Plummer 1978), it is readily apparent there are differences in big 
sagebrush populations on most winter, transitional, and summer 
ranges. The distribution of the various subspecies of big sage- 
brush generally reflects elevational difference as modified by 
edaphic factors. There are also some latitudinal differences in big 
sagebrush communities. West (1983a, 1983b) considered the 
more northern sagebrush vegetation as the sagebrush steppe, and 
the Great Basin and Colorado Plateau examples of the Great 
Basin sagebrush type. In the sagebrush steppe type there is poten- 
tially a more equal sh,ning of dominance between woody and 
herbaceous species. In the Great Basin sagebrush type the bal- 
ance between woody and herbaceous species is much more pre- 
carious. The Lassen interstate mule deer herd occupy a transition- 
al area between these designations, with the Modoc Plateau of 
northeastern California falling into the sagebrush steppe (Fig. 3). 

There is evidence the American bison (Bison bison) occurred 
on the Modoc Plateau in relatively recent times before contact 
with European man (Merrian 1926). This indicates the sagebrush 
vegetation of the Modoc Plateau was similar to the sagebrush 
steppe of eastern Oregon and Idaho rather than the Great Basin 
sagebrush type. The lower winter ranges in northwestern Nevada 
are within the Great Basin sagebrush type (Young et al. 1978b). 
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Fig. 3. Typical habitat for tbe East Lappn Interstate mule deer herd. 

Role of Shrubs in I’m-Contact Vepetatlon 
Vbrtually all western Great Basin plant communities that have 

sagebrush specieslnow had them under pm-contact conditions 
(Young et al. 1978a). Subtle changes in density of shrubs in sage- 
bmsh communities have significant impacts on the herbaceous 
vegetation and the converse. is also true. This is illustrated by the 
research of Sneva (1972) that reported for every 1% increase in 
big sagebrush (Artemisia tridentata Nutt.) cover between 10 and 
20% them was a 10% decrease in herbaceous productivity. For 
example, with 10% canopy cover of big sagebmsh, herbaceous 
cover might be 100 units per m? Increase the shrub cover to 15% 
and herbaceous production is reduced to 50 units per m’. At 20% 
shrub cover herbaceous production would approach zero. Casual 
observation of 10, 15, and 20% canopy cover of big sagebrush 
communities would reveal few differences in a silver-gray, shrub 
dominated laudscape, but changes in this narrow range in canopy 
cover bring extreme influences to the sub-dominant herbaceous 
layer in the communities. Both the extensive review of Ellison 
(1960) and the life time studies of Daubeunire (1970) conclude 
that for must big sagebrush communities the dominance of shrubs 
increases with domestic livestock grazing and conversely tends to 
decrease with prolonged protection from such grazing, but shrubs 
never completely disappear from the communities. 

Preference for Sagebrush Browse 
During the last 2 decades research primarily conducted at the 

Shrub Science Laboratory, F’mvo, Ut., has shown that siguificant 
difference in the preference mule deer exhibit for big sagebrush 
browse exist among and within subspecies of big sagebrush 
(Welch and McArthur 1981, Welch et al. 1983). These issues are 
critical in interpreting the influence of variable preference for big 
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sagebrush ecutypes by herbivores in the observed cycles in mule 
deer populations. Do domestic livestock and mule deer have the 
same or variable preference for the browse of big sagebrush ecu- 
types? Did the virtual unlimited seedling recruitment of big sage- 
brush in many plant communities during the 1890-1940 time 
period iutluence the frequency of mule deer preferred genotypes 
in big sagebrush populations? And, does the frequency of pm- 
ferred ecotypes of big sagebrush differentially occur among sub- 
species and plant communities that compose mule deer seasonal 
habitat? 

Biological Processes Influencing Mule Deer Habitat 

The pm-contact vegetation of the area that currently supports the 
Lassen interstate mule deer herd was not composed of plant com- 
munities all in 1 stage of succession, even for comnumities loeat- 
ed on sites of the same potential vegetation. The vegetation was 
composed of communities in various successional stages. 
wildlife ecologists have long proposed that patchiness of habitat, 
providing au edge effect, was desirable compared to uniformity 
(Leopold 1950, Thomas et al. 1979, Maser and Thomas 1983). 
The relative uniformity of successional stages in vegetation com- 
posed of communities of similar potential depends on the fre- 
queruy and ex~af of stand renewal processes. 

Wlldfii 
In big sagebmsh communities wildfiis are the primary stand 

renewal pmcess. Excessive grazing reduced grasses and brought 
about the reduction of fme fuels to carry wildfves (Julauder 1962, 
Umess 1976, GruelI 1985). ‘Ike shrubs then became larger, more 
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vigorous, and established in higher densities (Dietz and Nagy 
1976). This vegetation change was beneficial to mule deer herds 
throughout the West. 

In little more than a century the sagebrush plant communities 
of the northwestern Great Basin have gone through periods of: 1) 
pristine wildfire frequency with aboriginal burning, 2) promiscu- 
ous burning, 3) attempted complete suppression of wildfires, and 
4) attempts at prescribed burning and let-bum policies for wild- 
fires (Young et al. 1972). 

The lower elevation portions of the Great Basin give up evi- 
dence of past wildfire frequency very grudgingly. There are few 
if any trees that record fire scars, and sites to preserve subaerially 
deposited charcoal are rare. Generally, trees with long records of 
fire scars provide minimum estimates of the frequency of wild- 
fires on the basis that if they were not somewhat protected from 
wildfires by soils and/or topographic features, they would not 
have survived to record repeated fires. Studies on the Modoc 
Plateau in Lassen County, on the western margin of the interstate 
mule deer range, revealed 28 fire scared western juniper 
(Juniperus occidentalis Hook.) trees in a 250 ha woodland 
(Young and Evans 1981). The fire scars grouped in the decades 
1640 to 1650, 1750-1760, and 1830-1840. Each of these 
instances of wildfires probably represents 1 large fire. The varia- 
tion in dates within the decade from which the fire was identified 
is probably due to false or missing rings on the various trees. 
Whisenant (1989) estimated the frequency of wildfire return in 
sagebrush vegetation averaging 60 to 110 years on the Snake 
River Plains of Idaho. Burkhardt and Tisdale (1976) estimated 
that pre-contact wildfires were much more frequent in the west- 
ern juniper woodlands of southwestern Idaho. Henry Wright 
(1980), using the data of Young and Evans (1974), made the 
novel suggestion that the frequency of wildfire return in big sage- 
brush communities had to be longer than the interval of domi- 
nance of root sprouting sub-dominant shrubs such as rabbitbrush 
that are the woody natural secondary successional species in 
these communities following wildfires. Essentially if the frequen- 
cy of wildfire was shorter than this interval there would have 
been no big sagebrush communities at contact time. 

It has been popular in the past to stress the importance of abo- 
riginal burning in shaping pre-contact vegetation (e.g. Stewart 
1963). Daubeunire (1970) considered such burning to be inconse- 
quential in shaping the sagebrush steppe of the pre-contact vege- 
tation of the Columbia Basin. In the western Great Basin, where 
we are concerned with the Lassen interstate mule deer herd, it is 
difficult to obtain an estimate of the importance of aboriginal 
burning. The Paiute Indians of Lassen County, Calif. historically 
used fire as a tool in hunting mule deer in the fall (Riddle 1978). 

Considering the knowledge that has been developed of sec- 
ondary succession in big sagebrush communities and the dynam- 
ics of relic communities it is apparent that the pristine vegetation 
of the sagebrush portion of the Lassen interstate mule deer herd 
must have consisted of a mosaic of communities in various stages 
of secondary succession. Recently burned areas would be solidly 
dominated by perennial grasses and broad-leaved species. 

For a widespread landscape dominant, big sagebrush is atypical 
in that it does not have an active wind or granivore seed dispersal 
system, and it does not build persistent seedbanks (Young and 
Evans 1989). Against stiff competition from well established 
perennial grasses which were not injured by wildfires occurring 
in late summer, the only time the vegetation would bum, the re- 

establishment of big sagehrush must have been a very slow 
process. Currently the root sprouting sub-dominant shrubs persist 
in dominance for 10 to 15 years (Young and Evans 1974). 
Considering the slow rate of return of big sagebrush in fully 
stocked crested wheatgrass (Agropyron desertorum Fischer) 
stands (Frischknecht and Bleak 1957), the return to shrub domi- 
nance must have been very slow. The key in understanding pre- 
contact secondary succession perhaps lies in the balance of herba- 
ceous and woody species that damoened the dynamics of change. 
The sagebrush/bunchgrass communities must have been in the 0 
to 10% big sagebrush cover level for intervals of up to 50 years. 
The physical fire scar evidence from the western portion of the 
range of the Lassen interstate mule deer herd indicates that major 
fires that scarred more than 1 tree occurred at intervals of 80 to 
110 years (Young and Evans 1981). If we use Whisenant’s 
(1989) lower fire return frequency estimate of 60 years very little 
of the pre-contact big sagebrush vegetation was clearly in the 
total shrub domination stage. 

Once established, big sagebrush plants have tremendous repro- 
ductive potential for the full potential century plus life of the 
plants (Young et al. 1989). In fully stocked big sagebrush stands 
the tremendous seed rain produces crops of sagebrush seedlings 
that essentially act as annuals, preempting soil moisture and lim- 
iting the establishment of seedlings of perennials. The sagebrush 
seedlings are not sufficiently pernicious to have marked estab- 
lishment in fully stocked perennial grass stands (Blaisdell 1949). 
Big sagebrush seedling establishment must have been highly 
selective in the pre-contact environment. In terms of habitat for 
mule deer the important question is how preferred forms of big 
sagebrush fared in this selective seedbed environment? With lim- 
ited big sagebrush recruitment, were the low populations of mule 
deer in pre-contact environments sufficient to suppress preferred 
forms of big sagebrush? 

Vegetation Reaction to Introduction of Domestic Livestock 
Livestock were introduced into the western Great Basin in the 

late 1860s and numbers grew very rapidly during the 1870s 
(Young and Sparks 1985). By the 188Os, rangelands located close 
to water supplies were often severely impacted by excessive graz- 
ing. The dominant shrubs were not preferred by cattle (Bos 
taurus), horses (Equus caballus), and to a lesser extent by sheep 
(Ovis aries). The dominant herbaceous species were perennial 
bunchgrasses that cannot be grazed year after year without rest 
during the growing season. The loss of the perennial grasses left a 
biological near vacuum in the understory that was exploited by 
sagebrush seedlings. 

The winter of 1889-90 was extremely severe and resulted in 
death losses to cattle approaching 90% in northern Nevada 
(Young and Sparks 1985). There were also exceptional death 
losses among wildlife during this severe winter. The result was an 
over grazed herbaceous layer that was open for exploitation by 
woody plant seedlings without predation by domestic or wild her- 
bivores. Also of benefit to these woody species were the extreme- 
ly wet years that followed this severe winter as indicated by pre- 
cipitation data collected in Susanville, Calif. that ranged from 
79.65 cm to 142.80 cm in the period of 1889 to 1896 (Upchurch 
and Brown 1951). J.H. Robertson, Professor Emeritus at the 
University of Nevada Reno, age dated several excellent stands of 
antelope bitterbrnsh in northern Nevada that apparently estab- 
lished during the 1890s (personal communication 1994). 
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Establishment of Antelope Bitterbrush Stands 
Antelope bitterbrush undoubtedly played a significant role in 

plant communities in and adjacent to conifer woodlands under 
pre-contact conditions (Daubeunire 1970). It has long been noted 
that many of the most valuable antelope bitterbrush stands for 
wintering mule deer became established at lower elevations in the 
big sagebrush zone during the period from 1890 through 1910 
(e.g. Hormay 1943). This was the period, as previously noted, 
after the extensive excessive grazing of perennial grasses and in 
the reduced herbivore era after the winter of 1889-90. The reac- 
tion of herdsmen to the visible encroachment of woody species 
was promiscuous burning. During a tour from Winnemucca, Nev. 
to Bums, Ore. in 1899, Griffiths (1902) reported the sky was 
clouded with smoke from promiscuous burning by shepherds in 
the foothills and mountains. The usual influence of burning on 
antelope bitterbrush plants is death, although under certain condi- 
tions and apparently with specific ecotypes of the shrub consider- 
able post fire sprouting can occur (e.g. Blaisdell and Mueggler 
1956). Antelope bitterbmsh does enjoy a major advantage over 
big sagebrush in regards to destruction in wildfires. Antelope bit- 
terbmsh flowers in the spring and matures seeds in mid summer. 
These seeds dehisce and are largely collected by rodents and scat- 
ter hoard cached before the wildfire season occurs (Nord 1965). 
Big sagebrush plants flower in the fall and mature seeds after the 
wildfire season. Big sagebrush seeds do not accumulate in seed- 
banks. If the sagebrush plants burn before flowering the entire 
reproductive potential of the shrub for the burned site is lost and a 
prolonged period of re-colonization is necessary. The caching of 
seeds of antelope bitterbrush largely occurs between shrubs away 
from shrub canopies and litter accumulations. Seeds buried in the 
surface soil are usually safe from fire damage while the fuel asso- 
ciated with shrub canopies results in nearly complete sterilization 
of seedbeds (Young and Evans 1978). Antelope bitterbmsh seed 
caches probably have reduced predation from rodents following 
wildfires because of reduced escape cover, limiting rodent activi- 
ty. The seedlings also have reduced competition for soil moisture 
and nutrients because the big sagebrush is gone. The stands that 
established at the turn of the century also would have reduced 
predation from mule deer because of low post-contact popula- 
tions. 

Modern Stand Renewal Processes 

Cheatgrass 
Wildfires fueled by accumulations of the herbage and litter of 

the annual weeds cheatgrass (Brows tectorum L.) and medusa- 
head (Taeniatherum caput-meduase subsp. asperum L.) are the 
major stand renewal processes that influence the habitat of the 
Lassen interstate mule deer herd. Cheatgrass has revolutionized 
secondary succession in xeric site sagebrush plant communities 
in the entire Intermountain Area by providing a fine textured, 
early maturing fuel that increases the chance of ignition and rate 
of spread of wildfires. Whisenant (1989) estimated the presence 
of cheatgrass has reduced the interval between wildfires on the 
Snake River Plains from the previously reported 60 to 110 years 
to 5 years. Aldo Leopold (1949) recognized more than a half cen- 
tury ago how impossible it is to protect wildlife habitat from 
wildfire because of cheatgrass. Cheatgrass truncates secondary 
succession by largely inhibiting the establishment of perennial 
seedlings through competition for moisture (Robertson and 

Pearce 1945, Evans et al. 1970, Young et al. 1987a, 1987b, 
Melgosa et al. 1990). Medusahead is a more recently introduced 
alien weed (Young 1992) that has replaced cheatgrass in specific 
sites in the western portion of the Lassen interstate mule deer 
herd range (Young and Young 1995). Medusahead is adapted to 
fine textured soils. It has become established in dwarf sagebrush 
communities [low sagebrush (Artemisia arbuscula Nutt.), 
Lahontan sagebrush (A. arbuscula subsp. Zongicaulis Nutt.), and 
black sagebrush (A. nova Nelson)]. These dwarf sagebrush 
species are considered preferred browse by mule deer (Tueller 
1979). The invasion of these sites by medusahead has brought 
wildfire back to these stands as a stand renewal process. These 
sites have been considered fire proof during modern times 
because of reduced herbaceous vegetation caused by past exces- 
sive grazing. Where western juniper trees grow on these sites 
they have been found with fire scars from pre-contact wildfires 
(Young and Evans 1981). 

Range Improvement 
During the 1960s there was a clear cut target to blame for the 

decline in mule deer numbers on range improvement practices, 
specifically the control of brush species with herbicides (e.g. 
Young et al. 1985) and the seeding of crested wheatgrass. In spe- 
cific local instances such practices were probably detrimental to 
mule deer populations. During the summer of 1900 P.B. Kennedy 
and S.B. Doten (1901) described the range conditions north of 
Reno, Nev. as virtually being dust beds. It was in response to this 
type of range condition that the concept of range improvement 
was born. After an extended period of experimenting with native 
perennial grasses, without success, it was determined that the 
introduced perennial crested wheatgrass could be successfully 
seeded on sagebrush rangelands (Young and McKenzie 1982). 
Many current wildlife managers have expressed their deep dis- 
pleasure with large crested wheatgrass seedings. This is under- 
standable to a degree. Crested wheatgrass seedings took place 
over large areas of landscapes that resulted in large monocultures 
of crested wheatgrass ranges, decreasing browse in those areas. 
The success that this species exhibited was recognized resulting 
in the spraying, burning, and chaining of many less productive 
shrub communities to seed crested wheatgrass for the purpose of 
increasing livestock forage. This resulted in less browse for mule 
deer. Often though, wildfires occurred, and the seeding of crested 
wheatgrass was done to minimize the invasion of annual weeds 
such as cheatgrass. This was, and still is, a successful manage- 
ment tool in protecting arid landscapes from developing into fuel 
rich environments of annual grasslands. When large scale range 
improvement practices, including extensive crested wheatgrass 
seedings, were intelligently applied and objectively evaluated the 
results were found to be beneficial to mule deer populations 
(Heady and Bartolome 1977, Umess et al. 1983, Umess 1986). In 
evaluating the massive Vale, Ore. range improvement project 
Kindschy (197 1) found a 25% increase in available browse on 22 
transects that were sampled from 1963 through 197 1. He attrib- 
uted this to excluding good browse stands from range improve- 
ment practices, seeding of browse species, and livestock manage- 
ment to limit late summer and fall use of browse species. The 
overall increase in the forage base from range improvement in the 
Vale project decreased competition between cattle and mule deer. 
The seeding of perennial grasses is critical to suppressing wild- 
fires on rangelands. No other growth form of plants is as effective 
in biologically suppressing cheatgrass as perennial grasses. 
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In the mid 1960s the public land management agencies became 
disillusioned with range improvement, apparently because of the 
capital requirements and the vocal perception of some wildlife 
managers and environmentalist that such practices were causing a 
decline in wildlife populations. Grazing management was substi- 
tuted for active range improvement (Mosely 1994), but seldom 
applied as a prescription, specifically for improving wildlife habi- 
tat (Severson and Umess 1994). 

Grazing Management 
Observations in the northwestern Great Basin suggests that on 

mesic sites where native bunchgrasses still exist, grazing manage- 
ment systems often produced an increase in these herbaceous 
species. On drier sites at lower elevations few bunchgrasses 
remained, and seedling recruitment is limited by annual grass 
competition. Unfortunately for the Lassen interstate mule deer 
herd, neither the improved nor the degraded rangelands are par- 
ticularly good mule deer habitat. The failure to recruit antelope 
bitterbrush seedlings in either high or low elevation habitat is par- 
ticularly disturbing for mule deer. 

The reality of the current situation is that removal of domestic 
livestock will dramatically exacerbate the difficulties of mule 
deer. The only tool land managers have to manage fuels on low 
elevation rangelands is the grazing animal (Mosley 1994, 
Severson and Umess 1994). The rest-rotation grazing systems 
that have been used were designed to favor the recruitment of 
perennial grass seedlings. In a situation with annual grass domi- 
nance, they result in accumulation of dangerous herbaceous fuel 
loads during periods of deferment or rest. This does not mean that 
some other grazing management system might not prove success- 
ful, especially in combination with intelligently designed and 
applied range improvement, including specific planting and graz- 
ing for wildfire suppression. 

At higher elevation sites the elimination of grazing would 
accelerate the conversion of sites to near perennial grasslands, as 
they apparently were in pre-contact times. 

Wildfires in Perennial Grass Stands 
The Shinn Peaks area, largely in Lassen County, Calif., is a 

major upland portion of the central area of the Lassen interstate 
mule deer herd range. The lower flanks of the Shinn Peaks massif 
were covered with western juniper woodlands and badly degrad- 
ed big sagebrushtbunchgrass communities in 1964 when a wind 
driven wildfire burned most of the mountain. The upper slopes of 
Shinn Peaks were mountain brush communities, typical of the 
Great Basin mountains with limited curlleaf mountain mahogany 
and quaking aspen (Populus tremuloides Michaux.) parklands. 
The wildfire bum area was broadcast seeded to a mixture of exot- 
ic perennial grasses. The burn was followed by a winter with 
deep, prolonged snow cover and excellent spring precipitation. 
Generally excellent stands of perennial grass were established. 
The area was lightly grazed following the 1964 bum and in 1990 
the area burned again. The second wildfire burned in predomi- 
nately perennial grass stands that were prematurely dry from 
exceptional drought. The native shrubs that had returned, includ- 
ing occasional excellent stands of antelope bitterbrush, were 
again destroyed. Much of the upper slopes of Shinn Peaks is now 
a perennial grassland dominated by native plants. Perhaps it 
rather closely resembles how the landscapes appeared before 
Europeans made contact with the area. 

Juniper Woodlands 
Perhaps the most dramatic change in the habitat of the Lassen 

interstate deer herd has been the replacement of antelope bitter- 
brush-mountain big sagebrush/perennial bunchgrass communities 
with dense western juniper woodlands (e.g. Young and Evans 
1981). Beginning in the late 1800s juniper woodlands began to 
encroach onto open shrub!grass sites, eventually forming closed 
stands of trees. On the western and northern portions of the habi- 
tat of the Lassen interstate mule deer herd range, this conversion 
from productive browse and forage to sterile closed stands of 
western juniper is very evident. The frequency of wildfires, as 
conditioned by fuel for ignition and spread of fires, influences the 
increase in western juniper woodlands (Burkhardt and Tisdale 
1976, Budy and Young 1987) but this dramatic change in habitat 
potential may also be related to climate and/or atmospheric gas 
changes (e.g. Mayeux et al. 1994). 

Prescribed burning can reduce western juniper dominance 
before stands close. Otherwise the tree competition will remove 
the understory vegetation and the woodlands become virtually 
fire proof, except under extreme conditions where fire suppres- 
sion is impossible. Some wildlife managers have vigorously 
opposed these prescribed burns because they threaten the few 
remaining antelope bitterbrush stands (e.g. Updike et al. 1990). 
This management approach results in the loss of productive mule 
deer habitat (Burkhardt and Tisdale 1976). 
Senescent antelope bitterbrush lose vigor, and provide little 
browse. A. Starker Leopold (1959) recognized the problem 
caused by stand decadence in a report to the Nevada Department 
of Fish and Game. He recommended that to maintain high carry- 
ing capacities of mule deer, deliberate manipulation of plant suc- 
cession must be implemented (Leopold 1950 and 1959). This is 
critical in providing the necessary habitat to maintain high mule 
deer populations (Burkhardt et al. 1982). Many antelope bitter- 
brush stands today are dominated by 60-100 year old bitterbrush 
plants. These old shrubs simply do not produce and provide the 
nutritional browse of the younger more vigorous bitterbrush 
plants (Burkhardt et al. 1982). 

The growth and decline of mule deer numbers in the central 
Great Basin may in themselves be a result of the destruction of 
vast expanses of coniferous woodlands dul ing the 19th century to 
serve as mine props, fuel wood, and charcoal for smelting silver 
ores (Budy and Young 1987, Young and Budy 1987). The 20th 
century regeneration and eventual maturation of these woodlands 
undoubtedly contribute to the modem decline of mule deer popu- 
lations. 

Identifying Critical Habitat Requirements 

Mule deer populations are declining and will continue to 
decline until their habitat requirements are met and maintained. 
Several questions arise. What habitat conditions are lacking? Are 
decreasing winter ranges, the condition of remaining winter 
ranges, and livestock grazing the cause of our declining mule 
deer herds in northeastern California and northwestern Nevada as 
Loft and Menke (1990) suggest? Mule deer require nutritional 
input and cover from all of their environments, and in turn all 
environments are critically important to mule deer biology. 
Therefore, summer and transitional ranges are as important as 
winter ranges. Certainly poor conditioned winter ranges negative- 

JOURNAL OF RANGE MANAGEMENT 50(2), March 1997 135 



ly effect mule deer, but good condition summer and transition 
ranges are justifiably just as important. Mule deer have been col- 
lected on the winter range of the Lassen mule deer herd in March 
of 1986, December of 1987, and December of 1992 (personal 
communication Dobel 1995, field biologist, Nevada Division of 
Wildlife and personal communication Phillips 1995, range con- 
servationist, USDI, BLM, retired). The deer collected in March of 
1986 (sample = 6) were in poor condition. The wildlife patholo- 
gist at that time reported that due to poor winter and spring for- 
age, malnutrition appears to be a problem with the East Lassen 
deer herd. The deer collected in December of 1987 and 1992 
(Sample = 16 and 11 respectively) were in borderline poor/fair 
condition (Leach 1988). This would suggest that these deer are 
not entering the winter range in good condition, and therefore 
malnutrition is the case before they reach their wintering ranges. 

The better body condition mule deer are at the start of winter, 
the better their chance of survival (Burkhardt et al. 1982). The 
seasonal mule deer diet varies from a growth promoting (high 
protein and phosphorus) diet in the spring, to a fattening (high 
carbohydrate, fat and energy) diet in the summer and fall. A 
maintenance (low protein and energy) diet occurs in the winter. 
The spring and early summer periods are the time of best feeding 
conditions for mule deer in much of their range. These ranges 
produce a good variety of plant species that provide higher nutri- 
ent content and are more palatable (Dietz and Nagy 1976). 

The body condition of the East Lassen mule deer herd, suggests 
that these deer are entering the winter range in less than suitable 
condition to sustain minimal survival and improve fawn recruit- 
ment. A more in depth analysis of the Lassen interstate mule deer 
herd summer and transitional ranges is needed. This will help 
locate what vegetational characteristics important to mule deer on 
these ranges are lacking, and to identify why these deer are not in 
good to excellent body condition before they enter winter. To do 
this, a sufficient number of mule deer that occupy this winter 
range must be radio collared to identify exactly what deer herds 
depend on this area for their wintering grounds, and what summer 
and transitional ranges these deer are using. 

The Doyle Wildlife Management Area, administered by the 
California Department of Fish and Game, has been free from 
livestock grazing since the early 1950s. The major disturbance in 
this management area has been wildfires. The habitat that has 
burned is dominated by cheatgrass, and buckwheat (Eriogonum 
nudum Benth.), while the unburned habitat is dominated by ante- 
lope bitterbrush, big sagebrush, and cheatgrass (Clements 1994, 
Clements and Young 1996). The most recent fire occurred in 
1985, yet there is no sign that antelope bitterbrush is regenerat- 
ing. The antelope bitterbrnsh in the unburned habitat is becoming 
old and decadent, and minimal regeneration is occurring. The 
Doyle Wildlife Management Area exhibits much of the same 
problems as other areas of the Lassen interstate mule deer winter 
ranges that are grazed by domestic livestock. 

Antelope bitterbrush is a critical browse species for wintering 
Lassen interstate mule deer herds. Data from the Bureau of Land 
Management suggest that 60% of the bitterbrush browse in their 
test plots are utilized before livestock grazing occurred on the 
allotments (personal communication Phillips 1995, range conser- 
vationist, USDI, BLM, retired). The annual growth of antelope 
bitterbmsh produced in this area can be consumed by mule deer 
without other grazing animals present (personal communication 
Farchon 1995, range conservationist, USDI, BLM). 

Poor annual growth of antelope bitterbrush in this area was 
apparent when individual bitterbrush shrubs were protected from 
all ungulate herbivory since 1988. These protected shrubs pro- 
duced 5-6 cm of leader length annually. More vigorous antelope 
bitterbrush shrubs typically produce 3 times this amount of annu- 
al twig growth (personal observation). Perhaps stand decadence 
as suggested by Leopold (1959) and Burkhardt et al. (1982) is a 
significant factor in mule deer population declines. 

The high densities of mule deer experienced in the late 1950s 
and early 1960s were a result of significant events that took place 
previously due to excessive livestock grazing and decreased fre- 
quency of fire that promoted shrubs that benefited mule deer. 
Wildlife managers cannot restore these large mule deer popula- 
tions without active intervention in plant succession on the range. 
Passive management will only result in the further decline of our 
mule deer populations (Umess 1990). 

Fire is a natural occurrence, and thus will eventually occur on 
various mule deer habitats. Increased attention into suppressing 
catastrophic wildfires proned to be invaded by cheatgrass or 
medusahead need to be addressed to minimize the amount of 
acreage that is negatively affected by these catastrophic fires. 
Sufficient funds should be set aside to minimize delays in reha- 
bilitation efforts. Seeds should be purchased and seeded the first 
fall following the fire. If possible, these seedings should occur 
just before the first snowfall is expected, therefore a lesser 
amount of seeds are being consumed by rodents and birds. Also 
these seeds are placed into the environment before winter allow- 
ing the seeds to go through the necessary processes required to 
germinate the following spring. If the seeding is delayed, cheat- 
grass and other invader species get a head start over the desirable 
species that resource managers prefer to have at that site. 

There has truly been a lot of research conducted concerning 
mule deer. This research, along with extensive field experience, 
provides resource managers with much information on managing 
their mule deer herds. So, why is there so much arguing at the 
discussion table? If our goal is to improve habitats and to turn 
around the continuing decline of our mule deer populations, then 
the approach of assessing the importance of all habitats must be 
done with the perspective of the past as well as the technology of 
the present. 
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Abstract 

Contentions that willows (S&r spp.) on Yellowstone National 
Park’s northern range have declined because of climatic change, 
fire suppression, reduced chemical defenses, or other natural fac- 
tors are not supported by available data. Instead, willows have 
declined due to repeated browsing by an unnaturally large elk 
population. By established standards Yellowstone contains some 
of the worst overgrazed willow communities in the entire West, 
but that was not true in earlier times. Prior to park establish- 
ment, predation by Native Americans kept elk and other ungu- 
late numbers low which, in turn, prevented herbivores from 
impacting Yellowstone’s plant communities, as those animals do 
today. Finally, the condition of willows in the park is also a test of 
Yellowstone’s “natural regulation” program, and that paradigm 
must also be rejected. 

Key Words: elk, Yellowstone National Park, beaver, natural 
regulation, park management, Native Americans, aboriginal 
overkill. 

Singer et al. (1994) presented a discussion of ungulate her- 
bivory and willows (Salix spp.) on Yellowstone’s northern 
range, but they failed to put their work in proper historical and 
ecological perspective. Therefore, we first present a short his- 
tory of wildlife management in Yellowstone followed by a 
discussion of willow ecology in that park. 

History of Wildlife Management 

After Yellowstone was designated as the world’s first national 
park in 1872, a succession of civilian (1872-1886), military 
(18861916), and National Park Service (1916 -present) admin- 
istrators concluded that there were not enough game animals so 
they fed wintering elk (Cervus elaphus) and other ungulates, and 
they killed predatory animals such as wolves (Cunis lupus) and 
mountain lions (Felis concolor). During the 192Os, however, con- 
cerns grew that too many elk were overgrazing the park’s north- 
em winter range, so the agency began trapping and transplanting 
elk to areas outside the park. Because trapping alone did not 
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reduce the herd to the range’s estimated carrying capacity, rangers 
began shooting elk in the park to prevent resource damage. This 
program was called direct reduction, and by 1967 the Park 
Service had killed over 13,500 elk from Yellowstone’s northern 
herd (Houston 1982). 

This upset many people who exerted political pressure to stop 
the Park Service from shooting elk in the park. After a U.S. 
Senate (1967) Subcommittee hearing at which the chairman 
threatened to terminate park funding, the Park Service agreed to 
abandon its direction reduction program-although the agency 
still contended that Yellowstone was seriously overgrazed. By 
1968, the Park Service had switched to a management program 
called “natural control” which was changed to “natural regula- 
tion” in the early 1970s. These changes occurred without public 
review (Chase 1986, Wagner et al. 1995). The Park Service origi- 
nally based “natural regulation” on a presumed “balance-of- 
nature,” but more recently the agency has cited Caughley’s (1976) 
plant-herbivore model to support its “natural regulation” para- 
digm (Kay 1990). Under “natural regulation,” the Park Service 
completely revised its interpretation of elk in Yellowstone. 

Until 1968, Park Service officials contended that an unnaturally 
large elk population, which had built up in Yellowstone during 
the late 1800s and early 19OOs, had severely damaged the parks 
northern winter range, including willow communities (Tyers 
1981). However, agency biologists now hypothesize that elk and 
other ungulates in Yellowstone are “naturally regulated,” being 
resource (food) limited, and that the condition of the ecosystem 
today is much like it was at park formation (Houston 1982, 
Despain et al. 1986). Elk influences on Yellowstone’s vegetation 
are now thought to be “natural” and to represent the “pristine” 
condition of the park. According to the Park Service, 
Yellowstone is not now, nor has it ever been overgrazed, and all 
previous studies to that effect are wrong (Houston 1982). 

First, under “natural regulation,” predation is an assisting but 
non-essential adjunct to the regulation of ungulate populations. If 
wolves are present, they take only the ungulates slated to die 
from other causes, such as starvation, and hence predation will 
not lower ungulate numbers. In the current debate over reintro- 
ducing wolves to Yellowstone, the Park Service has adamantly 
denied that wolves are needed to control the park’s elk herds 
(Boyce 1992). Second, if ungulates and vegetation have co- 
evolved for a long period of time and if they occupy an ecologi- 
cally complete habitat, the ungulates cannot cause retrogressive 
plant succession or range damage. The ungulates and vegetation 
will reach an equilibrium, termed ecological carrying capacity, 

139 



where continued grazing will not change plant species composi- 
tion or the physical appearance of plant communities. According 
to the Park Service, thousands of elk starving to death during 
winter is natural. Third, at equilibrium, competitive exclusion of 
sympatric herbivores due to interspecific competition will not 
occur. In Yellowstone, this means that competition by elk has not 
reduced the numbers of other ungulates or beaver (Castor 
canadensis) since park formation. 

The Park Service’s “natural regulation experiment” (cf. Despain 
et al. 1986) is predicated on the assumption that large numbers of 
elk (12,000-15,000) wintered on Yellowstone’s northern range 
for the last several thousand years. Park Service biologists 
hypothesize that elk, vegetation, and other herbivores in 
Yellowstone have been in equilibrium for that period of time 
(Houston 1982, Despain et al. 1986). The agency now believes 
that any changes in plant communities, including willows, since 
the park was established are due primarily to suppression of light- 
ning fires, normal plant succession, or climatic change, not ungu- 
late grazing. If Yellowstone’s willows have declined due to ungu- 
late browsing, then “natural regulation” would have to be rejected 
(Houston 1976). Moreover, since “natural regulation” is an equi- 
librium model, grazing-induced changes in vegetation stature 
(height) since Yellowstone Park was created would also indicate 
that the ungulates and their food resources are not in equilibrium 
(Houston 1976). Therefore, if ungulate browsing has changed 
what were once tall-willow communities into short-statured 
plants, this would be additional grounds for rejecting “natural 
regulation.” 

Political Ecology 

Singer et al. (1994) indicated that there was concern over the 
condition and trend of willows on Yellowstone’s northern range, 
but they failed to capture the intensity of the debate or the ecolog- 
ical, political, and legal importance of the issue. Even as the Park 
Service was formulating its “natural regulation” paradigm, one 
Yellowstone biologist warned that the agency had no data to sup- 
port “natural regulation” (Barmore 1968). Later, Chase (1986) 
concluded that “natural regulation” was a scientific fraud and that 
the Park Service had routinely fabricated “data” to support its 
politically motivated management. More recently, 2 Park Service 
research biologists accused their agency of “inventing” ecological 
data to support management decisions and of only funding stud- 
ies that would not “prove park policy wrong” (Clifford 1993, 
Mattson and Craighead 1994, Wagner et al. 1995). 

The Park Service has denied all these accusations, but the 
agency has not been receptive to independent review of its “nat- 
ural regulation” program. In the early 199Os, the Society for 
Range Management, the Ecological Society of America, the 
American Fisheries Society, and the Wildlife Society asked the 
Park Service for approval to conduct an independent review of 
the Yellowstone situation, but they failed to obtain permission. 
More recently, a group of preeminent ecologists informed the 
Secretary of Interior that they would be willing to serve, without 
pay, on a panel to review the entire Yellowstone matter, but the 
Secretary declined (Kay in press a). An independent commission, 
originally empaneled by the Wildlife Society to review wildlife 
management in the entire National Park System, recently con- 
cluded that there was no scientific data to support “natural regula- 
tion” in Yellowstone or in any other U.S. National Park (Wagner 
et al. 1995). 

Establishing whether ungulates in Yellowstone are “naturally 
regulated” is important because it is relevant to that park’s man- 
agement direction, and to similar management schemes in other 
national parks in the U.S. and around the world (Kay and White 
1995). In a broader context, it tests an ecological model which 
attempts to explain how ungulate populations interact with their 
plant resources (Kay 1990). Establishing the validity of Singer et 
al.‘s (1994) work is important for similar reasons. If sustained, 
Singer et al.‘s (1994) hypothesis would also absolve the Park 
Service of responsibility in Yellowstone; i.e., current conditions 
are within the range of historical variability. Singer et al. (1994), 
however, misrepresented earlier work in Yellowstone (Chadde 
and Kay 1988, 1991; Chndde et al. 1988; Chndde 1989; Kay 
1990; Kay and Chadde 1992; Kay and Wagner 1994), and their 
analysis is not supported by the available data. 

Chemical Defense 

Given the conditions on Yellowstone’s northern range, we fail 
to see the relevance of Singer et al’s (1994) work on willow 
chemical defenses. Studies throughout western North America 
have demonstrated that willows are among the most palatable and 
most preferred browse species for elk and other ungulates 
(Nelson and Leege 1982). Since the early 1900’s, though, elk 
have routinely consumed more chemically defended species in 
Yellowstone (Rush 1932, Tyers 1981). Flk and other ungulates in 
the park are forced by starvation (l,OOO-5,000 elk deaths annual- 
ly; Lemke 1989) to consume normally unpalatable species, such 
as spruce (Picea spp.) and other conifers. In fact, one of the con- 
spicuous characteristics of today’s northern range, and indeed 
other parts of the park as well, is the browsing highline on 
conifers (Kay and Wagner 1994). 

Now if wintering elk are compelled to eat spruce, which is one 
of the most chemically defended plants on Yellowstone’s north- 
em range, it is highly unlikely that a few milligrams change in 
tannin content between unbrowsed and browsed willows, as 
reported by Singer et al. (1994), has any bearing on whether or 
not elk will consume the “more chemically defended” willows. 
Singer et al.‘s (1994) conclusion that “changes in chemical pro- 
duction” have in any way contributed to the decline of willows in 
the park is untenable given the other more chemically defended 
species that elk routinely consume in Yellowstone. 

Willow Height Classes 

Singer et al. (1994) divided willows that they measured “into 3 
categories . . . (1) height suppressed = nearly all plants were I 80 
cm, (2) intermediate = plants were 81-120 cm tall, and (3) tall wil- 
lows = most plants were 121+ cm.” Others who have worked in 
Yellowstone, however, have defined tall willows as only those 
plants beyond the reach of browsing elk; i.e. plants 2 2 m tall 
(Chadde and Kay 1988, 1991; Chadde et al. 1988, Chadde 1989; 
Kay 1990; Kay and Chadde 1992). Based on 44 repeat photosets 
of willow communities on Yellowstone’s northern range dating to 
1871, tall-willow communities have declined by approximately 
95% since the park was established (Figure 1) (Kay 1990, Chadde 
and Kay 1991). The only tall willows that exist on the northern 
range today are (1) inside ungulate-proof exclosures, (2) a few 
“mushroom” plants that have somehow been able to withstand 
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repeated browsing (Kay and Chadde 1992). (3) or those protected 
by deep snow which limits ungulate use. Tall willows, as defined 
by Singer et al. (1994). are certainly not comparable to the park’s 
original tall-willow communities. 

The average height of willows on the park’s northern range is 
primarily related to average snow depth. In fact, Singer et ~11,‘s 
(1994) own data show that willow height is correlated with alti- 
tude, and hence mow depth, as sncw depth increases with 
increasing elevation on tbe northern range (Houston 1982). 

Marginal Sites 

At several paints in their paper, Singer et al. (1994) indicated 
that willows on “marginal” sites may have declined more than 
plants on other sites. Repeat photographs (Kay 1990, Chadde and 
Kay 1991). however, show that tall willows on ~trearn banks, 
along pond margins, and near springs, have declined just as much 
as other willows (Figs. 1 and 2). This and other data suggest that 
climatic variation has not been an important factor in the decline 
of willows on the park’s northern range. 

Beaver 

Singer et al. (1994) noted that the loss of beaver has con- 
tributed to the decline of willows in the park, and we concur (Kay 
1990, Chadde and Kay 1991). This, though, raises the question of 
why beaver have declined? Beaver are now ecologically extinct 
(Estes et al. 1989) on the northerh range because repeated ungu- 
late browsing has destroyed the tall-willow and aspen (Populus 
tremuloides Michx.) communities that beaver need for fwd and 
dam building materials (Kay 1990, 1994b; Chadde and Kay 

1991). Thus, the loss of beaver is due to a long history of exces- 
sive grazing, not other factors. Outside the park where the climate 
is similar but where there are fewer elk, beaver are still common 
(Kay 1994b, 1994c). In the absence of beaver, park streams have 
downcut and lowered water tables drying out what were once 
riparian communities and furiher reducing the suitability of the 
northern range as willow or beaver habitat. 

Rosgen (1993) reported 100 times more bank erosion on 
Yellowstone’s denuded streams than on the same willow-lined 
streams outside the park. Rosgen concluded that many of the 
hydrological changes sea in the park’s streams were elk-induced, 
and were not related to climatic variation or other factors. 

Willow Biomass 

Singer et al. (1994) mensured yearly biomass production on 
willows inside and c&side long-term ungulate-proof exclosures 
on Yellowstone’s northern range, and found that willows pmtect- 
ed for 31 years “still produced only 35% the abovegmund bio- 
mass .., that tall willows did [on outside plots].” They implied 
that their tall repeatedly browsed, willows were. healthier than 
protected plants. 

From an evolutionary perspective, though, ungnlate-stimulated 
vegetative growth is of little value if reproductive output is 
impaired. Kay and Cbadde (1992) measured seed pmduction 
inside and outside exclosures on Yellowstone’s northern range 
and found that protected willows produced an average of over 
306,000 seeds per m’ of fan& canopy cover, while plants out- 
side produced none; a difference that is both statistically and ecc- 
logically significant (Fig. 2). Without abundant seed crops, wil- 
lows cannot take advantage of recruitment opportunities pm- 
duced by periodic large-scale disturbances such as fire. 

Fig. 1. A repeat photoset taken in Yellowdone National Park showing the dramatic impact that native ungulates have had on willow cornmu- 
nitii (a) Willows in this 1915 photograph already show the effects of repeated ungulate browsing. Note the dead willow in the right fore- 
ground and the hedged appearance of other willows due to browsing by elk. Bailey (1930:55-57), who took this photograph, noted that in 
the early 191Os, “willows of many spffies ape an abundant source of food supply along [Yellowstone’s] streams and meadows. however] 
they are often trimmed to mere stumps during winter and in some places they are actually killed out by close browsing.” Photo courtesy of 
the National Archives (RR 22.WB, Bar 34,16,009). (b) That same area in 1987; note the disappearance of tall willows since the 1915 photo- 
graph. Yancy’s CRek now hidden by grass io the foreground has dormcut, but still flows year round which suggests that climatic variation 
has oat caused the observed decline of willows. Last Creek, which flows at the base of the clilT, has downcut 2 m since the earlier photo- 
graph, hut is still a perennial stream. Photo by Charles E. Kay, No. 2895-25. 
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Fig. 2. Fenceline contrast af willows inside and outside the Lamar- 
west exdosure on Yellowstone Park’s narthenl range. The erclo- 
sure was constructed in 1962 and this photograph was taken 2.5 
years later in 1987. Willows inside the enclosure averaged 287 em 
tall while those outside averaged only 45 em. Willows inside aver- 
aged 92% canopy coverage while those outside averaged only 
10%. Female willows inside produced an average of 416,652 seeds 
per m’of eaoopy cover while those outside produced none (Kay 
1990, Chadde and Kay 1991, Kay and Chadde 1992). Accordiig to 
Singer et al. (1994:435), willows inside Yellowstoae’s exclosures 
produced only one-third the biomass of “tall” repeatedly browsed 
willows “suggesting suppressed willows grow on sites with lower 
gmwth potential.” In other words, the site seen in this photograph 
is, accordiog to Singer et al. (1994), “marginal” for willows. In 
addition, the Park Service contends that there are more individual 
willow plants per unit area outside this exclosure than inside 
(Despain 1989,. survey pole (2 m, far scale. Photo by Charles E. 
Kay. 

Yellowstone’s 1988 wildfires created ideal conditions for willow 
seed germination and seedling establishment. Yet, few willow 
seedlings were observed because practically no seeds were avail- 
able to colonize this newly created habitat (Kay and Chadde 
1992). 

Even if willows somehow become established, they rarely can 
withstand the grazing pressure that occurs in Yellowstone. 
Houston (19821129-134) presented a 1974 photo of a newly 
formed gravel bar along the Gardiner River on Yellowstone’s 
northem range and a 1978 retake that showed willows had colo- 
nized the area. At the time, there was a tall-willow (> 2 m) com- 
munity immediately upstream which most likely produced the 
seeds that settled on the gravel bar--those tall willows have since 
died out. 

Kay (1990) rephotographed this gravel bar in 1983. 1986, 
1987, and 1988, and Chad& et al. (1988) established plots at that 
site as part of their northern range riparian classification study. 
By 1983, willows were largely absent from the gravel bar and 
had been replaced by grasses and other herbaceous plants. proba- 
bly because of repeated ungulate browsing, as the stream hydrol- 
ogy had not changed (Chadde et al. 1988). This area changed 
from bare gravel to willows to grass in only 9 years. This is much 
faster than normal plant succession, and is contrary to expected 
successional directions. By the usual successional sequence, colo- 
nizing willows would have been replaced by other willow species 

and perhaps cottonwoods (Populus spp.) or eventually 
Engelmann spruce’(Piceo er~gelmonni Party), but not grasses, 
sedges, or forbs (Chadde and Kay 1991). 

Fire 

Singer et al. (1994) hypothesized that, “Fire suppression this 
century on Yellowstone’s nortbem range might have contributed 
to willow declines,” as have Park Service biologists (Houston 
1982, Despain et al. 1986). That supposition, though, is not sup- 
potted by available data. After Yellowstone’s 1988 wildfires, Kay 
(unpub. data) established permanent photopoints in burned wil- 
low communities. Many plants produced leader growth in excess 
of 1 m by the end of 1989, but those willows were browsed to 
within ems of the ground during the following, and each subse- 
quent winter (Fig. 3). Moreover, burning plus repeated browsing 
led to the death of several plants. This is not surprising because 
elk seem to prefer burned willow regrowth over unbwned plants 
(Stein et al. 1992). Furthermore, if iire suppression adversely 
affects willow communities, the effect should have been 
expressed inside as well as outside exclosures, which it was not. 

Climatic Change 

Singer et al. (1994) also attributed the decline of willows on 
Yellowstone’s northern range to climatic change, namely a drying 
trend. That supposition, though, is not sustained. First, newly 
enclosed willows flourished during the 1930s drought (Kay 
1990). and it is not climate that prevents willows from reaching 
their biological potential outside exclosures today-mean height 
outside 34 cm vs. 274 cm inside: mean canopy cover 14% outside 
vs. 95% inside (Fig. 2) (Chadde and Kay 1991:245-246) 

The climate-change hypothesis is also not supported by photo- 
graphic evidence or firsthand accounts. Willows started declining 
before the 1930s drought (Fig. 1) and have continued to decline 
in recent years (Kay 1990). Willows in the western portion of 
Round Valley, for exnmple, were severely hedged in 1949 but 
remained alive. By 1988, a major decline had occurred in that 
community although precipitation had been near normal during 
the 1949-1980 period (Houston 1982~104). and there were still 
abundant springs at the site (Chadde. and Kay 1991). 

Yellowstone’s Tower Junction willow exclosure was constrnct- 
ed in 1957, and by the late 1960s the protected willows had sig- 
nificantly increased in height and canopy-coverage (Kay 1990). 
That excloswe was removed in the early 1970s and the protected 
plants subjected to ungulate browsing. By the late 1970s and 
early 19809, those willows were extensively hedged and were 
reverting to lower-statwed plants (Kay 1990). These changes 
eannc4 be attributed to the 1930s drought, and recent climatic 
variation also appears to be unimportant as this site has abundant 
subsurface soil moisture (Brichta 1987). This area was burned by 
Yellowstone’s 1988 wildfires, but willows have continued to 
decline (Fig. 3). 

Singer et al. (1994) implied that there was no control for 
Yellowstone, but areas outside the park with similar soils and 
vegetation can be used to interpret what is happening in 
Yellowstone, especially with relation to climatic variation. If wil- 
lows were succumbing to a drying climate, then it is logical to 
expect that willow communities adjacent to the park would also be 
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Fig. 3. ltepept photoset of a willow community burned by Yehnvstone’s 1988 wildtires. (a) The tire was so intense that it consumed nearly all 
the above-ground woody material. Also note the burn pattern on the far hillside. Due to heavy ungulate use, there was not enough fuel to 
carry the fm, except in swells or other depressions where snow accumulates and prevents grazing by the park’s elk and other ungulates 
(Kay, in press a). (b) That same area in 1993. Willows are still present, hut because of repeated browsing by Yellowstone’s elk, have not 
increased in height. Photos by Charles E. Kay. 

under duress. That is not the case and tall willows (> 2 m) are 
common outside the park, even on ranges grazed by domestic 
livestock (Rosgen 1993, Kay 1994c). Moreover, repeat pho- 
tographs taken outside the park do not show the drastic decline of 
willows that has occurred in the park, except where large numbem 
of wild ungulates or livestock concentrate (Kay unpub. data- 
repeat-photo study in progress for the Agricultural Research 
Service in the Centennial Mountains along the Montana-Idaho 
border west of Yellowstone National Park). 

Elk Reductions 

As discussed earlier, when the Park Service thought that too 
many elk were. destroying Yellowstone’s northern range, the 
agency shot elk in the park to reduce herd numbers. By the late 
196Os, the northem herd had been reduced to an estimated 5,000 
animals-today populations range from 15,000 to 25,000. 
Singer et al. (1994) contended that those herd reductions did not 
have a significant impact on northern range willow communities. 
That is not what was concluded at the time. According to 
Barmore (1981:357), “By the late 1960’s. the growth form and 
condition of Mix sp. on most of the winter range began to more 
closely resemble the less heavily browsed conditions of the late 
1800’s and 1900’s.” 

Based on growth in newly enclosed stands, it takes heavily 
browsed willows approximately 10 years to reach their full bio- 
logical potential (Kay 1990). which is longer than the period of 
time Yellowstone’s elk herd was substantially reduced. It is like- 
ly that early herd reductions did not last long enough for willows 
or other woody species to fully recover (Kay 1990,1995b). 

Willow Pollen 

Engstrom et aL’s (1991) pollen work on tbe northern range was 
cited by Singer et al. (1994) to support their contention that the 
current state of willows in the park is within the normal range of 
historical variability. Willow pollen is poorly represented in sedi- 
ment cores and correlation between a few pollen grains and BC~I- 
al changes in willow communities is questionable. Moreover, 
Yellowstone’s geologist has questioned the validity of Engstmm 
et al.‘s study (Hamilton 1994). 

Before park establishment, Yellowstone’s northern range 
had a 25 year fire frequency-that is, an area equal in size to 
the entire northern range burned every 25 years (Houston 
1973, 1982). Thus, it is likely that willow communities once 
burned at frequent intervals. After willows are burned. howev- 
er, plants expend resources on vegetative growth, not repro- 
ductive activity, so pollen production is reduced for several 
years. This and other factors, such as high beaver activity, 
could easily explain any variation in willow pollen produc- 
tion. 

Aboriginal Overkill 

How then were willows able to flourish in Yellowstone and 
throughout the Intermountain West for the last lO.OOO* years? 
We suggest that the large elk populations assumed under “natural 
regulation” and by Singer et al. (1994) did not exist until after 
Yellowstone was designated a national park. Historical journals. 
old photographs, and archaeological data all indicate that there 
are now more elk in Yellowstone than at any point prior to 1872 
(Kay 1990, 1994a, 1995a, 1995b, in press b; Kay and Wagner 
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1994). Before park establishment, Yellowstone’s elk population 
was limited at low densities by predation, primarily by Native 
Americans. Contrary to prevailing beliefs, Native Americans 
were not conservationists (Kay 1994a, 1995a). Because native 
peoples could prey-switch to small mammals, plant foods, and 
fish, they could take their preferred ungulate prey to low levels or 
extinction with little adverse effect on human populations. In fact, 
once Native Americans killed off most ungulates, human popula- 
tions actually rose (Hawkes 1991, 1992, 1993). As Kay (1994a, 
1995a) has demonstrated, Native Americans were the ultimate 
keystone species, and their removal has completely altered 
ecosystems, not only in Yellowstone, but throughout North 
America (Wagner and Kay 1993). 

It must also be remembered that large numbers of native peo- 
ples inhabited the Yellowstone Ecosystem for the last lO,OOO+ 
years (Hultkrantz 1974, Wright 1984). The claim that Native 
Americans seldom visited Yellowstone because they feared the 
park’s geysers and hot springs is false-that myth was invented 
by early park administrators to promote tourism (Hultkrantz 
1979). Yellowstone’s original inhabitants were forcefully 
removed ca. 1878 to reservations in Idaho and Wyoming for the 
same reason (Haines 1974, 1977). 

Conclusions 

Singer et al’s (1994) explanation and hypotheses regarding wil- 
lows in Yellowstone are not supported by the available data and 
cannot be sustained. Instead, the decline of willows in the park is 
due to repeated browsing by unnaturally large elk and other 
ungulate populations. Prior to park establishment, predation by 
Native Americans kept ungulates from impacting Yellowstone’s 
plant communities, as those animals do today. By established 
standards Yellowstone contains some of the worst overgrazed 
willow communities in the entire West (Platts et al. 1983, 1987; 
Platts 1991; Patten 1993; Rosgen 1993). Since the condition of 
willows in the park is also a critical test of Yellowstone’s “natural 
regulation” program, that paradigm must be rejected (Chadde and 
Kay 1991). Elk browsing has also had a drastic impact on aspen, 
cottonwood, and other plants in the park (Kay 1990, 1995b; 
Wagner et al. 1995). 

In addition, we find Singer et al.‘s (1994) call for more research 
disingenuous. During the late 1980s and early 1990s a committee 
of riparian experts, headed by Dr. Duncan Patten, Secretary of the 
Ecological Society of America, developed a riparian research 
plan for the northern range at the request of the Park Service, but 
their recommendations were not followed (Wagner et al. 
1995: 103). Besides, as explained previously, the Park Service has 
not availed itself of recent opportunities to have independent pan- 
els review the Yellowstone situation. 

On the other hand, if the decline of Yellowstone’s willow com- 
munities is considered to be “natural’‘-i.e. caused by climatic 
change or the other factors Singer et al. (1994) and the Park 
Service have proposed-then ranchers throughout the West 
should be afforded the same consideration. Dodd (1991) recently 
proposed that federal land management agencies abandon their 
riparian standards for livestock grazing based on Park Service 
claims that Yellowstone is not overgrazed. “Most of the riparian 
habitat I saw in the Yellowstone Park . . . is in bad to terrible shape 
by USFS [U.S. Forest Service] or Disneyland standards but is 
good to excellent when judged by sound ecological and natural- 
ness standards (Dodd 1991:10).” Clearly, the resolution of this 
debate is more than an academic interest. 
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Abstract 

Community dynamics and dominance on cheatgrass (Bromus 
tectorum L.) and yellow starthistle (Centaurea solstitialis L.) 
infested rangeland appear to be influenced by resource acquisi- 
tion rates and duration of growth. Objectives were to determine 
the effects of densities, proportions, and soil depth on the growth 
rate and duration of growth of these species. In 6 field experi- 
ments isolated individuals, monocultures (100, 1,000, 10,000 
plants rn-*), and mixtures (same densities arranged factorially) 
were grow-n with unrestricted and restricted (0.2- and 0.5-m) soil 
depths. Shoot weights were determined on 12-day intervals 
beginning on day 24 and ending on day 72 for plants grown with 
restricted soil depth and day 96 (cheatgrass) and day 108 (yellow 
starthistle) for plants grown in unrestricted soil. Quadratic 
growth curves were fit for each replication for plants grown in 
isolation. Linear and quadratic models were developed for plants 
grown in monocultures and mixtures. Simple linear regression 
coefficients were used as growth rates and regressed over plant 
density. Time of inflection (an indicator of the duration of 
growth) for plants growing in monocultures and mixtures was 
calculated from quadratic models. Growth rate of yellow 
starthistle was about 7 times faster and duration of growth 25 
days longer, than those of cheatgrass when grown in isolation 
without soil depth restriction. As densities were increased and/or 
soil depth decreased, growth rate and duration of growth were 
lowered and the difference between species were masked. 
Growth rates and duration of growth of cheatgrass and yellow 
starthistle appear to depend on plant density, soil depth, and 
available soil moisture. 

Key Words: Centaurea solstitialis, Bromus tectorum, growth 
rates, growth duration, community dynamics, rangeland weeds. 

Cheatgrass (Bromus tectorum L.) and yellow starthistle 
(Centaurea solstitialis L.) co-dominate over 250 thousand 
hectares of rangeland throughout the Pacific Northwest. These 
winter annual species arrived in North America near the turn of 
the century from the steppes of Eurasia. Cheatgrass, an early 
maturing forage, dominated most disturbed steppe communities 
in the Intermountain West by 1930 (Mack 1981). Since 1920, 
yellow startbistle, a noxious weed, has invaded cheatgrass infest- 
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ed rangeland (Maddox and Mayfisld 19S5, Sheley et al. 1993). In 
many areas, these species have replaced perennial grass commu- 
nities thereby reducing resource values (Callihan et al. 1989). 

Understanding mechanisms that govern community dynamics 
is central to the management of rangelands dominated by alien 
annuals (Sheley et al. 1936). Hironaka (1989) suggested that 
among winter annuals, early maturing species would tend to be 
replaced by later maturing ones. However, shifts in community 
dominance between cheatgrass and yellow starthistle appear to be 
more complex and oscillatory (Sheley and Larson 1994a). 
Dominance within cheatgrass and yellow starthistle communities 
tend to reflect resource availability and its impact upon growth 
and seed production (Sheley and Larson 1994a). Species differen- 
tiation within these communities is strongly influenced by the 
ability of yellow starthistle to attain greater root penetration than 
cheatgrass (Sheley et al. 1993, RochC et al. 1994, Sheley and 
Larson 1994a, 1994b). Consequently, edaphic conditions that 
restrict soil depth penetration alter the competitive advantage in 
favor of the relatively shallow and fibrous rooted cheatgrass 
(Sheley and Larson 1995). 

Resource acquisition rates and duration appear to influence 
cheatgrass and yellow starthistle dynamics. The objectives of this 
study were to compare the growth rate and the duration of growth 
between cheatgrass and yellow starthistle at various densities, 
species proportions, and soil depths. 

Materials and Methods 

Field studies were conducted during 1992 in southeastern 
Washington (46” 01’ N, 118” 27’ W) at an elevation of 320 m. 
The study site lies within the bluebunch wheatgrass 
(Pseudoroegneria spicata (Pursh) Scribn. & Smith) - Idaho fes- 
cue (Festuca idahoensis Elmer) habitat type (Daubenmire 1970). 
Vegetation was predominantly cheatgrass and yellow starthistle. 
The soil is a Walla Walla silt loam (coarse-silty, mixed, mesic 
Typic Haploxeroll), developed from thick loess redeposited with 
glacial outwash material over basalt. Annual precipitation aver- 
ages 380 mm with a bimodal distribution pattern that peaks dur- 
ing the winter and spring. Temperatures range from -34 to 45°C 
with an average frost-free season of 170 days. 

Temperature, precipitation, and evaporation were monitored 
daily from October 1991 through June 1992. Environmental data 
collected prior to the initiation of the study (October-February) 
and during the study (March-June) are summarized in Table 1. 
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Table 1. Environmental conditions at the study site.’ 

Time Total Total Mean temperature 
Period precipitation evaporation max. mm. 

--- - 
Pfestudy 
Oct. 1991 51 
Nov. 80 
Dec. 16 
Jan. 1992 19 
Feb. 29 

&.c!y 
12 Mar. 5 
24 Mar. 4 
5 Apr. 0 

17 Apr. 22 
29 Apr. 0 
11 May 11 
23 May 1 
4 Jun. 6 
16 Jun. 1.5 
28 Jun. 2 

-(mm)- _ - _- _ 

27 
57 
72 
77 
88 
78 

115 

- - -(“C)- - - - 

20.0 0.6 
8.4 1.1 
4.5 -0.6 
8.1 0.2 

10.6 -0.2 

13.3 0.8 
18.0 1.2 
18.9 1.9 
17.1 5.2 
24.1 6.4 
24.7 6.0 
24.6 4.9 
29.4 14.4 
26.1 9.4 
34.7 15.9 

‘Monthly values are presented for the 5 months preceding the study. Twelve day values 
are presented to correspond with harvest dates. 
‘Evaporation data were not collected during periods of freezing temp. 

Growth Without Soil Depth Restriction 
In study 1, growth comparisons of isolated individuals, mono- 

cultures, and mixtures of cheatgrass and yellow starthistle were 
made with unrestricted soil depths. In experiment 1, isolated 
(0.25 m2 plant-‘) individuals of cheatgrass and yellow starthistle 
were grown for each of 8 harvest dates (2 species, 4 replications). 
For experiment 2, monocultural plant densities were 100, 1,000, 
and 10,000 plants mm2 for each species (2 species, 3 densities, 4 
replications). In experiment 3, densities were factorially arranged 
(9 density combinations, 4 replications) for mixtures. Each exper- 
iment conformed to a randomized-complete-block design. 

Growth With Soil Depth Restriction 
In study 2, the objective was to assess growth with limited soil 

depth on cheatgrass and yellow starthistle. Prior experiments 
were repeated with soil profiles restricted to 0.2-m (shallow soil 
depth) and 0.5-m (moderate soil depth) by placing an 8-mil 
impermeable plastic liner (9 X 0.7 m) below the soil surface. 
Experiments were replicated 4 times in a split-plot design with 
soil depth as wholeplots and plant density (isolated, monocul- 
tures, mixtures) as subplots. 

Procedures 
Seeds for all experiments were collected on site during the fall 

of 1991 and stored at room temperature. Seeds were sown on 29 
Feb. and 1 Mar. 1992, in 0.25m2 (isolated) and 0.5-m’ (monocul- 
tures and mixtures) plots to avoid winter seedling mortality. 
Seeds were randomly broadcast, then hand separated with forceps 
until uniform distance between seeds was achieved. Seeds were 
lightly (~2 mm) covered with soil. Plants were thinned by hand to 
the appropriate density 1 week after emergence. Plots with densi- 
ties of 10,000 plants m-2 did not require thinning. 

PI _ T=- 1 

2P? c-w n 5 

P=EXP (PI CP2T) ’ P2T’) 

RGR=P, t-2P2+t 

AGR= M’2-w 1 

t2-t1 

An individual plant of each species on each plot was chosen 
randomly, then clipped to ground level, on 12-day intervals 

where p I is the linear and fi2 the qundr;& regression coefficient, 

beginning 24 days after planting. Final harvest dates for experi- 
t is time, and W, an,1 W2 are the initial and fin;11 plant weight, 
corresponding to tl and t2. 

ments that did not restrict soil depth occurred on day 96 for 
cheatgrass and day 108 for yellow startlristle. Final harvests for 
experiments with soil depth restrictions occurred 72 days after 
planting for both species. Shoots were dried for -I8 hours at 60°C 
and weighed (mg). 

Plant Moisture Stress 
Predawn xylem pressure potential (MPa) was measured on a 

representative plant rrom each plot in each experiment on I4 and 
15 May 1992 using a pressure chamber (PMS Inc., Corvallis, 
Ore.). Cheatgrass plants were in the 2- to 4-leaf stage, and yellow 
starthistle plants were in the rosette growth stage. An equipment 
malfunction while collecting data in block 1 resulted in unreliable 
data. Data from bll jcks 2 to 3 were analyzed and are presented. 

Analysis 
The relationship between shoot weight and time after planting 

was determined by regression. Coefficients of determination, 
residual mean squares, sum of squares, and residuals were evalu- 
ated to determine the most suitable model for the prediction of 
accumulated shoot weight over time (Hunt 1982, France and 
Thomley 1984). Quadratic models provided the best estimate for 
plants grown in isolation, and linear models provided the best fit 
for monocultures and mixtures. Data were incorporated into least 
squares regression models of the form: 

Quadratic model: f = Po+P~XI+P~X~~ 
Linear model: i = Po+P1X1 

where i is the shoot weight (mg) and X is time in days. 
Regression coefficients PO-2 are the line intercept, linear, and 
quadratic components of the regression equation, respectively. 

Quadratic models for plants grown in isolation were deter- 
mined for each trentmcnt in each replication. Time of inflection 
(T), point of inflection (P), and relative growth rate (RGR) were 
calculated using the linear and quadratic regression coefficients 
derived from growth curves. Time of inflection is the date when 
the absolute growth rate (AGR) was most rapid and provides an 
indication of duration of growth. Point of inflection is the shoot 
weight at the time of maximum growth rate. Relative growth rate, 
an index of growth efficiency, was calculated at 36, 60, and 84 
days after planting. Absolute growth rates were determined for 
the early (24 to 48 days after planting), milldIe (48 to 72 days 
after planting) and l?te (72 to 96 days after planting) growth peri- 
ods. Growth rates for late growth periods were only calculated for 
treatments without soil depth restriction. Calculation of these 
parameters were as follows: 
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Table 2. Growth of cbeatgrass and yellow starthistle grown in isolation with and without soil depth restrictinns. 

Soil 
depth 

W 
Cheatgrass’ 
Starthistle’ 
P value 

0.22 
0.9 
P value 

Point of 
inflection 

% 
11,780 
0.089 

70 
2,640 
0.033 

Time of 
inflection 

(days) 
15 

100 
0.069 

63 
82 

0.007 

Growth Parameters 
Relative prowth rate AM!te growth rate 

Day 36 Day 60 Day 84 Early Middle Late 

- - - - - - 
(mg 78 day.’ 8.‘) 

- - - - - _ _ _ _ 
131 25 4 -(mg day-‘) 20 

- - - - - _ 
24 

141 104 61 4 47 223 
0.0001 0.037 0.062 0.439 0.001 0.052 

103 62 0.7 5 
I40 94 5 43 

3.003 0.031 0.010 0.008 

‘Soil depth mwcstricted. 
*Soil depth restriction - Combined means are presented. 

Differences among mean time of inflection, point of inflection 
and growth rates were tested by analysis of variance. Probability 
values are provided to indicate level of mean separations. 

Regression models of shoot weight accumulation were calculat- 
ed using both simple linear and curvilinear regression for plants 
grown in monocultures and mixtures. Time of inflection (duration 
of growth) for plants grown in mixtures was calculated from qua- 
dratic models. Linear models were developed by regressing shoot 
weight over the duration of the experiment and produced a p 
coefficient. We considered the p coefficient an estimate of the 
shoot growth rate. Differences between mean growth rates due to 
soil depth (0.2- and 0.5-m) and time of inflection for monoculture 
and mixtures were tested by analysis of variance. 

Growth rate data derived from simple linear regression were 
incorporated into multiple linear regression models using least 
squares regression of the form: 

where W, and W, were the average shoot growth rate for cheat- 
grass and yellow starthistle, respectively, and N, and NY were 
their density. Regression coefficients pco and pyo estimate the 
growth rate for an isolated individual. Regression coefficients pee 

and PYY estimate intraspecific interaction and pcy and pyc esti- 
mate mterspecific interaction. Ratios pcc:&.y and &p,c deter- 
mine the relative influence of each species density on their 
growth rates. 

Results 

Environmental Conditions 
Cummulative precipitation during the 5 months prior to the 

study amounted to 195 mm. An additional 63 mm of precipitation 
occurred during the 4-month study period (Table 1). By compari- 
son, average precipitation (59 years) for the 4-month study period 
is 218 mm. Below average spring precipitation is expected to 
occur 4 years out of 10. Precipitation during March, April, May, 
and June is predicted to be less than 15, 10, 10, and 5 mm, 
respectively, once in 10 years. Months with the lowest and high- 
est mean temperatures were December (4.5”C) and June 
(34.7”C), respectively. Several unusually warm (19’C) days 
occurred during March 1992. December and February minimum 
mean temperatures were below freezing. 

Growth of Isolated Individuals 
Isolated yellow starthistle growth exceeded that of cheatgrass 

for all parameters (PsO.10) when grown without soil depth 
restriction (Table 2). Early season absolute growth rate was simi- 
lar for both species, then separated during the latter two-thirds of 
the growing season. These results are consistent with other cheat- 
grass and yellow starthistle growth comparisons (Sheley and 
Larson 1994b). 

Restricting soil depth from 0.5- to 0.2-m reduced growth of iso- 
lated plants and masked species differences (Table 2). Relative 
growth rates (mg day-’ 8.‘) for yellow starthistle on day 36 
(P=O.O75) and 60 (P=O.O26) were greater than those of cheat- 
grass. 

Growth of Individuals in Monocultures 
Beta coefficients derived from simple linear regression indicate 

that increases in density decreased the growth rate of cheatgrass 
and yellow starthistle (Table 3). Monoculture density accounted 
for over 60% of the growth rate variation. 

Predicted growth rate was 5-fold greater for isolated yellow 
starthistle growing in unrestricted soil when compared to cheat- 
grass (Table 3). Increasing cheatgrass and yellow starthistle den- 
sity lo-fold reduced their growth rate 7.6 and 48 mg day-‘, 
respectively. Restricting soil depth to 0.5-m, reduced yellow 
starthistle’s growth rate almost 3-fold, but increased the growth 
rate of cheatgrass. Increasing monocultural densities lo-fold 
reduced growth rates of cheatgrass 11 mg day-’ and yellow 
starthistle 13 mg day-‘. Restricting soil depth to 0.2-m, reduced 
growth rates to less than 7 mg day-‘. 

Table 3. Simple linear regression analysis for predicting’ cheatgrass 
(WC) and yellow stat-thistle (WY) shoot growth rates (mg day-‘) grown 
in monocullm-es with and withoot soil deptb restrictions. 

Species 

Cheatgrass 

Starthistle 

S(,il depth PO PI” R2 

Unrestricted 30.3 - 7.6 0.68 
0.5 m 43.3 -10.9 0.92 
0.2-m 4.0 1.0 0.61 

Unresrrictcd 150.8 -37.6 0.84 
0.5-m 53.6 -13.3 0.94 
0.2-m 6.5 1.7 0.61 

’ W,=Pco+PccN, 
*wY=.~Yo+~YY.NY 

P co IS the estlm:ed growth rate of an isolated individual. p1 is the effect of increasing 
monocultural dcrxities nn growth rate. 
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Table 4. Effect of soil depth and density on the time of inflection’ for als growing in unrestricted soil was about 20 and 103 mg day-’ 
cheatgrass and yellow starthistle grown in monocultures. for cheatgrass and for yellow skrthistle, respectively (Table 5). 

Density (plants m-L) 

Soil depth 100 I.000 10,000 LSh n<\ 

(ml 
Cheatgrass’ 

Starthistle’ 
o.24 

o.54 

------------(days) ____--_____- 
81 84 51 

108 69 62 
80 53 51 

84 13 49 

113 

93 

LSD(O.OS) 115 
‘Time of inflection is an indicator of duration of erowth. 
‘Soil depth unrestricted. 

. 
‘Comparing species or depth within each density. 
‘Soil depth restriction-combined means are presented 
‘Comparing density within each depth. 

Based on time of inflection, the duration of growth for yellow 
starthistle was 27 days longer than cheatgrass when grown in 
monocultures of 100 plants m-* without soil depth restriction 
(Table 4). Increasing plant density lo-fold shortened the period 
of growth for yellow starthistle (69 days), but did not effect 
cheatgrass. Increasing plant density an additional lo-fold short- 
ened the period of growth for both species to about 60 days. 

Density increases tended to shorten the duration of growth of 
both species (monocultures) with soil depth restrictions of 0.2- 
and 0.5-m. At the lowest and highest density, duration of growth 
was unaffected by soil depth (Table 4). Growth periods were sim- 
ilar for monocultural densities of 1,000 and 10,000 plants mm2 at 
0.2-m. 

Growth of Individuals in Mixtures 
Increasing plant density (P=O.OOOl) or decreasing soil depth 

(P=O.OOOl) reduced growth rates of both species growing in mix- 
tures. Predicted growth rate (linear model) for isolated individu- 

Based upon coefficient ratios, yellow starthistle density was 
slightly more importlmt in predicting its growth rate in unrestrict- 
ed soil than was cheatgrass density. Yellow starthistle and cheat- 
grass density were of equal value in the prediction of cheatgrass 
growth rate (Table 5). The duration of yellow starthistle growth 
was greatest at low starthistle and cheatgrass densities (Table 6). 

The predicted growth rate of isolated plants (both species) 
grown in 0.5-m of soil was greater than 30 mg day” (Table 5). 
Cheatgrass density was 1.3 times more important than yellow 
starthistle density in predicting cheatgrass growth rate. A lo-fold 
increase in either species reduced yellow starthistle growth rate 
4.7 mg day-‘. 

Predicted growth rate of isolated plants growing in 0.2-m of 
soil was 3 mg day-’ (Table 5). Cheatgrass density was about 2 
times more important than yellow starthistle density in predicting 
the growth rate of either species under these conditions. 

Based on the time of inflection, increasing the density of either 
species shortened the duration of growth for yellow starthistle 
with either a 0.2- or 0.5-m soil depth (Table 6). The only excep- 
tion occurred on the 0.2-m snil where yellow starthistle and 
cheatgrass densities of 1,000 and 100 resulted in a similar dura- 
tion of growth. 

Plant Moisture Stress 
Cheatgrass plants grew with greater (t-test; P S 0.0001) mois- 

ture stress than yellow starthistle (-1.27 vs. -0.71 MPa; predawn 
xylem water potential) in unrestricted soil. Intraspecific interfer- 
ence increased moisture stress in both cheatgrass and yellow 
starthistle (-PP, = -1 .O - 0.11 log Nc, R2 = 0.25; -PPy = -0.52 - 0.1 
log N,, R2 = 0.43). 

Cheatgrass was under less water stress (t-test; P 5 0.05) than 
yellow starthistle when grown with a 0.5-m soil depth restriction 
at cheatgrass:starthistle densities of 1O:lO (-2.6 vs. -2.9 MPa) and 
1,000: 10 (-2.4 vs. -3.3 MPa). Regression models for each species 

Table 5. Multiple linear regression analysis for prediction’ of cheatgrass (Wc) and yellow starthistle (Wy)shoot growth rate (mg day-‘) grown in mix- 
tures with and without soil depth restriction. 

Species Soil depth P 2 co P cc PC, 
Coefficient rntio 

PCJPCY R2 

Cheatgrass 

Starthistle 

Unrestricted 

0.5-m 

0.2-m 

Unrestricted 

0.5-m 

_ _ _ _ _ _ _ __ _ _ _ _ . _ _ (mg day-‘) _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ 

20.15 -2.70 -2.80 
(2.70) (0.60) (0.60) 

31.70 -4.90 -3.90 
(3.80) (0.88) (0.88) 

3.00 -0.50 xx?4 
(0.W (0.10) (0.10) 

P Y” P YY P cc 
102.81 -16.20 -13.30 
(19.30) (4.50) (4.50) 

33.44 -4.50 A.90 
(4.80) (1.00) (I.@3 

I.0 0.55 

1.3 0.6 

2.1 0.47 

PYYlPYC 
1.2 0.40 

1.1 0.52 

0.2-m 3.00 -0.28 -0.49 0.6 0.54 
(0.39) (0.W (0.09) 

the growth rate of an isolated plant. Intraspecific interference is measured by the regression coefficient p,, or pyy and intarspecific interference 
are standard errors for coefficients significantly different from zero. 
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Table 6. Effects of soil depth and plant density on the time of inflection’ 
of cheatgrass and yellow starthistle grown in mixtures. 

Species 

Yellow Cheatgrass density 
Soil starthistle (plants me’) 

depth density 100 Loo0 lO.ooO LSD,~,J~ 

Cm) (plants me’) _ _ _ _ _ _ (days) _ _ _ _ _ _ 
Cheatgrass UR* 100 12 69 56 

1,ooo 67 64 60 
10,000 69 60 60 

0.5 100 70 59 42 
1,000 71 63 44 

10,000 51 56 42 
0.2 100 70 76 41 

LOoCJ 70 58 42 
10,000 58 66 49 

Starthistle UR2 100 84 II 60 
Loo0 73 69 65 

10,000 71 67 67 
0.5 100 84 66 47 

1,~ 69 59 48 
10,000 57 50 44 

0.2 100 73 56 45 
Loo0 14 55 54 

10,000 53 52 39 
‘Time of intlection is considered an indicator of duration of growth. 
*Unreshicted soil depth. 
3Compaing density within each depth. 

NS 

NS 

NS 

9.53 

12.33 

12.3’ 

indicate that intra- and interspecific interference increased mois- 
ture stress (-PP, = -1.87 -0.40 log Nc -0.54 logNy, R* = 0.56; - 
PPy = -2.0 - 0.5 1 log N, - 0.36 log Nc, R2 = 0.54) and that yellow 
starthistle density was most important in both cases. The predict- 
ed pressure potential for an isolated cheatgrass and yellow 
starthistle individual grown in 0.5-m soil was about 2 and 4 times 
more negative than in unrestricted soil, respectively. 

Cheatgrass and yellow starthistle xylem pressure potentials 
exceeded -5.0 MPa when the soil depth restriction was 0.2-m. 
The only exception to this observation occurred with cheatgrass 
at the lowest density combination (-3.0 MPa). 

Discussion 

Intraspecific interaction was twice as influential as interspecif- 
ic interaction (cheatgrass vs. yellow starthistle) in predicting plant 
weight on deep soil (Sheley and Larson 1994b, 1995). Results 
from this study indicate that on deep soil growth rates and dura- 
tion of growth are influenced by density and may determine the 
success of the population. At low densities, yellow starthistle 
grew more rapid, longer and had greater soil depth penetration 
than cheatgrass. This suggests that infestations containing yellow 
starthistle and cheatgrass will have increased resource utilization 
and that the increase will be greatest on deep soils where resource 
partitioning can be fully developed. However, substituting 
(10,000 plants me’) for the density of yellow starthistle and (1,000 
plants me’) for cheatgrass density in the equations in Table 5 pre- 
dicts the growth rate of cheatgrass to be about 4.5 mg day-‘, 
whereas yellow starthistle growth rate would approach zero. This 
supports the hypothesis that seed production and population 
dynamics are directing shifts in community dominance (Sheley 
and Larson 1995). 

Talbott (1987) found yellow starthistle dominated deep soils 
whereas cheatgrsss dominated shallow soils. Shallow soils (0.2- 
m) reduced both cheatgrass and yellow starthistle growth rates in 
our study, shifting resource acquisition balance toward cheatgrass 
and away from the later maturing yellow starthistle. The relative- 
ly dry season during this study may have exaggerated our results, 
but these conditions are predicted to occur 4 times in 10 years. 

Suppression of perennial grass seedlings by cheatgrass 
seedlings has been attributed to growth rate and root system char- 
acteristics (Harris 1967, Svejcar 1990, Aquirre and Johnson 
1991). Sheley and Larson (1994b) found rooting depth of yellow 
starthistle was deeper than that of cheatgrass and suggested that 
differential rooting depth would promote the partition of 
resources. In this study, the growth rate of yellow starthistle in 
deep soil was nearly 7 times that of cheatgrass at low densities. 
We speculate that yellow starthistle has the potential in deep soil 
to grow faster and sequester more resources than most perennial 
grass seedlings. 
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Abstract 

Increases in fringed sagebrush (Artemisia frigida Wad.) fol- 
lowing disturbance on Northern Mixed Prairie are due to 
enhanced growth of established plants and seedling recruitment. 
The roles of seed production and the soil seedbank in population 
dynamics of fringed sagebrush following disturbance are, howev- 
er, unknown. Furthermore, seed rain has not been documented 
for this species. The objectives of this study were to determine: 1) 
the effect of disturbances in the sward on seed production; 2) 
relationships between the soil seedbank and current seed produc- 
tion; and 3) seed rain over time for fringed sagebrush. 
Disturbances of clipping, litter removal, tillage, and a combina- 
tion of clipping and litter removal were imposed on a sandy 
range site in central Saskatchewan. Following disturbance seed 
production plant -’ either increased or was unchanged compared 
to the undisturbed control. Greater seed production resulted 
from increased production of seeds head-’ , heads inflorescence-’ 
and inflorescences plant’. The timing of seed rain varied consid- 
erably among individual plants. Five temporal patterns of seed 
rain were identified for individual fringed sagebrush plants: 1) 
5.2% of the plants began and completed dispersing seeds within 
6 to 8 weeks of flowering; 2) 20.8% began dispersing within 6 to 
8 weeks of flowering and completed dispersal before snow was 
received in autumn; 3) 37.7% began dispersing seeds within 6 to 
8 weeks of flowering and continued over the winter; 4) 29.9% 
delayed dispersal of seeds more than 8 weeks after flowering and 
continued over the winter; and 5) 6.5% began and completed 
seed dispersal during the winter. The number of fringed sage- 
brush seeds in the soil was correlated with seed production only 
when many seeds were produced (r=0.76), indicating that annual 
seed production is of limited importance for maintaining a seed- 
bank. A persistent seedbank is important in maintaining fringed 
sagebrush populations when seed production is limited. Diverse 
rates and times of seed rain along with a persistent seedbauk 
may enable fringed sagebrush to occupy safe sites that develop in 
time. 
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Fringed sagebrush (Artemisia frigidu Willd.) is the most com- 
mon dicotyledonous species in the Northern Mixed Prairie 
(Coupland 1950). This suffrutescent perennial produces many 
small seeds that begin shedding in the fall (Dayton 1940, Wilson 
1982), and most seedlings emerge in the spring (Bai and Romo 
1996). Individual fringed sagebrush plants can produce up to 
190,000 seeds (Wilson 1982). Germination of fringed sagebrush 
is enhanced by light (Bai and Romo 1994, Bai et al. 1995), and 
thus this species may form a persistent seedbank in the soil 
(Thompson and Grime 1979). Seed densities of fringed sagebrush 
ranged 75 to 183 seeds mm2 in soil from Mixed Prairie in Alberta 
(Johnston et al. 1969). 

The increase in fringed sagebrush on disturbed sites of 
Northern Mixed Prairie results from more vigorous growth of 
established plants and increased recruitment of seedlings (Bai and 
Romo 1996). The roles of seed production and the soil seedbank 
in population dynamics of fringed sagebrush are, however, 
unknown. The objectives of this research were to determine: 1) 
the effect of disturbances in the sward on seed production of 
fringed sagebrush; 2) relationships between the soil seedbank and 
current seed production of fringed sagebrush; and 3) seed rain 
over time. 

Methods 

Study Site 
Research was conducted over a 3-year period from 1990-1992 

at the University of Saskatchewan, Biddulph Natural Area, 25 km 
south of Saskatoon, Canada (51’58’N, 107”45’W, 505 m). The 
site is characteristic of the sandhills complex (Coupland 1950, 
Hulett et al. 1966) of the Northern Mixed Prairie with orthic 
regosolic soils (Ellis et al. 1968). The area had been protected 
from livestock grazing for about 40 years, and the ecological con- 
dition of this sandy range site was excellent. Needle-and-thread 
(St@ comata Trin. & Rupr.) and blue grama (Bouteloua gracilis 
(HBK.) Lag.) were dominant grasses; fringed sagebrush was the 
most common dicotyledonous species (Hulett et al. 1966, 
Pylypec 1989). Annual precipitation at Dundum, 15 km southeast 
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of the study site, averages 380 mm of which 43% is received in 
May, June, and July. Annual temperatures average 2.4”C with 
January the coldest month averaging -17.9”C and July the 
warmest, averaging 18.8”C (Environment Canada 1993). 

Temperature and precipitation were recorded at the study sites. 
In the first growing season following disturbance at site 1 (year 1) 
monthly temperatures averaged 11 “C in May, 17°C in June, 18°C 
in July, and 18°C in August; precipitation totalled 64, 112, 138, 
and 38 mm in May, June, July, and August, respectively. Mean 
monthly temperatures in the second growing season after distur- 
bance at site 1 were 12, 16, 19, and 21°C and precipitation totaled 
50, 155,3 1, and 15 mm for the same months, respectively. 

Temperatures the first growing season after disturbance at site 
2, year 1, averaged 12, 16, 19, and 21°C in May, June, July, and 
August, respectively; total precipitation was 70 mm in May, 175 
in June, 51 in July, and 35 in August. In the second year at site 2 
after treatment mean temperatures were respectively 10, 15, 16, 
and 15°C in May, June, July, and August and precipitation for the 
same months totaled 52,20,108, and 49 mm. 

Experimental Design and Treatments 
Experimental units consisted of 30 fringed sagebrush plants of 

about the same size at each of the 2 sites. The sites were about 
150 m apart. Plots 2 X 2 m in size were established around a cen- 
tral plant, and were subjected to 1 of 5 treatments in late April 
1990 at site 1 and mid-April 1991 at site 2. h4easurements were 
taken at both sites the year of treatment and the year after. 
Experimental design was a randomized-complete-block with 6 
replicates. The 5 treatments were: 1) clipping of all species 
except fringed sagebrush at ground level and removing all 
clipped material; 2) removing the plant litter from the plot with a 
rake; 3) tilling the soil to a lo-cm depth with a rototiller; 4) clip- 
ping as described in treatment 1 plus litter removal as in treat- 
ment 2; and 5) an undisturbed control. Treatments were applied 
only once. 

Seed Production 
In early September the first and second year after imposing 

treatments, 10 heads were randomly collected from the plant in 
each plot and the number of seeds head-’ were counted before 
seed rain began. At the same time the number of inflorescences 
plant-’ were counted, and the number of heads inflorescence-’ 
were determined on 5 randomly selected inflorescences on each 
plant. Total seed production plant-’ was estimated as the product 
of the number of seeds head-‘, heads inflorescence-‘, and inflores- 
cences plant-‘. 

Seed Rain 
Petri dishes 9 cm in diameter were filled with pebbles about 

5-10 mm in diameter and used as seed traps. In early September, 
about 6 weeks after flowering but before seeds were shed from 
plants, 4 traps were placed on the soil surface 15 cm from the 
canopy edge in 4 cardinal directions around each experimental 
plant. The contents of the seed traps were collected at 2-week 
intervals until snow covered the ground on 14 November 1990, 
17 October 1991 and 11 November 1992, and immediately after 
the snow melted the following March. Inflorescences were exam- 
ined in March and seed traps were not replaced because no seeds 
were remaining on the plants. 

Seeds in the traps were separated from the pebbles using a 0.5- 
mm sieve. These seeds were put on l-mm thick germination 
paper moistened with distilled water and incubated in closed petri 
dishes at 10°C with a 12-hour photoperiod (395 umol m-* s’) for 
4 weeks. These incubation conditions are optimal for germination 
of fringed sagebrush seeds (Bai and Romo 1994, Bai et al. 1995). 
The number of fringed sagebrush seeds that germinated from 
each seed trap sample was noted, and the data from the 4 traps 
around each plant were combined. Cumulative seed rain over 
time was then calculated for each plant. 

Soil Seedbank 
To prevent seed input into the soil, 2 plastic disks 10 cm in 

diameter were placed on the soil surface 15 cm from the canopy 
edge of the central plant in each plot before seed rain began in 
late August. Soil cores 8 cm in diameter and 10 cm deep were 
taken from the covered areas and from an adjacent uncovered 
area the following April. The soil samples were air dried in the 
laboratory for 2 weeks, sifted through a 0.5-mm sieve and the 
sifted soil was then placed in 20 X 10 X 5 cm containers. These 
containers were incubated under natural light for 4 summer 
months in a greenhouse that did not have controlled temperature. 
Fringed sagebrush seedlings were counted and removed at 2-day 
intervals, the soils were stirred, and water was added to keep the 
soil moist. Using seedling emergence to quantify the soil seed- 
bank tends to underestimate the seedbank if germination require- 
ments are not met (Robert 1981, Baskin and Baskin 1989), but it 
does provide an estimate of the readily germinable fraction of the 
seedbank (Gross 1990). 

Data Analysis 
Except for the data of the seed rain, data were subjected to fac- 

torial analysis of variance using site and treatments as main 
effects within the first and second growing season after treat- 
ments were applied (Snedecor and Cochran 1980). In all cases if 
the interaction of the site and treatment was significant, the 
means for the sites and treatments were presented and compared. 
When the interaction was not significant, but the main effects 
were, the means for the main effects were compared. If neither 
main effects nor their interactions were significant, the overall 
mean and the standard error for the mean was calculated and pre- 
sented. Data of the number of seeds head-‘, the number of heads 
inflorescence-‘, and total seed production plant-’ were transformed 
with 4(X+0.05), where X is the value of the parameter (Snedecor 
and Cochran 1980). Percent data of cumulative seed rain and ger- 
mination data from seed traps and the seedbank were transformed 
with arcsin dp before analysis (Snedecor and Cochran 1980). 
Seed rain data were analyzed within dates for each site and year 
with an one-way analysis of variance because the dates and 
length of time that seed traps were in place were not consistent 
between sites and years. The number of seeds produced and the 
number of seeds in the soil were also tested with analysis of vari- 
ance between years and sites. Means were compared with the 
least significant difference test (LSD) (Snedecor and Cochran 
1980). Correlations were tested (Snedecor and Cochran 1980) 
between: 1) seed production and the number of seeds caught in 
traps, and 2) seed production and seedlings emerging from soil 
samples. Statistical significance for all tests was assumed at 
P10.05. 
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Results Seed Rain 

Seed Production 
In the first growing season after treatment the number of seeds 

head-’ was similar (P~0.01) among treatments, averaging 8.0 
(SE==lS). Disturbance favored seed production the second year 
after disturbance with plants in the treated plots producing 2.5 to 
9.5 times more seeds head-’ than those in the control (Table 1). 
The number of seeds head-’ was 3 times greater (PcO.01) at site 1 
than site 2 the first and second growing seasons following distur- 
bance. In the first year the number of seeds head-’ averaged 12 
and 4 (SE=O.96) at sites 1 and 2, respectively, and 7 and 2 seeds 
head-’ (SE=lS), respectively, the second year. 

With the exception of the second year following disturbance at 
site 2, seed rain began in early to mid-September, continued over 
the winter, and was completed by early spring (Fig. 1). Dispersal 
began in mid-September and was completed by late October in 
the second year following treatment at site 2. At site 1, 88 and 
79% of the seeds were shed before snow was received in the first 
and second years after disturbance, respectively. Fifty-two per- 
cent of the seeds were dispersed before snow was received at site 
2 the first year after treatment, but in the second year all seeds 
were shed before snow accumulated. 

Following disturbance in the first growing season at sites 1 and 
2, the mean number of heads inflorescense-’ was similar among 
treatments, averaging 84 (SE=6.2, P=O.O6). There were 119 
heads inflorescence-’ at site 1 and 49 at site 2 (SE=8.8, PcO.01). 
The number of heads inflorescence-’ among treatments was dif- 
ferent between sites the second year as indicated by the interac- 
tion of these factors (P=O.Ol, Table 1). There was no difference 
in the number of heads inflorescence-’ among treatments at site 2; 
at site 1 removing litter or tillage increased the number of heads 
inflorescence-’ that were produced (Table 1). Plants produced the 
most heads inflorescence“ where plots were tilled, and plants in 
the control had the fewest. 

The rate and time of seed rain varied considerably among indi- 
vidual plants and years (Fig. 1). Five temporal patterns of seed 
rain (n=30 per site and year, total=120) were identified for indi- 
vidual fringed sagebrush plants. Some plants (5.2%) began and 
completed seed rain within 6 to 8 weeks of flowering. In compar- 
ison dispersal in 20.8% of the plants began within 6 to 8 weeks of 
flowering, but was completed before snow was received in the 
autumn. Another group (37.7%) began seed rain within 6 to 8 
weeks of flowering and continued over the winter, while seed 
rain in 29.9% was delayed more than 8 weeks after flowering and 
continued over the winter. Finally, 6.5% of the plants began and 
completed dispersal during the winter. 

Production of inflorescences the first year following distur- 
bance at sites 1 and 2 was affected by treatment and site as indi- 
cated by the interaction of these factors (PcO.01). At site 1, tillage 
increased the number of inflorescences plant-‘, whereas at site 2 
there were no differences in inflorescence production among 
treatments (Table 1). The second year following disturbance, 
inflorescence production in the tillage treatment was 3.6 to 27 
more than for plants (PcO.01) in the remaining treatments (Table 
1). 

Soil Seedbank 

The treatment effect on seed production plant-’ the first year 
following disturbance was different between sites (PcO.01). At 
site 1 plants in the tillage treatment produced more seeds plant-’ 
while at site 2 none of the disturbance treatments had an effect 
(Table 1). There were no differences in seed production plant-’ 
among treatments (P=O.26) or between sites (P=O.23) in the sec- 
ond year following disturbance, averaging 9,000 plant-’ 
(SE=6,100). 

One year after the sward was disturbed the number of seeds 
that germinated in the soils was affected only by site (P~0.01). 
With seed input, densities averaged 1,436 (SE=373) at site 1 and 
3,001 seeds m-* (SE=379) at site 2. Where seed input was pre- 
vented, seed densities averaged 222 (SE=39) and 2,666 rn-* 
(SE=309) at sites 1 and 2, respectively. 

The number of seeds in the soil was not correlated (P~0.05, 
n=30) with seed production except for the first year after distur- 
bance at site 1 (r=0.76). The number of seeds produced by 
fringed sagebrush and collected in the second year following dis- 
turbance were (r=0.74 and rd.99 at sites 1 and 2, respectively). 

The variable effect of disturbance on seed production between 
sites indicates that it is not a major factor on seed production by 
fringed sagebmsh, but that other factors, such as climate, exert a 

Discussion and Conclusions 

Table 1. The mean number of seeds beat’, beads intlorescence-l, inflorescences plant-‘, and seeds plant-’ at sites 1 and 2 for fringed sagebrush in the 
first or second growing seasons following disturbance. 

-------------------------Treatmc”t------------------------- 

Parameter Year Site Clipping Litter Tillage C+L 
03 removal (L) 

Seeds head-l 2 l&2 9.5a’ 2.5a 9a 2.5a 
Heads inflorenscencc’ 2 1 49b 123a 93a 51b 

2 8c 2c 15c 2c 
Inflorescences plant’ 1 1 38bc 59b 150a 37bc 

2 8bc 8bc 4c lc 
Inflorescences plant’ 2 l&2 5b 15b 54a 4b 
seeds plant’ 1 1 73,lOOb 66,300bc 250,000a 40,800bc 

2 2,800c 3,200c 7OOc 2OOc 

‘Means followed by the same letter within a parameter are not significantly different (FW.05). 
Last significant difference (P&OS). 

Control 

l.Ob 
28, 

2c 
39bc 
5c 
2b 

38,700bc 
4,500c 

LSD2 

1.0 
40 

53 

17 
67,000 
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Fig. 1. The mean (B, n=30), minimum (lower extent of vertical bars), and maximum (upper extent of verticle bars) cumulative seed rain per 
plant for fringed sagebrush at sites 1 and 2 the first and second growing season after sward disturbance. 

dominant effect. Disturbing this Northern Mixed Prairie either 
promoted or had no effect on seed production in fringed sage- 
brush. Bai and Romo (1996) also reported vegetative growth of 
fringed sagebrush was unaffected or favored by disturbance. The 
same plants were studied in both years, thus the highly variable 
response in seed production in the present study is attributed to 
climatic conditions because seed production by plants is flexible, 
and largely reflects environmental stress (Fenner 1985). The 
highs and lows of seed production also corresponded with years 
of favorable and limited growth of plants (Bai and Romo 1996), 
with response to disturbance greatest in wet years. Young et al. 
(1989) also concluded that year-to-year differences in seed pro- 
duction for big sagebrush (Artemisia tridentata Nutt.) were 
caused by variation in the physical environment. 

Tillage had a greater effect in stimulating seed production than 
clipping or removing litter. Because soil water and N03-N were 
not different among treatments (Bai and Romo 1996) the increase 
in seed production is attributed to reduced competition from 
neighboring plants. The different seed numbers head-’ between 
sites may be due to either genetic or environmental effects, how- 
ever, they were not possible to separate due to the nautre of dupli- 
cating the study in time. 

A large seedbank masked the correlation between seeds pro- 
duced and the seedbank size. The positive correlation of germi- 
nating seeds in soil with seed production only when many seeds 
were produced indicates that seeds produced in previous years 
persisted in the soil and had an overriding effect on the size of the 
seedbank when seed production was limited. Fringed sagebrush 

does indeed form a persistent seedbank (Iverson and Wali 1982, 
Bai and Romo 1994, Bai et al. 1995), and annual seed input to 
soil is not as important as it is for species with transient seed- 
banks (O’Connor and Pickett 1992). Therefore, in years with lim- 
ited seed production, the seedbank is sufficient to maintain popu- 
lations should established plants perish. Fringed sagebrush seeds 
in the soil can germinate and seedlings can be recruited any time 
during the growing season (Bai and Romo 1996). 

Species with limited dispersal in space may compensate by dis- 
persing seeds in time (Willson 1993) as observed in fringed sage- 
brush. The highly variable rates of seed rain among individual 
plants in fringed sagebrush, along with a persistent seedbank may 
enable seeds to occupy safe sites as they occur in time. Dispersal 
of seeds before the onset of the growing season may enable seeds 
to germinate and seedlings of fringed sagebrush to exploit cool 
and moist conditions during late spring and early summer, the 
most favorable period for growth (Bai and Romo 1996). In addi- 
tion, the role of predation on fringed sagebrush seeds is unknown, 
but prolonged dispersal may be the result of selection pressures 
for avoidance of predators (Harper 1977, Willson 1992). 

In conclusion fringed sagebrush is characterized by a highly 
variable response among individuals to disturbance, high seed 
production, temporally diverse rates of seed rain among individ- 
ual plants, and a persistent seedbank in the soil. Seeds that do not 
germinate immediately after dispersal may remain in the seedbed 
and germinate when conditions become favorable. Whether 
studying population dynamics, attempting to control fringed 
sagebrush, or using this perennial in ecological restoration, the 
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fact that this species rorms a large, persistent seedbank and has 
considerable variation in seed production and dispersal rates 
among individuals must be recognized. 
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Abstract 

Crested wheatgrass [Agropyron cristatutn (L.) Gaertn.] fields 
have low plant diversity and a limited grazing season. We tested 
whether blue grama [Bouteloua gracilis (HBK.) Lag.] could be 
established in crested wheatgrass fields to increase plant diversi- 
ty and grazing season length. Three seeding methods (unseeded, 
seed broadcast after rototilling, or seed drilled) and 2 herbicide 
treatments (none or glyphosate [iV (phosphonomethyl)-glycine] 
sprayed at 1.1 kg a.i. ha”) were applied in a complete factorial 
design to 3 X 10 m plots in 1994 in two 50 year-old crested wheat- 
grass stands. Blue grama established in seeded plots, but the 
effectiveness of seeding methods varied between sites. At both 
sites, herbicide control of crested wheatgrass greatly promoted 
the establishment of blue grama. Crested wheatgrass biomass 
and cover were reduced by rototilling and by spraying. The 
results suggest that the establishment of blue grama in crested 
wheatgrass stands is possible if seed is added and competition 
from crested wheatgrass is controlled. 

Key Words: Bouteloua gracilis, Agropyron cristatum, competi- 
tion, glyphosate, sod-seeding 

Crested wheatgrass [Agropyron cristatum (L.) Gaertn.], an 
introduced grass from Asia, has been sown on more than 6 mil- 
lion ha of rangeland in the United States and Canada (Dewey and 
Asay 1975). Although crested wheatgrass stands provide valuable 
ground cover and forage, they offer limited potential for mid- 
summer grazing as growth is completed by early summer (Rauzi 
1975). In addition, crested wheatgrass stands still possess low 
plant diversity half a century after establishment (Hull and Klomp 
1966; Looman and Heinrichs 1973; Marlette and Anderson 
1986). Establishing native warm-season grasses into crested 
wheatgrass stands would increase grazing season length and plant 
diversity. 

Crested wheatgrass was originally selected for use because of 
its relative ease of establishment (Hubbard 1949). Native grasses, 
in contrast, require adequate site preparation before seeding 
(Wark et al. 1995; Wilson and Gerry 1995) and seed of some 
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species is not widely available. Climatic conditions strongly 
influence establishment even with proper site preparation and 
seeding methods (Call and Roundy 1991). For example, blue 
grama [Bouteha grucilis (HBK.) Lag.] establishment requires 
periods of sufficient moisture for germination and, several weeks 
later, adventitious root growth (Briske and Wilson 1980). Highly 
variable rainfall in the Great Plains (Sala et al. 1992) frequently 
results in establishment failure (Lauenroth et al. 1994). 

Low plant diversity in crested wheatgrass stands may be due to 
the absence of seed of other species (Marlette and Anderson 
1986), improper conditions for germination, or strong asymmetric 
competition between seedlings and established crested wheat- 
grass (Aguilera and Lauenroth 1995). We hypothesized that blue 
grama could be established in crested wheatgrass stands if seed 
was added and if crested wheatgrass growth was controlled by 
spraying. 

Materials and Methods 

The experiment was conducted in 1994 at 2 sites to account for 
spatial variation. The valley site was seeded to crested wheatgrass 
in 1948. It is located along the South Saskatchewan River in 
Saskatchewan Landing Provincial Park (50”39’N 107”59’W), 50 
km north of Swift Current, Saskatchewan, Canada. The upland 
site, seeded to crested wheatgrass in 1946-47 (B. Larson, person- 
al communication), is 175 km south of the valley site in 
Grasslands National Park, Saskatchewan (49”22’N 107”53’W). 
Soils at both sites are brown chemozemic clay loams (Agriculture 
Canada 1992; Aridic Haploboroll, USDA-SCS 1975). 

Both sites have semiarid climates, with mean annual tempera- 
tures and precipitation of around 4°C and 320 mm (Environment 
Canada 1993). From May to August 1994, the weather station 
nearest the valley site (Pennant, 20 km southwest) recorded aver- 
age temperatures and precipitation levels. At Val Marie, 15 km 
northwest of the upland site, temperatures were hotter than aver- 
age during the summer. May and June were wetter and July and 
August drier than average. 

The experiment was conducted >lOO m into each crested 
wheatgrass field. Three seeding methods (unseeded, seed broad- 
cast after rototilling, or seed drilled) and 2 spray treatments (none 
or glyphosate [N (phosphonomethyl)-glycine] sprayed at 1.1 kg 
a.i. ha-‘) were applied in a complete factorial design to 3 x 10 m 
plots separated by 1 m walkways. Treatment combinations were 
replicated 5 times. Plots were seeded with 23.4 and 19.5 kg pure 
live seed (PLS) ha” of blue grama at the upland and valley sites 
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respectively. Plots were also seeded with needle-and-thread (Sripa 
comata Trin. & Rupr.; 5.3 and 4.4 kg PLS ha-‘, respectively) and 
junegrass (Koeleria gracilis Pers.; 0.0 and 4.4 kg PLS ha-‘, respec- 
tively), although neither of these grasses established. On 14 and 
26 May, at the upland and valley sites respectively, the top 5 cm 
of soil in broadcast plots was rototilled and seed was hand broad- 
cast. On 16 and 23 May, seed was drilled 1 cm deep in rows 
spaced 30 cm apart using a plot seeder with double-disk openers. 
Drilled plots were not rototilled. Spraying was meant to kill crest- 
ed wheatgrass while affecting as few other species as possible; it 
was therefore applied on 11 and 18 May, before warm-season 
species began to grow. Glyphosate was applied in 220 liters ha-’ 
of water at 150 kPa. 

Seedlings were identified and counted on 30 June and 1 July 
and again on 16 and 22 August. Seedlings were counted in tran- 
sects across the width of each plot. Plots with many seedlings had 
three 5 cm wide transects while plots with few seedlings had five 
20 cm wide transects. Mean seedling density was determined for 
each plot. 

The effects of the seeding and spray treatments were quantified 
in late August by measuring standing crop and cover of bare 
ground, litter (dead plant matter on soil surface), and each species 
present. At 3 points along the diagonal of each plot, 0.1 X 1 m 
quadrats for standing crop and 0.5 X 1 m quadrats for cover were 
established. All vegetation in the 3 standing crop quadrats of a 
plot was clipped at ground level, pooled, dried at 7O”C, and 
weighed. The current season’s growth was not separated from 
previous growth. Cover was estimated using Daubenmire’s scale 
(Mueller-Dombois and Ellenberg 1974). Cover estimates were 
averaged within each plot. 

Data were tested for normality and heteroscedasticity and log- 
transformed as necessary. For each site, a 3 factor analysis of 
variance (ANOVA) tested the effects of seeding method (tilled- 
and-broadcast or drilled), spray treatment (sprayed or unsprayed), 
and time (June or August) on seedling densities. Unseeded plots 
contained no seedlings and were excluded from the ANOVA. A 2 
factor ANOVA tested the effects of seeding method (unseeded, 
tilled-and-broadcast, drilled) and spray treatment (sprayed or 
unsprayed) on standing crop and cover of bare ground, litter, and 
the 3 most abundant species in each site in August. 

Results 

Blue grama established at both sites, with densities ranging 
from 5 to 760 seedlings me2 in June and from 0 to 220 seedlings 
me2 in August. No seedlings were found in unseeded plots. 

Valley Site 
Blue grama seedling densities tended (P = 0.06) to be higher in 

drilled than tilled-and-broadcast plots (Fig. 1; Table 1). Densities 
were significantly (P c 0.05) higher in sprayed than unsprayed 
plots, and significantly lower in August than June. A significant 
seed X spray interaction resulted because seedling densities were 
higher in sprayed plots that were drilled rather than tilled-and- 
broadcast. Survivorship from June to August was higher in tilled- 
and-broadcast than drilled plots, producing a significant seed X 
time interaction. Survivorship was also higher in sprayed than 
unsprayed plots, producing a highly significant spray X time 
interaction. The 3-way interaction was not significant. 
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Fig. 1. June (top) and August (bottom) blue grama seedling densities 
at the valley and upland sites in 2 seeding methods in unsprayed 
(shaded) and sprayed (open) plots. The number above each bar is 
the seedling density as a proportion (%) of the number of sown 
seeds. No seedlings were found in unseeded plots. Broadcast plots 
were tilled prior to seeding. Note differences in scales. ANOVA 
results presented in Table 1. 

Standing crop was significantly lower (Fig. 2) and cover of 
bare ground and litter significantly higher (Fig. 3) in tilled-and- 
broadcast than drilled or unseeded plots. Standing crop and bare 
ground cover were significantly lower in sprayed than unsprayed 
plots while litter cover was significantly higher. 

Fifteen vascular plant species were identified, but crested 
wheatgrass composed 54% of the cover in control plots. Only 3 
other species, including some previously established blue grama, 
had > 1% cover in any treatment combination. Crested wheat- 
grass cover was significantly lower in tilled-and-broadcast than 
drilled or unseeded plots and in sprayed than unsprayed plots 
(Fig. 3). A significant seed X spray interaction resulted because 
crested wheatgrass cover was much lower in unsprayed plots that 
were tilled-and-broadcast rather than drilled or unseeded. Blue 

Table 1. Results of 3 factor ANOVAs on blue grama seedling density in 
the valley and upland sites. Unseeded plots contained no seedlings and 
were excluded from the analysis. See Fig. 1 for means. 

Source F 

Valley Site Upland Site 

Seeding Method (S) 3.76 l&57*** 

Glyphosate Treatment (G) 136.92*** 10.93** 
Time (T) 26.05*** 114.05 *** 
SXG 12.07”* 6.01* 
SXT 6.22* 6.45* 
GXT 13.90*** 0.55 
SXGXT 0.14 0.86 
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Fig. 2. August standing crop in the valley and upland sites in 3 seeding 
methods in unsprayed (shaded) and sprayed (open) plots. Broadcast 
plots were tilled prior to seeding. S: seeding method effect. G: spray 
treatment (glyphosate) effect. *: P < 0.05; ***: P c 0.001. 

grama cover tended to be higher (P = 0.06) and low sedge (Curex 
stenophylla Wahl.) cover tended to be lower (P = 0.09) in 
sprayed than unsprayed plots. 

Upland Site Vallev 
Blue grama seedling densities were significantly higher in 

tilled-and-broadcast than drilled plots (Fig. 1; Table 1). Densities 
were significantly higher in sprayed than unsprayed plots and sig- 
nificantly lower in August than June. A significant seed X spray 
interaction resulted because seedling densities were higher in 
sprayed plots that were tilled-and-broadcast rather than drilled. 
The seed X time interaction was significant due to higher sur- 
vivorship in tilled-and-broadcast than drilled plots. The spray X 
time interaction and 3-way interaction were not significant. 

Standing crop (Fig. 2) and litter cover (Fig. 3) did not vary with 
seeding method, but cover of bare ground was significantly high- 
er in tilled-and-broadcast than drilled or unseeded plots. Neither 
standing crop, bare ground cover, or litter cover varied with spray 
treatment. 

Sixteen vascular plant species were identified but, as at the val- 
ley site, crested wheatgrass composed most (45%) of the cover of 
control plots. Four additional species had > 1% cover in any 
treatment combination. Crested wheatgrass cover was significant- 
ly lower in tilled-and-broadcast than drilled or unseeded plots 
(Fig. 3) but did not vary with spray treatment. Cover of the next 
most common species, spike moss (Seluginellu densa Rydb.) and 
lichens, were not significantly affected by either treatment. 

Discussion 

Our results demonstrate that blue grama can be established in 
crested wheatgrass fields in southwestern Saskatchewan. 
Previous studies (Bement et al. 1965; Hyder et al. 1971) have 
shown a low establishment ability for blue grama in comparison 
to crested wheatgrass; this may be compensated for by using a 
high seeding rate. 

Prairie restoration manuals recommend seeding with 7 to 11 kg 
PLS ha-’ if drilling and twice as much if broadcasting (Morgan et 
al. 1995; Wark et al. 1995). Successful seedings should have > 40 
plants me2 by the end of the first season (Wark et al. 1995). Even 
though we used very high seeding rates, August densities were 
within this range only if crested wheatgrass was sprayed (Fig. 1). 

Seeding at a very high rate and controlling the growth of crested 
wheatgrass were necessary to produce reasonable establishment. 

The absence of needle-and-thread and junegrass seedlings may 
be due to seed dormancy. Needle-and-thread germinates > 1 year 
after sowing (J. B&ker and J. Christian, unpllblished data). 

The absence of blue grnma seedlings in unseeded plots, even 
when previously established blue grama was present (Fig. 3), 
supports other studies concluding that bhle grama experiences lit- 
tle natural recmitment from seed (Hyder et al. 1971; Lauenroth et 
al. 1994). Precipitation pattarns were suitable for establishment, 
as seedlings established in seeded plots. 

Differences in seeding rate do not account for differences in 
seedling densities between sites. The valley site was sown with 
four-fifths as much seed as the upland site, bnt had only one-fifth 
as many seedlings in June (Fig. 1). By August, seedling densities 
had declined to just over 1% of sown seeds at both sites. The 
lower survivorship rate at the upland site may be due to very low 
rainfall in July and August (16.2 and 71.4 mm at the upland and 
valley sites respectively). 

Upland 

- 
Yfmsedsd tfcadcast ddned unseeded hadcast drilled 

Seeding Method Seeding Method 

Fig. 3..Cover of hare ground, litter, and the 3 most common species 
in the valley and upland sites in 3 seeding methods in unsprayed 
(shaded) and sprayed (open) plots. Broadcast plots were tilled 
prior to seeding. Note differences in scales. S: seeding method 
effect. G: spray treatment (glyphosate) effect. *: P < 0.05; **: P < 
0.01; ***: P < 0.001. 
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The effectiveness of seeding methods varied between sites (Fig. 
l), but survivorship at both sites was greater in tilled-and-broad- 
cast than drilled plots. Variation in survivorship may be due to 
variation in competition for water. Higher crested wheatgrass 
cover in drilled plots suggests that interspecific competition may 
have been more intense in these plots. Competition between 
seedlings may have been greater in drilled plots as well, since 
drilled seed was restricted to rows while broadcast seed was dis- 
persed over the entire plot. 

Spraying reduced crested wheatgrass growth but had a minimal 
impact on other species (Fig. 3). Low sedge, the only other 
species reduced by spraying, is a cool-season species that was 
actively growing at the time of spraying. A single application of 
glyphosate suppressed the growth of crested wheatgrass but did 
not kill it. Gobin (1994) found that glyphosate application 
reduced the growth of existing vegetation for about 8 weeks, cre- 
ating a period of reduced competition in which establishment 
could occur. The effect of spraying and rototilling on crested 
wheatgrass biomass in August varied between sites, possibly due 
to variation in the period of time between spraying and rototilling 
(Grossbard and Atkinson 1984) and later regrowth of crested 
wheatgrass. 

In summary, our study showed that blue grama establishment 
was possible in crested wheatgrass stands if seed was added and 
crested wheatgrass growth was controlled. Seeding methods var- 
ied in effectiveness between sites, but control of crested wheat- 
grass growth was necessary at both sites. Future work should 
examine overwinter survival of blue grama seedlings, methods 
for establishing other species in crested wheatgrass stands, and 
establishment under other environmental conditions such as low 
soil nitrogen (Wilson and Gerry 1995). Precipitation varies spa- 
tially and temporally (Sala et al. 1992), so studies should also be 
replicated spatially or temporally. 
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Abstract 

A four-year study was conducted to investigate effects of con- 
tinuous and short duration grazing in spring on standing crop 
and tiller density of crested wheatgrass [Agropyron desertorum 
(Fisch. ex Link) Schult], along with changes in cover and density 
of Wyoming big sagebrush (Artemisia tridentata Nutt. subsp. 
wyomingensis Beetle and Young) and green rabbitbrush 
[Chrysothamnus viscidiflorus (Hook.) Nutt.]. Eight pastures were 
each stocked with 10 steers (224 kg) beginning in early May. 
Four grazing treatments consisted of continuous grazing at 0.6 
AUM/ha (CONT) or short duration grazing management at 0.6, 
0.9, and 1.2 AUM/ha for LOW, MED, and HIGH treatments, 
respectively. After 4 years, mean tiller density was greatest on 
LOW paddocks (P=O.lO) (707 tillers/m’). Tiller density on HIGH 
paddocks did not differ (P>O.O5) from CONT. Density of large (> 
15cm tall) Wyoming big sagebrush increased (PrO.05) across 
years, but did not vary (P>O.O5) among treatments, at about 9 
plants/100 m2. Sagebrush plants <15-cm tall responded different- 
ly (P=O.O2) in CONT compared to HIGH. Small sagebrush densi- 
ty increased under short duration grazing at doubled stocking 
rate (HIGH) compared to CONT, but LOW and MED did not 
differ from CONT. We concluded that short duration rotation 
grazing at a conventional stocking rate decreased neither tiller- 
ing nor yield of crested wheatgrass. Shrub density and cover 
changes on LOW were similar to CONT. It does appear, howev- 
er, that short duration grazing at the doubled stocking rate has 
the potential to limit crested wheatgrass productivity over time 
because of enhanced sagebrush seedling survival. 

Key Words: short duration grazing, Agropyron desertorum, sage- 
brush, Artemisia tridentata, green rabbitbrush, Chrysothamnus 
viscidiflorus, tiller dynamics, cover, density. 

Crested wheatgrass [Agropyron desertorum (Fisch. ex Link) 
Schult] has been seeded extensively in the northern and western 
U.S. The species is well adapted to grazing and provides excel- 
lent forage for livestock in spring (Cook and Harris 1968). After 
establishment, crested wheatgrass stands are nearly monospecific, 
but reinvasion of Wyoming big sagebrush (Artemisia tridentuta 
Nutt. subsp. wyomingensis Beetle and Young) often occurs and 
periodic control is necessary (Evans et al. 1986). 

Although sagebrush can re-establish in crested wheatgrass 
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seedings, establishment may be limited unless individual plants 
or residual seeds survive the seeding treatment (Marlette and 
Anderson 1986). Rate of establishment can also be influenced by 
grazing intensity, season of use, grazing system and kind of live- 
stock used (Laycock 1967, Robertson et al. 1970, Laycock and 
Conrad 1981). Short duration grazing was popularized in the 
early 1980’s and has the potential to improve utilization of range- 
lands because of enhanced livestock distribution and better con- 
trol over timing and intensity of defoliation (Kothmann 1980, 
Savory and Parsons 1980). As part of short duration grazing man- 
agement, pastures are usually subdivided and stocking density 
greatly increased, which alters plant-animal interactions. Issues 
regarding animal performance have received wide attention 
(Heitschmidt and Taylor 1991), however, few pasture-scale short 
duration grazing studies have investigated shrub and/or grass 
dynamics on crested wheatgrass pastures (Sanders et al. 1986; 
Olson and Richards 1988a, 1988b; Owens and Norton 1990). 

In the present study, we compared short duration grazing man- 
agement to continuous grazing over a 4-year period. Objectives 
of this research were to determine the effect of continuous and 
short duration grazing during spring on tiller dynamics of crested 
wheatgrass and to measure relative changes in shrub density and 
cover. 

Materials and Methods 

The study was conducted at the Northern Great Basin 
Experimental Range (119” 43’W, 43” 29’N; 1,370 m elev.) 
approximately 72-km west-southwest of Burns, Ore. Mean annu- 
al precipitation is 28.3 cm with peak accumulation in November, 
December, January, and May (Table l).Herbaceous yields are 
highly correlated with September to August precipitation (Sneva 
1977). Mean annual temperature is about 7.6”C. The 52-ha study 
site originally supported a Wyoming big sagebrush-Idaho fescue 
(Festuca idahoensis Elmer) community, but was disked and seed- 
ed to crested wheatgrass in 1967. Soils are predominantly Holtle 
Series coarse-loamy, mixed, frigid Aridic Duric Haploxerolls 
(Lentz and Simonson 1986). The area had been grazed moderate- 
ly (0.6-0.8 AUM/ha) by cattle in May and June until initiation of 
this study. 

The study was established in 1984 (year 1) and continued 
through 1987 (year 4). During the 4-year study, grazing began in 
May during the boot stage of phenology. Each year, 80 yearling 
steers (224 kg) were randomly allocated by weight to 8 treatment 
groups. One steer was considered to provide 0.6 animal units of 
forage demand. Four grazing treatments in 2 blocks were used, 
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consisting of continuous (CONT) grazing for 45 days at 0.6 
AUM/ha, or short duration grazing at 0.6, 0.9, or 1.2 AUM/ha 
(LOW, MED, and HIGH, respectively), using two 3-day graze 
periods separated by a 27-day rest. The CONT treatment pastures 
were 15 ha in size. Short duration pastures were 2, 1.3, and 1 ha 
in size for LOW, MED, and HIGH, respectively, to achieve the 
desired stocking rates. Short duration grazed treatment pastures 
represented 1 pasture of a lo-pasture rotation. One exception to 
these grazing treatments occurred in 1986 when animals 
remained in short duration pastures for 5 days. Pastures were 
grazed only once that year. Animal performance was not record- 
ed during the study because resource constraints precluded build- 
ing 6 complete lo-paddock short duration grazed units. Steers 
were on short duration grazed paddocks for only 6 days each 
year, and therefore any weight changes noted could not have been 
attributed to treatments. 

Prior to grazing in year 1, permanent plots were randomly 
located in each of the 8 pastures to monitor crested wheatgrass 
tiller density. Five belts (4 cm X 300 cm), spaced 5 m apart, were 
established in each pasture by driving stakes to within 2 cm of the 
soil surface at 4 randomly located positions (20 belts/pasture). 
During the late vegetative stage each spring, wire was stretched 
around the stakes to establish the belt. All live tillers occurring 
within each belt were counted. Wires were removed each year 
after sampling. 

Sagebrush and green rabbitbrush [Clrtysothamnus viscirl~orus 
(Hook.) Nutt.] foliar cover and plant density were monitored each 
year during late June or early July. In year 1, a permanent 30-m 
line transect was established near each of the 4 tiller counting 
locations in each pasture. Foliar cover was estimated by line 
intercept, and plant density was estimated by counting all live 
plants within a permanent 2 X 30-m belt centered over each line 
transect. 

Crested wheatgrass standing crop was estimated each spring by 
clipping 10 randomly placed 1-m’ quadrats in each pasture just 
prior to grazing. Forage was clipped to ground level, dried at 
60°C for 48 hours, and weighed. 

Statistical analysis was conducted using the general linear mod- 
els procedure of SAS (1985). Data were analyzed as a split-plot 
in time (Steel and Torrie 1980), with 3 replications. Differences 
between treatments are difficult to detect with only 2 replications, 
however, livestock and land resource limitations did not permit a 
larger design. The 8 paddocks were considered experimental 
units, with grazing treatments assigned to main plots and years to 
split plots (Petersen 1985). Grazing by replication interaction was 
the main plot error. Error for year and grazing by year interaction 
was the 3-way interaction term. Where significance of main 
effects was detected, means were separated using LSD (Peterson 

1985). When year by grazing interaction was significant, the data 
were analyzed within year. Unless otherwise stated, statistical 
significance was assessed at P<O.O5. Sums of squares for years 
were partitioned into linear and quadratic effects using orthogo- 
nal polynomials (Steel and Torrie 1980). 

Results and Discussion 

Growing Conditions 
Precipitation was highly variable between years (Table 1). Crop 

year (September-August) precipitation was 47% above average 
the first year of the study, while in the second year (1984-1985) 
it was 25% below average. Total precipitation was near average 
during the 1986 and 1987 crop years. Annual variation of late 
winter and early spring precipitation probably had a major influ- 
ence on plant growth and development. Monthly totals were con- 
sistently below historical mean values for the 1984-85 crop year, 
which resulted in a shorter growing season than the previous and 
following years. August, September, and October precipitation 
and temperature varied each year of the study. Recent research at 
this location (Miller and Rose 1992) and by Mueller and Richards 
(1986) in Utah indicates the observed variability in fall precipita- 
tion was probably a major factor determining crested wheatgrass 
tiller density the following growing season. This may account for 
much of the year-to-year variation in recruitment. 

Standing Crop 
Standing crop was highest (PcO.01) in year 2 (660 kg/ha) (Fig. 

l), following the wet fall and winter of 1984. Dry conditions in 
summer and fall of year 2 limited regrowth after grazing and 
mean standing crop at the start of grazing in year 3 was signifi- 
cantly (PcO.01) lower, at 372 kg/ha. No treatment by year inter- 
action was observed (P=O.26). Standing crop of HIGH intensity 
grazing was significantly (P=O.O4) less than all other treatments, 
partially because of year 3 when standing crop on HIGH reached 
only 57% of CONT, at 269 kg/ha. During the study, forage stand- 
ing crop at the start of grazing never dropped below the 225 
kg/ha yield recommended by Sharp (1970). The lower standing 
crop recorded for HIGH reflects the more intense level of utiliza- 
tion by the doubled stocking rate. 

Tiller Density 
Olson and Richards (1988b) found that heavy grazing during 

internode elongation reduced survival and recruitment of crested 
wheatgrass ramets. We noted a similar stocking rate response, 
wherein crested wheatgrass tiller density was greater (P=O.lO) in 

Table 1. Monthly precipitation (mm) received during the 4-year grazing study, and the 41-year means for the Northern Great Basin Experimental 
Range, Harney County, Ore. 

crop 
year 

1983-84 
1984-85 
1985-86 
1986-87 
41.Yr Mean 

Sept. Oct. Nov. 

15.2 28.2 46.5 
3.3 46.1 36.3 

39.1 12.7 11.4 
42.7 8.6 20.1 
13.8 20.7 30.1 

Dec. Jan. Feb. Mar. Apr. May June July Aw Total 

~---~~~~-~~~~~-..~~-(mm)---~-~--~~-~~.-~~-~~-~~~~---~-~~-~~~~--.~-~~~~~~~ 

88.6 4.6 11.2 68.6 28.4 Il.5 38.6 15.5 55.4 418.3 
15.2 22.9 12.7 14.0 12.7 27.9 4.3 7.1 8.1 211.3 
33.3 26.9 82.3 31.0 9.9 36.8 8.6 3.6 1.5 297.2 
8.6 20.6 26.2 25.7 29.0 35.3 27.9 42.9 8.1 295.7 

32.7 31.5 21.8 27.3 21.0 31.9 24.0 10.9 17.0 282.7 
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Fig. 1. Standiig crop of ensted wbeatgrass pasture grazed continuously (CONT) for 45 &yn (0.6 AUMb), or with short duration graztng in 
hvo 3day graze periods at 0.6 (LOW), 0.9 (MBD), or 1.3 AUM&n (EIGH). Meprurements were taken in May each year during the boot 
stage of phenology. Verticnt bars repmot 1 standard ermr of the mean. 

LOW than in the HIGH heatment i.Table 2). Crested wheatgrass 
tiller density in HIGH pasntres did not differ from CONT. These 
findings parallel those of Wilhns et al. (1990) in Canada wherein 
crested wheatgrass tiller density after grazing was similar to pro- 
tected areas. Highest (P&l) tiller density was recorded in the 
LOW treatment. Based on our data there is no clear indication 
that tiller density was decreased by short duration grazing at 1.2 
AUM/ha. However, there is indication that short duration grazing 
management at a conventional (0.6 AUMlha) stocking rate 
increased tiller density of crested wheatgrass. Grazing crested 
wheatgrass twice in spring has been observed to pronmte tiller 
recruitment (Olson and Richards 198Rb) and it is possible this 
was a factor in the higher tiller density observed on the LOW 
treahnent. 

ous fall. Therefore, the tillers reflected an integrated response to 
both abiotic influences and grazing stress. Significant (PcO.OLX) 
variation in tiller density occurred between years, and densities 
ranged from a low of 475 tillers/m* (year 4) to a high of 847 
tillers/n? (year 2). No treatment by year interaction was noted 
(PS.6). which indicated that all treatments responded similarly 
to envimnmental conditions each year, even at doubled stocking 
rate using short duration grazing management. 

Shrub Response 
Sagebrush density was low in all treatments (Table 3). No dif- 

ference (P=O.6) among treatments was observed for plants over 

Crested wheatgrass tiller recruitment occurs mainly in fall 
(Mueller and Richards 1986) when environmental conditions 
moderate and soil water availability increases. Miller and Rose 
(1992) found that ungrazed crested wheatgrass tiller density 
increased behveen fall and the following spring. Overwinter ma- 
tality in their study was less than 10%. We did not measure fall 
tiller recruitment in the present study, however, we assumed that 
most tillers counted in the spring had initiated growth the previ- 

Table 3. Wyoming big sqebrusb density @knk/160 rn3 of ha-gel md 
small pknk growing in crested wheatyaPs pastures. Peattares were 
gram4 either ccdhtuousty or with short dunttta grazing at 3 StorLiag 
rates. The study was conducted st the Nortbrrn Great Basin 
Experimentat Range, 73 km west of Burns, OR 

Year CON’P LOW 

Large pkmts . ..__________ (“hrdlm 
,984 5 4 

. ..-.. ..-.. 
r ._.._... &) _~~~~~~~~~~~~ 

6 7 7’ 

T&k 2 Crested wbeatgmss tiller density (tttkm/m~ in pastures recetv- 
ing either rrmdemk mntinows or short duration graztq at 3 &&tng 
rates. The study was conducted at the Northern Great Basin 
Exprlmenkt Range, 72 km west of Bww, on?. 
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1%cm tall and no treatment by year interaction was observed 
(P=O.47). Increased (P<O.OOl) density of larger plants was 
observed over years, with a significant increase occurring 
between year 2 and year 3, perhaps in response to above average 
precipitation in winter and spring of 1985-86. A significant linear 
trend for increasing density (P<O.Ol) was found for large plants. 

Treatment by year interaction was significant (P=O.O2) for 
small (~15cm tall) sagebrush plants. At the beginning of the 
study, small sagebrush density did not differ (P>O.O5) between 
CONT and HIGH treatments. However, in years 3 and 4 density 
of small plants in HIGH exceeded both CONT and LOW treat- 
ments. Apparently, increased defoliation of crested wheatgrass at 
the doubled stocking rate enhanced survival of juvenile sage- 
brush. Miller et al. (1990) found that soil water content during 
mid June was greatest when crested wheatgrass plants were 
clipped during the boot stage. That is analogous to the present 
study wherein grazing began during the boot stage. Increased 
removal of live tissue at the doubled stocking rate may have 
decreased soil water depletion by crested wheatgrass, thereby 
enhancing water availability to juvenile sagebrush. 

Small green rabbitbrush plants (< 15.-cm tall) responded with a 

Table 5. Foliar cover (%) for Wyoming big sagebrush and green rahbit- 
brush growing in crested wheatgrass pastures. Pastures were grazed 
either continuously or with short duration grazing at 3 stocking rates. 

Year 
Grazina Treatment 

CONT’ LOW MED HIGH Mean 

Big sagebrush --------~~-~~~--(~)~~~~~~~~~~~~~~~ 
1984 0.8 0.4 1.9 1.9 l.Ob 
1985 0.8 0.4 1.4 1.4 0.9b 
1986 1.2 0.7 2.5 2.5 1 .43 
1987 1.0 0.9 2.6 2.6 1.Y 
Mean 1 .oa 0.6” l.la 2.1a 

Green rabbitbrush 
1984 1.2 0.5 0.8 1.2 0.9y 
1985 0.6 0.3 0.4 1.0 0.6’ 
1986 1.5 0.6 1.3 2.1 1 .4x 
1987 0.8 0.4 0.7 1.5 0.8y’ 
Mean 1 .ox o.4x 0.8’ 1.4” 
‘CONT, LOW, MED, HIGH are continuous grazing (45 days) at 0.6 AUMIha, or short 
duration grazing in two 3-day periods at 0.6,0.9 or 1.2 AUM/ha, respectively. 
“’ Means in the same column OT row followed by different letters are significantly dif- 
ferent (P<O.O5). 

significant (P<O.OOl) density increase between years 2 and 3 
(Table 4) while large plants did not differ between years (P>O.5). ephemeral increase in leaf area, and later reduced leaf area in 

Plant density between treatments was not different for either large 
year 4 when soils were drier 

(P>O.5) or small (P>O.6) size classes. 

Conclusion 
Table 4. Green rabbitbrush density (plants/100 m*) of large1 and small 

plants growing in crested wheatgrass pastures. Pastures were grazed 
either continuously or with short duration grazing at 3 stocking rates. 
The study was conducted at the Northern Great Basin Experimental 
Range, 72 km west of Burns, Ore. 

Year CONT’ LOW MED HIGH Mean 

Large plants ----- ___________ plants/100m2 ________________.. 
1984 9 4 6 7 IX 
1985 8 4 5 5 5” 
1986 10 7 8 11 9x 
1987 9 8 9 12 9” 
Mean 9x 7x 6” 9” 

Small plants 
1984 I 2 2 3 3y 
1985 I1 6 5 8 8y 
1986 14 9 12 25 15x 
1987 18 10 14 19 15” 
Mean 13x 7x 8’ 13x 

‘Large and small plants were >15, and 515.cm tall, respectively. 
2CONT, LOW, MED. HIGH are continuous grazing (45 days) at 0.6 AUM/ha. or short 
duration grazing in two 3-day periods at 0.6,0.9 or 1.2 AUM/ha, respectively. 
X’YRo~ and column means for year or grazing treatment followed by different letters are 
significantly different (P<O.O5). No treatment by year interaction occurred (P>O.2). 

Foliar cover of both sagebrush and rabbitbrush followed 
observed changes in plant density (Table 5). Sagebrush cover 
increased significantly (PcO.01) between 1985 and 1986. 
Increases in cover between year 2 and 3 are probably attributable 
to above average precipitation between February and May, 1986 
which provided excellent growing conditions that spring. Green 
rabbitbrush cover also increased significantly (P<O.Ol) in year 3 
(1986), but later decreased significantly in year 4. Reasons for the 
decrease are not clear, however, it may be that rabbitbrush 
responded to increased spring precipitation in year 3 with an 

This 4-year study provides new information on the dynamics of 
grass and shrub response to grazing. Crested wheatgrass tiller 
density was greatest in short duration grazed pastures using a 
stocking rate similar to moderate continuous grazing. As stocking 
rate increased to twice that of moderate continuous grazing, aver- 
age tiller density was less than for short duration grazing at a con- 
ventional stocking rate but did not differ from continuously 
grazed units. The greatest variation in tiller density was related to 
abiotic fluctuation each year which variously limited or enhanced 
tiller development. Sagebrush increased significantly over the 4 
year study, however no differences attributable to grazing were 
found for density and cover of large plants. Small sagebrush 
responded differently to treatments over time. Density of small 
plants increased in short duration grazed pastures only at doubled 
stocking rates. Neither continuous grazing nor short duration 
grazing at the moderate stocking rate resulted in a significant 
density change. The reason that small sagebrush density 
increased with short duration grazing at doubled stocking rate 
may be attributed to reduced competition for soil water by crested 
wheatgrass. 

These increases in density of small plants could have signifi- 
cant long-term impacts on pasture productivity because as small- 
er plants establish, sagebrush competition for water and mineral 
nutrients will intensify, lowering herbaceous production. In con- 
trast to sagebrush, large and small green rabbitbrush did not differ 
between treatments, but did show an increase in density over 
time. 

Implications for management are that short duration grazing of 
crested wheatgrass at moderate stocking rates should not result in 
stand deterioration, in terms of crested wheatgrass yield or tiller 
density. Nor should it result in increased rates of shrub encroach- 
ment into the seeding. However caution must be used if stocking 
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rate increases are planned in conjunction with short duration 
grazing programs on crested wheatgrass. Presently, crested 
wheatgrass pasture is generally stocked at a rate sufficient to 
achieve uniform use and avoid development of decadent, 
ungrazed plants. In the present study, doubling the stocking rate 
under short duration grazing accelerated increases in sagebrush 
density, when compared to moderate continuous grazing. A 
decrease in crested wheatgrass tiller density was also noted as 
sagebrush density increased. By contrast, short duration grazing 
at a conventional stocking rate gave no indication of loss of pro- 
ductivity in terms of increased brush density or diminished crest- 
ed wheatgrass tiller density. Increasing stocking by 50-100% 
with short duration grazing cannot be recommended for crested 
wheatgrass pasture unless the pasture is clearly understocked ini- 
tially. 
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Abstract 

Tolerance to freezing temperatures may be an important fac- 
tor in the regeneration ecology of winterfat (Ceratoides hata 
(Pursh) J.T. Howell). Therefore, growth and freezing tolerance of 
winterfat seedlings were determined after being grown under dif- 
ferent controlled temperatures for 7, 14,21, or 28 days. Growth 
of seedlings was greater under day temperatures of 15 and 20°C 
relative to 5 and 10°C. Freezing tolerance of seedlings was depen- 
dent on seedling age and growth conditions. Younger seedlings 
were more freezing tolerant than older ones grown under the 
same environmental conditions. Seedlings grown under lower 
temperatures were more freezing tolerant than those grown 
under higher temperatures. The lowest observed lethal tempera- 
ture for 50% mortality (LT,,) was -ll.V’C for 7-day old 
seedlings grown under lO/OOC alternating temperatures, and the 
highest LT50 was about -S’C for seedlings 28 days of age when 
grown under 29/1”C. Based on seedbed temperatures in the field, 
the results suggest that freezing temperatures may indeed limit 
the establishment of winterfat seedlings on Northern Mixed 
Prairie. Seedbeds with litter accumulations or standing dead 
plant material may ameliorate low temperature extremes and 
reduce mortality of winterfat seedlings. 

Key Words: Ceratoides Zanata (Pursh) J.T. Howell, Euroti~ hata 
(Pursh) Moq., cold-hardiness, ecological restoration, Northern 
Miied Prairie, seedbed ecology, seedling ecology. 

The contribution of shrubs to diversity on the Canadian Prairies 
has generally been overlooked. Romo et al. (1995) concluded that 
early range researchers underestimated the importance of winter- 
fat (Cerutoides lanata (Pursh) J.T. Howell), and that its status 
should be reevaluated. Winterfat is well known for its superior 
forage quality (Clarke and Tisdale 1945, Smoliak and Bezeau 
1967). There is considerable interest in using the shrub for 
restoration and improvement of rangelands on the Canadian 
Prairies. Researchers have recognized that seedling mortality is a 
major obstacle to the establishment of this shrub, and it is sus- 
pected that freezing temperatures may play an important role in 
limiting its establishment (Hodgkinson 1975, Booth 1987). 
Despite observations of germination under snow (Hilton 1941, 
Woodmansee and Potter 1971), freezing tolerance of winterfat 
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during early development is poorly described. Fry (1969) 
observed that acclimated younger seedlings survived freezing 
temperatures better than older, unacclimated ones. Booth (1987) 
demonstrated an equilibrium freezing process in germinants 
where the radicle, but not the cotyledons, had emerged from the 
bracts. Bai et al. (1996) recently found that germination was not 
affected after exposure of hydrated winterfat seeds to tempera- 
tures as low as -30°C. 

The purpose of this study was to: 1) compare the effects of 
temperature on seedling growth of winterfat, and 2) characterize 
freezing tolerance in winterfat seedlings grown under different 
environmental conditions for various periods of time. This infor- 
mation will be useful for estimating the influence of freezing 
temperatures on establishment of winterfat in the field. 

Materials and Methods 

Study Area 
Winterfat diaspores were collected in late September 1994, at 

the Matador Research Station (50”42’N, 107”43’W. elev. 685 m) 
of the University of Saskatchewan, about 70 km north of Swift 
Current, Saskatchewan. The diaspores were stored in paper bags 
at room temperature until used. The diaspore bracts were 
removed by hand and seeds were used for growing seedlings 
throughout the experiments. 

Vegetation at the Matador Research Station is classified as the 
Agropyron-Koeleria Faciation of Mixed Prairie (Coupland 1950), 
but winterfat is a common and distinctive shrub (Romo et al. 
1995). Mean daily temperatures at Swift Current average 3.7”C in 
April and 10.3”C in May; maximum temperatures can exceed 27 
and 32°C in April and May, respectively (Environment Canada 
1982). Minimum temperatures can be as low as -27” and -12°C 
for the same periods. Temperatures of -36 and -3°C have been 
recorded in March and June, respectively. Annual precipitation 
averages 327 mm with approximately two-thirds being received 
as summer rain. Soils in the area are Rego Brown and Calcareous 
Brown Series in the Sceptre Association of the Chernozemic 
Brown Subgroup (Aridic Borolls)(Coupland et al. 1974). 

Data loggers with temperature sensors were placed in the field 
at the Matador Research Station in 1991, 1992, 1994, and 1995 to 
continuously monitor air and seedbed temperatures during April 
and May. These months were chosen because winterfat seedlings 
emerge in early April when there is a high risk of freezing tem- 
peratures occurring. Seedlings emerge either from bare soil or 
from beneath litter, therefore, the temperature sensors were 
placed beside naturally dispersed diaspores on the soil surface 
and on the soil surface beneath litter. Air temperatures were 
recorded 1 m above ground level. 
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Temperature Effects on Seedling Growth 
Seeds were incubated at 18°C in darkness in plastic boxes that 

were lined with 2 layers of wet, No. 1 Whatman filter paper. 
After 5 days seedlings that were approximately 3-cm long were 
selected and 3 each were transplanted into 125 X 100 mm pots 
filled with wet “Redi-earth” media. The moisture content of the 
soil was maintained at a ratio of 1S:l water to soil by weight 
with daily watering. The pots were placed in controlled environ- 
ment chambers at all 8 combinations of 0 or 5°C night tempera- 
ture and 5, 10, 15, or 20°C day temperatures. Light (220 pmol m-* 
se’) was supplied for 14 hours during the warm cycle. Relative 
humidity was set at 50/70% for day/night cycles. Fourteen days 
after planting, the 2 smallest seedlings in each pot were removed. 
After 28 days of growth, seedling height and leaf area (Li-3OOOA, 
Li-Cor, Inc. Lincoln, Neb.) were measured. Roots were carefully 
washed from the “Redi-earth” by hand, and shoots and roots were 
weighed after drying at 70°C for 5 days. The experiment was a 
completely randomized block design with 28 replicates per treat- 
ment and it was repeated. 

grown at 17/-2°C day/night for the first 7 days. Temperatures 
were then increased to 2 If-l, 25/O, and 29/l “C in the second, 
third, and fourth weeks, respectively. Temperatures were ramped 
so seedlings experienced 2 hours of the minimum temperature 
before dawn, and 6 to 8 hours of the maximum during day. Tbe 
light cycle was 14 hours for the first 7 days and then was 
increased by 0.5 hours for each of the following 7-day periods. 
Seven, 14, 21, and 28-day old seedlings were subjected to freez- 
ing tests as described above. 

Data Analysis 
Growth parameters were analyzed with analysis of variance, 

and LSD (PsO.05) was used to separate means. Probit analysis 
(Finney 1971, SAS Institute Inc. 1990) was applied to the results 
of the freezing tests. Model fit was determined by Pearson Chi- 
square and L.R. Chi-square goodness-of-fit tests (P>O.lO) (SAS 
Institute Inc. 1990). The lethal temperature for 50% and 95% 
mortality (LT,, and LT,,) along with their 95% fiducial limits 
were determined from the model estimates. Values without over- 
lapping fiducial limits were considered significantly different. 

Freezing Tests 
Seeds were soaked for 4 hours in a 600 mM ethanol solution at 

room temperature, thoroughly washed in distilled water and then 
soaked in distilled water overnight on a horizontal shaker at a 
speed of 50 strokes minute-‘. The ethanol treatment provided syn- 
chronous germination needed to ensure seedlings were of uni- 
form age (Hou and Romo, unpub. data). Seeds with radicles pro- 
truding through the testa, but <I mm were selected and 3 were 
transferred to each cell of 2 X 2.2 X 10 cm root trainers 
(Spencer-Lemaire Industries Ltd, Edmonton, Alberta) filled with 
loose, moist “Redi-earth” media. The seeds were covered with a 
thin layer of “Redi-earth”, and the surface was sprayed with 
water daily until seedlings emerged. Drilling a small hole several 
cm into the soil and directing the radicle into the hole helped root 
development and seedling establishment. The seedlings were 
grown in growth chambers at 10/O or 15/5”C for 7, 14, 21, or 28 
days. Light and humidity were set as previously described. Plants 
were watered every 3 days by soaking the root trainers for 30 sec- 
onds in trays filled with water to a 5-cm depth. Before freezing 
tests, seedlings were lightly pulled with a pair of forceps, and 
poorly rooted seedlings were removed. The root trainers were 
then placed in an environmental chamber at 4°C for 4 hours to 
prevent temperature shock. These seedlings were then transferred 
to a programmable freezing system described by Gusta et al. 
(1978), and held at -3°C for 18 hours to allow the freezing 
process to reach equilibrium. The temperature was then decreased 
at 2°C hour-’ to -21°C over 9 hours. 

Results 

Temperatures in the Field 
Monitoring of air temperatures in the field during April and 

May revealed that minimum daily temperatures could be poten- 
tially damaging to plants (Fig. 1). Temperatures fell below -10°C 
in all periods of sampling except May 1995 when the minimum 
temperature was -9°C. Minimum temperatures on the soil surface 
were nearly the same as air temperatures; however, temperatures 
under litter were about 2°C warmer than those of the air and soil 
(data not shown). 

Seedling Growth and Freezing Tolerance 
Growth was accelerated when day temperatures were above 

10°C (Fig. 2). The growth of seedlings was generally enhanced 

Seedlings were removed at -3, -5, -7, -9, -11, -13, -15, -17, 
-19, and -21°C and transferred to 4°C for 24 hours before being 
returned to the controlled environment chambers. The control 
seedlings were kept at 4°C in darkness for the period of freezing 
tests. Seedling height and weight were determined from 10 ran- 
domly selected seedlings for each age group at the time of freez- 
ing. Seedling mortality was determined after 14 days of growth at 
15/5”C. There were 2 replicates, each of which had 12 cells with 
17 to 25 seedlings, for each test temperature. Replicates were ran- 
domly assigned to test temperatures, and experiments were 
repeated. 

For the experiment in which seedlings were grown under envi- Fig. 1. Minimum daily air temperatures recorded in April and May 
ronmental conditions that simulated spring temperatures in south- at the Matador Research Station in April and May 1991, 1992, 
ern Saskatchewan (Environment Canada 1982), seedlings were 1994, and 1995. 
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Day temperature (“C) Age of seedlings (Days) 

Fig. 2. Growth of winterfat seedlings after 28 days under 8 different 
temperature regimes. Each point is the mean of 56 replicates. 

by increasing night temperatures when day temperatures were 1.5 
or 2O”C, but the effects of night temperatures were not significant 
in most cases when day temperatures were 5 or 10°C. 

Fewer seedlings died that had been grown under 1010°C as 
compared to those grown at lY5”C after subsequent exposure to 
freezing temperatures (Fig. 3). The LT50 and LTg5 for seedlings 
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Freezing temperature (‘C) 

Fig. 3. Percent mortality of winterfat seedlings that were 7,14,21 or 
28 days of age after exposure to freezing temperatures when 
grown under 10/O or lS/YC day/night. Each bar is the maximum, 
minimum and mean mortality observed for 4 replicates. 

-a 

-Kl .._.... 
! 
. . . . . . . . . . -._ .-.-. _____...... .- 

- 

g-” 

2 
- 1wsYz 

2 -es< 
,o/oDc 

Fig. 4. Lethal temperatures (‘C), LTjo (50% mortality) and LTg5 
(95% mortality) for winterfat seedlings that were 7, 14, 21, or 28 
days of age and grown under lO/O”C or lS/S’C day/night. Bars 
represent the 95% fiducial limits. 

initially grown at lO/O”C were significantly lower than those 
grown at 1515°C (Fig. 4). When grown under same conditions, 
the LTso and LT,, tended to increase with seedling age. The situ- 
ation was similar for 14, 21, and 2%day old seedlings grown 
under 15/5”C compared to those that were 7-days of age. The 
increased LT=Jo and LT,, apparently coincided with the increased 
growth of the seedlings (Table 1). 

When seedlings were grown under temperatures simulating 
those of spring, increasing temperatures promoted seedling 
growth (Table 2), and freezing tolerance of seedlings decreased 
(Fig. 5). For example, the LT,, was -6°C for the 14-day old 
seedlings that received 21/-1°C treatment during the last 7 days 
(Fig. 6), which contrasted with -9°C for the 7-day old seedlings 
exposed to 17/-2°C. A freeze test-temperature of -9°C eliminated 
the seedlings which were growing rapidly at these warm day tem- 
peratures (Fig. 6). 

Table 1. Height and dry weights of shoots of winterfat seedlings before 
being subjected to freezing temperatures. Seedlings were grown at 
10/O or 15/S C in 14/10 hours day/night regime. Fach value is the 
mean+SE of 20 seedlings. 

Temperature 
regime 
(day/night) 

(lO/O~C) 
Height (mm) 
Weight (mg) 

(15/5OC) 
Height (mm) 
Weight (m.g) 

_ _ _ _ - _ _ _ _ Seedling age (days) _ _ _ _ _ _ _ _ _ . 

7 14 21 28 

6.8kO.3 15.0+0.6 18.3kO.O 23.2kl.O 
l.l+O.l 1.6+0.1 1.9~0.1 3.4t0.2 

11.3+0.8 24.3+0.1 31.4kO.5 43.6kl.l 
1.4kO.l 2.5-cO.l 4.2kO.l 1.4+0.5 
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Fig. 5. Percent mortality in winterfat seedlings that were 7,14,21, or 
28 days of age and grown under environmental conditions that 
simulated spring weather in the Canadian Prairies and exposed to 
freezing temperatures. See text for the temperature and light 
regime descriptions. Each bar is the maximum, minimum and 
mean mortality observed in 4 replicates. 

Since the mortality of the controls within age groups was not 
significantly different between freezing tests, the data were 
pooled according to age groups. The mean mortality (*SE) was 
6.6+1.1,7.5+1.2,7.1+1.2, and 2.5+1.0% for 7, 14,21, and 28-day 
old seedlings, respectively. 

Table 2. Height and dry weights of shoots of winterfat seedlings before 
being subjected to freezing temperatures. Seedlings were grown under 
environmental conditions that simulated spring weather in the 
Canadian Prairies. See text for the temperature and light regime 
descriptions. Each value is the mean+SE of 20 seedlings. 

_ _ _ _ _ _ _ . _  _ Seedling age (days) _ _ _ _ _ _ _ _ _ _ 

I 14 21 28 

Height (mm) 8.6iO.S 22.5~~0.9 4o.oi1.7 60.5i2.0 
Weight (mg) 1.2*0.1 2.7kO.l 5.7*0.3 14.4ti.8 

Discussion and Conclusions 

Many temperate plants are capable of developing freezing tol- 
erance following a period of low temperature exposure (generally 
temperatures colder than 10°C) (Levitt 1980, Guy 1990). This 
acclimation process is under genetic control and is induced pri- 
marily by low temperatures and in some cases by a short pho- 
toperiod. Returning the plants to nonacclimating conditions gen- 
erally results in a loss of freezing tolerance. The results of the 
present freezing tests indicate that winterfat is not an exception to 

3 -15. /’ 
4s - 
3 ---- LT50 LT95 

-201 I I 4 
7 14 2-l 28 

Age of seedlings (Days) 

Fig. 6. Lethal temperatures (“C), LTsO (50% mortality) and LTgg 
(95% mortality), for winterfat seedlings that were 7, 14,21, or 28 
days of age and grown under environmental conditions that simu- 
lated spring weather in the Canadian Prairies. See text for the 
temperature and light regime descriptions. Bars represent the 
95% fiducial limits. 

this general concept. Increased freezing tolerance can be 
acquired by seedlings grown under low temperatures. Freezing 
tolerance, on the other hand, can be reduced by environmental 
conditions which promote growth, i.e. warm temperatures. A 
reduction in freezing tolerance can occur within 1 week, the 
shortest period examined in this study. 

The present study demonstrated that smaller plants, either 
younger seedlings or grown under lower temperatures, were more 
tolerant to lower freezing,temperatnres than their larger counter- 
parts. This response is in good agreement with Fry’s (1969) 
observation that younger winterfat seedlings survived lower tem- 
peratures than older ones. The relationship between plant size and 
freezing tolerance varies with species although cold acclimation 
has been associated with slower plant growth (Levitt 1980, Guy 
1990). Ashworth et al. (1985) reported that ice nucleation in 
smaller plant samples occurred at lower temperatures than in 
larger ones possibly because of a reduced probability of a nucle- 
ation event. Olien (1964) described freezing patterns in different 
tissue types in the crown of barley (Hordeum vulgare L.). 
Equilibrium freezing processes typically occur in regions where 
the tissues are uniform and the protoplasts are young and active. 
The formation of ice between cells causes dehydration as liquid 
water moves out of the cells to extracellular ice crystals. 
Mechanical damage to tissues may be minimized as the cells con- 
tract in the process. Non-equilibrium freezing processes typically 
occur in regions containing differentiated tissues with transitional 
boundaries. Large ice crystals may form in places such as the 
vascular elements due to the high moisture content and in turn 
mechanically injure the tissues. Booth (1989) demonstrated an 
equilibrium freezing pattern in winterfat germinants and elicited 
the relationship between the observed freezing tolerance and tis- 
sue differentiation. In a recent study on the tolerance of desicca- 
tion in winterfat seedlings, air-dried germinants with a radicle 
protruding several mm were revived upon rehydration (Hou and 
Romo unpub. data). Therefore, the above factors such as reduced 
probability of ice nucleation, less mechanical injury, and high 
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dehydration tolerance might contribute to increased freezing tol- 
erance in small winterfat seedlings. 

The LTsO determined in the present study ranged from -11.8 to 
about -5”C, depending on the age and temperature under which 
seedlings were grown. Winterfat consistently germinates in late 
March or early April in southern Saskatchewan (Romo unpub. 
data). This observation combined with the fact that temperatures 
to -19°C were recorded in April and May suggests that many 
winterfat seedlings may be killed by freezing temperatures in 
early spring. Temperatures recorded in the field under litter were 
about 2°C warmer than on bare soil or in the air in early spring. 
Therefore maintaining seedbed characteristics such as litter accu- 
mulations or standing dead plant material to provide protection 
and ameliorate these temperature extremes may be important for 
successful establishment of winterfat seedlings. It is also possible 
that a warm spring may be needed for establishment of winterfat. 

The above argument also applies to the culture of this shrub. A 
period of low temperature (5°C) imbibition of seed enhanced 
post-germination growth of winterfat; therefore, Booth (1992) 
recommended late fall or winter seeding to take advantage of the 
cool and high moisture conditions in early spring. In 
Saskatchewan seedling emergence of winterfat is superior in fall 
versus spring seeding (Zabek and Romo unpub. data). 
Observations of others (Hilton 1941, Fry 1969, Woodmansee et 
a1.1971) and the present study indicate that there is a good chance 
of winterfat seedlings surviving freezing temperatures in early 
spring if they are small. Seeding in late fall or winter, therefore, 
should normally be a good practice for the culture of the shrub so 
that the maximum growth can be achieved in the following grow- 
ing season. The real danger to survival is from freezing events 
that occur after short periods of warm weather that encourage fast 
growth of seedlings. In regions where late spring frost is a fre- 
quent event, alternative practices, such as spring seeding and 
plant transplantation after the period with a high risk of frost has 
passed, may have to be considered. A negative aspect of spring 
seeding is that the period for growth of seedlings will be short- 
ened and they may not develop adequately to survive the follow- 
ing winter. 

This study established the freezing tolerance of winterfat 
seedlings in the period immediately following emergence. 
Assuming that winterfat seedlings survive their first growing sea- 
son, surviving in freezing temperatures during the first autumn 
through spring may be the next critical phase in their establish- 
ment. 
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Abstract 

Seed dormancy can hinder stand establishment and delay 
progress of genetic and plant improvement studies. Our objective 
was to evaluate the effect of 2 chemical seed treatments on germi- 
nation and on emergence and survival of 3 warm-season grasses. 
Freshly harvested seed of kleingrass (Panicurn coloratum L.) 
weeping lovegrass [Erugrostis curvula (Schrad.) Nees] and 
wilman lovegrass (Eragrostis superba Peyr.) were treated with 
concentrated &SO4 or a 2-chloroethanol sodium hypochlorite 
(CEIL) solution and then germinated on blotters or planted in a 
commercial peat-vermiculite mix. The 3 grasses responded dif- 
ferently to acid and CHL treatment. Acid treatment increased 
germination of all 3 species but did not increase the emergence 
and/or 2 week establishment of weeping or wilman lovegrass. 
The difference between germination and emergence appeared 
related to chemical injury from the acid treatment that adversly 
impacted seedling growth and development. Weeping lovegrass 
responded to CHL treatment with increased germination and 
emergence. Wilman lovegrass did not respond well to either 
chemical. 

however, that following transplanting from petri dishes to flats 
containing commercial potting mix, most of the seedlings failed 
to develop beyond the 1 or 2 leaf stage and then died. Because of 
its excellent establishment characteristics (Tischler and Voigt 
1983a, 1983b) wilman lovegrass usually transplanted with close 
to 100% survival. 

We hypothesized that our failure to obtain adequate numbers of 
wilman lovegrass seedlings was caused by the acid treatment that 
had promoted germination. Our objectives were to evaluate the 
effects of acid treatment duration on germination and emergence 
of wilman and weeping lovegrass [Eragrostis curvula (Schrad.) 
Nees] and to reevaluate our earlier work with kleingrass 
(Panicum coloratum L.) (Tischler and Young 1983). We also 
wanted to evaluate chloroethanol, an alternative chemical treat- 
ment for breaking seed dormancy (Burton 1969). 

Materials and Methods 

Key Words: weeping lovegrass, wilman lovegrass, klein- 
grass, seed dormancy, establishment, sulfuric acid, 2 
chloroethanol 

Seed dormancy is widespread in warm-season grasses and can 
contribute to establishment and stand persistence when a reserve 
of dormant seed preserves the opportunity for plant establishment 
over time (Voigt et al. 1987). Excessive levels of seed dormancy, 
however, can hinder successful stand establishment when rapid 
germination of large numbers of seed is desired. Post-harvest 
seed dormancy can also hinder genetic research by increasing 
time required for selection cycles and delaying evaluation studies. 

Seed of ‘Selection 75’ kleingrass, ‘Ermelo’ weeping lovegrass, 
and ‘Palar’ wilman lovegrass were harvested by hand at Temple, 
Tex. during late May to mid June 1993. Inflorescences of weep- 
ing lovegrass containing mature seed were cut from the plants 
and stored in paper sacks to air-dry. They were processed by 
hammermilling, hand screening, and air-column separation to 
obtain clean caryopses. Kleingrass seed were collected by bend- 
ing inflorescences over a beaker and tapping them against its side 
or by rubbing inflorescences between the fingers. Air-column 
separation was used to clean samples. Wilman lovegrass seed 
were obtained by hand stripping ripe spikelets from the inflores- 
cences and processing the seed as described for weeping love- 
grass. Seed were stored at about 25” C and 40% relative humidity 
until used. 

Acid treatment, to reduce levels of seed dormancy, has been 
used in both legumes (Townsend and Miklas 1987) and grasses 
(Fulbright 1987, Jones 1990). We needed to produce seedlings of 
wilman lovegrass (Eragrostis superba Peyr.), for progeny evalua- 
tion of winter hardiness, from seed lots that had been harvested 
about 90 days previously. Preliminary germination tests indicated 
high levels of post-harvest dormancy. We found that scarification 
with concentrated sulfuric acid increased germination of dormant 
wilman lovegrass seed to near-maximum levels. We observed, 

Germination Studies 
Six replicates of 100 seed each were placed on moistened ger- 

mination blotters in plastic petri dishes and germinated at 35125” 
C (12 hours thermo- and photoperiod) using a randomized com- 
plete block design. Photosynthetic photon flux density at the sur- 
face of the petri dishes was about 5 umol rn-’ s-r. Germination, 
defined as appearance of both a shoot and a root, was counted at 
3, 6, 10, and 14 days after the start of the trials. Seed that did not 
germinate were assumed to be dormant. 

Manuscript accepted 17 May 1996. 
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Emergence Studies 
Six replicates of 100 seed each were planted in 3 rows (33 or 

34 seed per row) at a depth of 1 cm each replicate in a separate 9- 
cm square pot containing commercial peat-vermiculite potting 
mix. Pots were watered to capacity, allowed to drain, and placed 
in a randomized complete block design in the same germinator as 
the petri dishes. Number of seedlings emerged were counted on 
the same days as the germination counts. Seed that did not pro- 
duce seedlings were considered either dormant or unable to pro- 
duce viable seedlings. After 14 days the seedlings with 3 or more 
leaves were harvested by cutting them off at the media surface. 
Seedlings with less than 3 leaves were not growing normally and 
were producing no new leaves, the first 2 leaves are present in the 
embryo. Such seedlings invariably died. The seedling tops were 
oven dried and weighed. Experiments were started on 11 June 
(kleingrass), 18 June (weeping lovegrass), and 2 July (wilman 
lovegrass) 1993. 

Seed Treatments 
Length of acid treatment, based on preliminary studies, was 

varied with the species. Treatment times were I, 2, and 4 min; 2, 
4, and 8 min; and 5, 10, and 15 min for weeping and wilman 
lovegrass and kleingrass, respectively. Acid treatments were 
administered by adding reagent grade concentrated H$04 (17.8 
M) to the seed in a test tube. After the prescribed treatment time, 
seed were tapped from the test tube into a tea strainer where they 
were thoroughly rinsed under a stream of cold water. A solution 
of 1 M sodium bicarbonate was then poured through the seed 
mass to neutralize any remaining acid. After 1 min, the seed were 
rinsed again with cold water and spread thinly on dry paper tow- 
els to facilitate rapid drying. 

The chloroethanol (CHL) treatments were identical for all 
grasses. Prior to germination the seed were soaked for 1 hour in a 
solution of 2-chloroethanol and 67 mM (0.525%) sodium 
hypochlorite in water. Concentrations of CHL were 0.6 M (4%), 
1.2 M (8%), or 2.4 M (16%). All seed were air dried prior to use. 

Control seed were untreated. In previous studies with klein- 
grass (Tischler and Young 1983) and preliminary studies with 
weeping lovegrass, soaking seed in water had little effect on ger- 
mination. Because of this previous experimentation we saw little 
need to include a short-term water soak and rinse as an additional 
seed treatment. 

Kotowski’s coefficients of velocity (Scott et al. 1984) were cal- 
culated as an estimate of speed of germination or emergence. 

COV = 100 (C Ni / ~ NiTi) 

where N is the number of seeds germinated or emerged on day i 
and T is the number of days from sowing. 

Prior to analysis all germination and emergence data were arc- 
sin transformed (Little 1985); however, actual percentages are 
presented. Data were analyzed by analysis of variance (ANOVA) 
procedures. As part of the ANOVAs the quantitative variables, 
concentration (chloroethanol) or time (acid) were divided into 
single degree of freedom linear and quadratic components in 
order to determine if response to increasing levels of treatment 
were linear, curvilinear, or not signifcant (P < 0.05). 

Results and Discussion 

Kleingrass responded to increasing length of acid treatment 
with increased total germination percentage, faster coefficients 
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Fig. 1. Effect of H#Od treatment on germination, speed of germina- 
tion (CoV), emergence and seedling weight of Selection 75 klein- 
grass. 

of velocity (CoV) of germination, and increased emergence (Fig. 
1). We believe the decreased seedling weight observed with 
increasing acid treatment of kleingrass was caused at least in part 
by the crowding of seedlings in the small pots. For the 15 min 
acid treatment an average of 69 seedlings were growing in about 
27 cm of row length. The vigor and health of the seedlings from 
the 15 min treatment is indicated also by the percentage of 
emerged seedlings having 3 leaves, 95% compared to 69% for the 
control. The response across all acid treatments was linear (P < 
0.05 from ANOVA). 

Increasing concentrations of chloroethanol (CHL) also 
increased germination and emergence of kleingrass, but the maxi- 
mum response was obtained with the intermediate 1.2 rather than 
the maximum 2.4M concentration (Fig. 2). The response of CoV 
of germination to CHL concentration, however, was linear. 
Seedling weight was not significantly affected by CHL concen- 
tration (P < .05). With CHL treatment the maximum seedling 
emergence was 32%, half that of the best acid treatment. 

These results are in general agreement with those of Tischler 
and Young (1983). The germination and emergence data both 
support the conclusion, that acid treatment is an effective method 
of breaking kleingrass seed dormancy and that CHL is less effec- 
tive than acid. On a population basis, our data do not support the 
conclusion that acid treatment adversely affects germination, 
emergence, or initial seedling growth of Selection 75 kleingrass. 
Other populations of kleingrass might respond differently 
(Tischler and Young 1983). 

If evaluation of acid treatment had been based on germination 
and CoV of germination we could have concluded that acid treat- 
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ment of about 1 min was a useful dormancy breaking treatment 
for weeping lovegrass (Fig. 3). Emergence following even 1 min 
acid treatment, however, was reduced compared to the control, 
and with longer treatment times less than 2% of the planted seed 
emerged. Only 63% of the seedlings that emerged, following the 
1 min treatment, survived until day 14 of the study and only 40% 
of those had 3 leaves. Acid treatments as short as 1 min were not 
appropriate for breaking dormancy of weeping lovegrass. 

Weeping lovegrass germination and emergence responded well 
to low concentrations of CHL treatment, reaching a maximum 
germination and emergence of 99% (Fig. 4). The highest concen- 
tration, however, resulted in a marked decrease in performance. 
In contrast to kleingrass, seedling weight was increased slightly 
by the lower concentrations of CHL treatment (P c 0.05). 

In contrast to acid treatment, more than 99% of all CHL- treat- 
ment seedlings survived until the end of the study, and 90 to 99% 
of these had 3 leaves. The CHL treatment was very effective in 
maximizing germination and emergence of the apomictic Ermelo 
weeping lovegrass genotype. We also found a 0.6 M rate very 
effective for breaking dormancy of other genotypes of E. curvula 
and of E. lehmanniana Nees (Voigt, et al., 1996). 

Dormancy of fresh seed of wilman lovegrass was very high, 
with only 2% of untreated seed germinating or emerging (Fig. 5). 
Acid treatments of 2 or 4 min provided large increases in germi- 
nation, with a maximum germination of 76%. An 8 min treat- 
ment, however, resulted in essentially no germination. Although 
emergence was increased from 2 min of acid treatment few of 
those seedlings survived. After 14 days the control treatment had 
2% of seed resulting in seedlings and the 2 min acid treatment 
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only 3% (not shown). The weight of the seedlings from the acid 
treatment was also clearly inferior to that of the control (Fig. 5). 

Germination increased to a maximum of 28% at the highest 
concentration of CHL, but speed of germination and emergence 
was higher at the lower CHL concentrations (Fig. 6). Despite a 
wide range in mean performance an effect of CHL treatment on 
seedling weight was not detected (P < 0.05). 

Neither acid or CHL treatments were very effective in produc- 
ing seedlings from dormant seed of wilman lovegrass. The rela- 
tively high viability of the wilman lovegrass seed was demon- 
strated by the acid treatment, but the damage from this treatment 
precluded survival of most of the embryos that germinated. The 
CHL treatment increased the germination and emergence of 
wilman lovegrass, but the majority of the dormant seed failed to 
germinate. 

direct damage to the seed. Acid treatment in Indian ricegrass 
resulted in delayed protein synthesis, reduced protein levels and 
increased leaching of electrolytes while still promoting germina- 
tion (McDonald and Khan 1983). 

These experiments also demonstrate that germination studies of 
dormancy breaking treatments employing acids may not be pre- 
dictive of seedling emergence or survival. Similarly, Plummer 
and Frischknecht (1952) found that the length of acid treatment 
required to produced maximum emergence of Indian ricegrass 
from soil were shorter than those required for maximum germina- 
tion. 

Human toxicity of CHL, also known as ethylene chlorohydrin, 
(Specher et al. 1960) limits its use to laboratory environments 
where human exposure can be controlled. 
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off, in either these studies or in the preliminary observations on 
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Abstract 

Defoliation effects on grasses have been quantified with mea- 
surements of etiolated growth since the 1960’s, however, field 
techniques for measuring etiolated growth of rhizomatous grass- 
es with dispersed tillers have not been reported. Tents construct- 
ed with landscape fabric were used in a field study of 2 species of 
rhizomatous grass. When manufactured, the woven polypropy- 
lene fabric is needle punched for air and water permeability. 
Light that may pass through perforations has no measurable 
effect on etiolated growth as indicated by a test of single and dou- 
ble layers of fabric. Tents can be sized to shade borders around 
interior sample areas to prevent translocation from outside tillers 
to harvested tillers. Landscape fabric tents are light weight and 
reusable and eliminate breakage, water vapor, and storage prob- 
lems associated with other covers. 

Key Words: initial-spring growth, total-organic-reserve index, 
Calamovilfa longifolia, Andropogon hallii 

Etiolated growth of grasses has been used to quantify the 
effects of grazing history, grazing date and frequency, fertilizer 
application, clipping date, stubble height, competitive stress from 
weeds, and to determine tolerance to herbicides (Peterson 1962, 
Raese and Decker 1966, Bryan and McMurphy 1968, Matches 
1969, Young and Evans 1978, Reece et al. 1988, Reece et al. 
1996). Mean tiller weight of etiolated initial-spring growth is a 
valid index of total organic reserves when environmental and 
physiological limitations do not occur (Busso et al. 1990). 
However, translocation of assimilates among distant tillers of rhi- 
zomatous species may confound measurements (Rogan and 
Smith 1974). Movement of assimilates from uncovered to cov- 
ered tillers can be stopped by severing rhizomes around the 
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Resumen 

Los efectos de defoliaci6n sobre las gramineas ban sido cuan- 
tificados con medidas de crecimiento etiolado desde la decada de 
10s 60’s, sin embargo, no se han reportado tCcnicas de campo 
para la medici6n del crecimiento etiolado de gramineas 
rizomatosas. Se utilizarnn carpas construidas con tela de inver- 
nadero en un estudio de campo de 2 especies de gramineas 
rizomatosas. Al ser fabricadas, la tela de polipropileno tejido fue 
agujereada con agujas para permitir la entrada del aire y la per- 
meabilidad al aqua. La luz que puede pasar a trav& de dichas 
perforaciones no tiene un efecto medible sobre el crecimiento eti- 
olado tal y coma lo indica una prueba de una y 2 capas de tela. 
Las carpas pueden ser ajustadas para sombrear 10s bordos que 
circundan las lireas interiores de muestreo para evitar la translo- 
cacidn de 10s tallos externos a 10s tallos cosechados. Las carpas 
de tela de invernadero son ligeras de peso, reutilizables y elimi- 
nan el peligro de rompimiento, vapor de agua y problems de 
almacenamiento asociados con otro tipo de telas utilizadas coma 
cubiertas. 

perimeter of covers or by shading additional area around sample 
quadrats. Severing rhizomes is labor intensive and also cuts shal- 
low roots. Material and/or labor costs for framed or rigid types of 
covers increase measurably when the shaded area increases. Our 
objective was to evaluate the utility and cost of tents constructed 
of landscape fabric. 

hlaterials and Methods 

Studies of etiolated initial-spring growth of prairie sandreed 
[Culamovilfa longifolia (Hook.) Scribn.] and sand bluestem 
(Andropogon h&ii Hack.) were conducted in the field at the 
University of Nebraska, Gundmundsen Sandhills Laboratory, 
near Whitman, Nebraska. Soils were V:tlentine fine sands (mixed, 
mesic, Typic Ustipsamments). About 75% of the vegetation con- 

175 



sisted of prairie sandreed, sand bluestem, little bluestem 
(Andropogon scoparius Michx.), and switchgrass (Panicum vir- 
gatum L.). The vegetation is described in more detail by Reece et 
al. (1996). 

Landscape fabric, Pro5 Weed Barrier’ was used to construct 
tents. This material is an ultra-violet stabilized, woven and needle 
punched polypropylene fabric which allows air and water move- 
ment but is 99.8% opaque. Nixon (1993) reported an average dis- 
tance of less than 15 cm between prairie sandreed tillers on the 
same rhizome. Consequently, 1 .O X 1 .O m tents were designed to 
cover an area about 90 X 90 cm. This provided a 20-cm wide 
shaded border around an interior 0.25 m* sample area to minimize 
translocation of assimilates. Tents were suspended with polyvinyl 
chloride (PVC) frames and anchored with 26-cm long, 4-mm 
diameter wire landscape staples. 

Thirty, 0.25 m* sample areas with residual stubble of both study 
species were selected in each of 2 pastures with different grazing 
histories, rested versus heavy summer grazing during 1988-1989. 
In each pasture, 10 sample areas were randomly assigned to each 
cover treatment: (1) uncovered, (2) single layer tent or, (3) double 
layer tent. Tents were installed in early April before initial-spring 
growth had begun. Residual stubble of prairie sandreed and sand 
bluestem was cut to a height of 5 cm on the same day that sample 
areas were covered. Etiolated growth was examined at l-week 
intervals under 6 randomly selected tents. Growth was initially 
rapid and declined through time. When visual evidence of growth 
did not occur for 2 weeks, tillers were counted and clipped at 
ground level from uncovered and covered 0.25 m* quadrats on 6 
June 1990, oven dried at 60°C for 48 hours and weighed to esti- 
mate dry matter yield. Data were analyzed with the General 
Linear Models Procedure (SAS 1982). Means were separated 
with the least-squares means procedure within SAS (Searle et al. 
1980). 

Results and Discussion 

Etiolated initial-spring growth was not limited physiologically 
by availability of active meristematic tissue in either species. 
Uncovered areas produced about 45% more prairie sandreed 
tillers and about 55% more sand bluestem tillers compared to 
covered areas (Table 1). Similar differences between covered and 
uncovered plants occurred with blue grama [Bouteloua gracilis 
(H.B.K.) Lag.] and needleandthread (Stipa comata Trin. & Rupr.) 
initial-spring growth in western Nebraska (Reece et al. 1988). 
There were no measurable differences in the effect of single com- 
pared to double layers of landscape fabric on mean tiller weight, 
total herbage, or tiller density of etiolated growth for either 
species (Table 1). 

Organic reserves from all plant parts, including roots, may be 
used for etiolated growth (Raese and Decker 1966, Ogden and 
Loomis 1972). Reserves include nonstructural carbohydrates, 
organic acids and nitrogenous compounds that may include pro- 
teins and amino acids (Davidson and Milthorpe 1965, 
McKendrick and Sharp 1970, Richards and Caldwell 1985). 
When plant growth is not limited mean dry matter yield of etio- 
lated tillers increases as the concentration of reserves and/or the 
biomass of plant parts containing reserves increase (Adegbola 

^___._._._.._............-..................................................................................................... - -...- 
‘Dewitt Company, Inc., Hwy 61 South, Sikeston, MO. 63801. 
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Table 1. Effect of cover treatment on mean tiller weight, total herbage 
and tiller density of initial-spring etiolated growth for prairie sandreed 
and sand bluestem at the Gudmundsen Sandhills Laboratory near 
Whitman, Nebr. 

Cover Treatments’ 

Prairie Sandreed 
Uncovered 
Single Layer 
Double Layer 

Sand Bluestem 
Uncovered 
Single Layer 
Double Layer 

Weight/Tiller* Total Herbage Tiller Density 

(mg) (87 ni*) (no me*) 

131a 12a 89a 
14b Sb 60b 
83b 5b 64ab 

13la 23a 173a 
49b 6b 119b 
54b 5b 106b 

‘Data for single and double layer treatments are for etiolated growth. 
%v, I ttbm co umns and species, means with different lower case letters are significantly 
different, FXO.05. 

1966, Raese and Decker 1966, Matches 1969, Dovrat et al. 1972, 
Ogden and Loomis 1972, Busso 1988). 

Based on the results of this study, tents used by Reece et al. 
(1996) consisted of a single layer of landscape fabric with a dou- 
ble folded 5 cm wide hem and grommets at each comer. Tents 
were stretched evenly over two 2.5 X 5.0 X 30.0 cm wood stakes, 
placed at the inside center of a 0.25 m* frame and driven to a 
remaining height of 15 cm, by securing the grommeted comers 
with wire landscape staples (Fig. I). Additional staples were 
pushed through the hem to fit each side securely to the soil sur- 
face to exclude all light. Wood stakes were less expensive and 
required less labor compared to PVC frames used in 1990. The 
fabric was cut, hemmed and grommets installed for about $1.50 
per tent at a tent and awning shop. Total labor and material cost 
per unit was about $5.00. - - 

90 cm I-- m 
I - - 

, I 1 
r -----m ----- 

I 
I 

'20 cm 
)L----------- 

I 

‘I 

90 cm 

5cm 

Fig. 1. Placement of 0.25 m* frame and wooden stakes for installa- 
tion of shade tents constructed of a single layer of landscape fab- 
ric. 
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Abstract 

Private rangeland lease rates have been used historically as an 
indication of the price of public grazing lease rates. The ability of 
these prices to adequately reflect short-term fluctuations in the 
rancher’s ability to pay for forage has been questioned by policy 
makers and researchers. Multiple regression techniques were 
used in this study to evaluate how responsive private rangeland 
lease rates have been to short-term (yearly) fluctuations in mar- 
ket conditions. Independent variables included yearling prices, 
cattle numbers, hay prices, production cost index, land prices, 
forage condition index, and the previous year’s lease rate. 
Yearling prices lagged 1 year, hay prices, production cost index 
lagged 1 year, and lease rates lagged 1 year statistically (P < 0.10) 
explained lease rates. The previous year’s lease rate was the most 
influential explanatory variable, with more than half of the pre- 
vious year’s lease price reflected in the current year’s rate. 
Statistically significant (P < 0.10) differences in lease rates were 
also found between western regions. 

Key Words: PRIA, federal grazing fee, livestock grazing, forage 
value index. 

Average lease rates for cattle grazing on private land in the 
western United States have been collected and reported by the 
National Agricultural Statistical Service (NASS) for more than 3 
decades. The private rangeland lease rate is the average price of 
monthly lease rates for private, nonirrigated grazing land on an 
animal unit month (AUM), cow-calf, and per head basis. Not 
only does the private rangeland lease rate provide valuable infor- 
mation to ranchers and land owners, but it has also been used his- 
torically as an indication of the fair market value for public land 
grazing leases (USDA/USDI 1977, USDAKJSDI 1992). 

The private rangeland lease rate for the 11-western states has 
been converted to an index known as the forage value index. The 
forage value index is typically calculated with 1964-1968 as the 
base period because of its use in updating the federal grazing fee. 
The current federal grazing fee formula (PRIA) utilizes a base 
“fair market value” of $1.23 established in 1966 through the 
Western Livestock Grazing Survey (USDA/USDI 1977). The 
original proposal set forth by the Secretaries of the Interior and 
Agriculture in 1977 recommended the base fee be updated annu- 
ally according to the percentage change in the forage value index. 
Congress ruled that the proposed grazing fee system would not be 

-- _.____. - .___. - ..___ -.- .._........~............................................................ -- . . .._ -.- -___.........._..... 
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Resumen 

Las cuotas de arrendamiento por pastoreo en tierras privadas 
han sido empleadas hist6ricamente coma un indicador del precio 
de las cuotas de arrendamiento de tierras publicas pars el 
apacentamiento de ganado en el Oeste de 10s Estados Unidos. El 
que estos precios, reflejan adecuadamente las fluctuaciones a 
corto plaza ha sido cuestionado tanto por legisladores coma por 
especialistas. TBcnicas de regresi6n mliltiple fueron utiliiadas en 
este estudio para evaluar coma han-respondido las tasas de 
arrendamiento a las fluctuaciones a corto plazo (anuales) bajo 
las condiciones reales de1 mercado. Las variables independientes 
incluyeron 10s precios de animales aiiojos, volumenes de ganado, 
precios de1 forraje, indice de1 costo de production, costo de la 
tierra, indice de condition de forraje, y la cuota de arrendamien- 
to de1 ano anterior. Los resultados indican que 10s precios para 
animales anojos, precios de1 forraje, el indice de costo de produc- 
ci6n y las tasas de arrendamiento, se rezagaron estadisticamente 
(PeO.10) un aiio. La cuota de arrendamiento del aiio anterior fue 
la variable mh determinante con mas de la mitad del percio de 
arrendamiento de1 aiio previo, reflejado en la cuota de arren- 
damiento de1 ano en curso. Diferencias estadisticamente signi- 
ticativas (P<O.lO) en las tasas de arrendamiento, tambKn fueron 
encontradas entre las diversas regiones de1 oeste de 10s Estados 
Unidos. 

equitable to permittees, in part because “...the proposed formula 
in no way incorporates factors which recognize the costs of pro- 
duction, beef prices, or the ranchers [sic] ability to pay” (U.S. 
Congress, House of Representatives 1978, p. 18). A technical 
committee assigned by the Bureau of Land Management (BLM) 
and the U.S. Forest Service (USFS) to study grazing fees con- 
cluded the forage value index adequately measured the long-term 
trend in grazing values, but they “questioned the ability of the 
index to reflect short-term instabilities that result during periods 
of disequilibrium” (USDAKJSDI 1977, p. 3-34). For these rea- 
sons, the current PRIA formula uses 3 indices-forage value 
index, beef cattle price index and index of input prices-to 
update the annual public land grazing fee. The beef cattle price 
index and input price index have come to be called the “ability- 
to-pay” indices, and this is the justification now given for their 
inclusion in the PRIA formula (USDAAJSDI 1992, p. 19). 

Recent criticism has indicated that the beef cattle price index 
and input price index have biased the updating mechanism, 
resulting in a federal grazing fee that has lagged behind changes 
in the private grazing market (Brokken and McCarl 1987, Tore11 
et al. 1993, USDA/LED1 1992). This can be seen in Fig. 1 where 
the forage value index is shown along with the PRIA base updat- 
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the ranchers’ ability-to-pay. As factors affecting the demand for 
forage vary, ranchers should correspondingly demand more or 
less forage and be willing to pay the associated prices. The same 
ability-to-pay factors that affect public land ranchers should 
affect private lease ranchers. 

Along with criticism voiced concerning the suitability of the 
forage value index as a single revisor in the PRIA formula, ques- 
tions have been raised that the forage value index is biased 
because of the collection procedures used (Rimbey et al. 1992). 
National Agricultural Statistical Service questionnaires concern- 
ing area lease rates are not directed exclusively at lessees or 
lessors of forage, but farmers/ranchers are asked what the going 
rate is in their area, regardless of whether they possess a lease. 

le variability exists in the data and relatively little data 
are collected for determination of the forage value index com- 

vast area the index represents (Kearl 1989, Tore11 et 

S9 6 The objective of this study is to evaluate factors that influence 

YEAR 
the supply and demand of private rangeland lease rates in the ll- 
western states and evaluate how responsive the private rangeland 

Fig. 1. Forage Value Index (FVI) and expected Federal grazing fee lease rate has been to short-term (yearly) fluctuations in market 
when PRIA base is updated by PRIA formula and when updated 
by FVI alone, 1969 to 1992. 

conditions. We hypothesize that yearly movements in private 
rangeland lease rates can be significantly explained by changes in 

ed by the PRIA formula, and the PRIA base updated by the for- 
supply and demand forces (ability-to-pay factors), and thus the 

age value index only. The PRIA formula has a floor of 
forage value index embodies ability-to-pay factors and its use as 

$1.35/AUM that is not reflected in Fig. 1. While the PRIA formu- 
a solitary revisor is equitable. 

la has only been used to calculate fees since 1979, data prior to 
1979 are included to provide an extended examination. If the for- Methods 
age value index had been used exclusively to update the $1.23 
PRIA base, the grazing fee would have been $3.26/AUM in 1992 
compared to the actual fee of $1.92. 

Theoretical Model 

Several authors have examined the relationship between the 
The price of private rangeland leases should theoretically be 

forage value index and various ability-to-pay indices. Brokken 
determined by interaction of the supply of, and demand for, those 

and McCarl (1987) used regression analysis to examine these 
leases. As the supply of private rangeland leases increases 

relationships for national data and state data for Idaho, Montana, 
(decreases), ceteris paribus, the price of leases should decrease 

and New Mexico. They found a high degree of association 
(increase). As the demand for private rangeland leases increases 

between the forage value index and ability-to-pay indices, result- 
(decreases), ceteris paribus, the price of leases should increase 

ing in redundant terms being placed in the PRIA formula. 
(decrease) 

Brokken and McCarl (1987) concluded that while more signifi- 
According to economic theory, factors affecting the quantity 

cant relationships existed between the forage value index and 
supplied of an agricultural commodity include price of the com- 

ability to pay indices on a national level, state level relationships 
modity, prices of inputs it takes to create the commodity and 

differed significantly enough that it was “dubious to use a single 
technology available to do so, government policy, weather or 

formula across all states” (p. 64). Tore11 et al. (1989) also found 
growing conditions, prices of alternative products that could be 

the ability-to-pay indices in the PRIA formula had inappropriate 
raised, and the number of suppliers in the market (Workman 

index weights to adequately track private land lease rates in New 
1986). This suggests that along with the positive effect the price 

Mexico and recommended the forage value index be used unac- 
of leases has on the quantity supplied, the price of inputs required 

companied as an updating mechanism. Rimbey (Idaho State land 
to provide forage (e.g., land prices, interest rates, repairs, taxes, 

grazing fee issues. Progress report presented to State of Idaho 
insurance and costs of services provided) should have an inverse 

Land Board Subcommittee on Grazing Fees, July 30, 1990. 
relationship with the quantity supplied of private lease forage. 

Boise, Ida.) and Tore11 et al. (1993) obtained similar results for 
The quantity supplied should be positively influenced by forage 

state level data. LaFrance and Watts (1995) also examined pri- 
availability as determined by weather conditions and inversely 

vate grazing fees across states and found they could be explained 
related to the total number of leases available. While there are 

largely by beef and hay prices, hay yields and the previous year’s 
few alternatives (e.g., wildlife production or recreation) to graz- 

private grazing fee. 
ing for the lessor to consider, the price of alternatives would be 

Recent proposed grazing fee regulations have included recom- 
inversely related to the quantity of grazing leases supplied. Other 

mendations that federal grazing fees be updated exclusively by 
external forces such as changes in technology (e.g., grazing sys- 

the forage value index, with the result being that ranchers’ abili- 
terns, brush control practices, new forage species) and govem- 

ty-to-pay is again being brought into question by various factions 
ment policies could also influence the supply of rangeland leases. 

(USDI/USDA 1994, Hackett 1993). If private land lease rates are 
Factors affecting the quantity demanded of an agricultural input 

determined by demand and supply conditions, they should reflect 
include price of the input, prices of other factors used in the pro- 
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duction process, expected price of the output and number of buy- cost index is an index If inputs not produced on the farm. As pro- 
ers. The quantity of private rangeland leases demanded, then, duction costs increast for lessors, their breakeven price should 
should be inversely related to the private rangeland lease rate and increase, while the opposite would be true for lessees. We 
prices of inputs required to utilize the forage or those goods used hypothesize lessees would be influenced more by production 
commonly with private leases (e.g., price of livestock purchased expenses since they would bear most of these expenses. Input 
to graze the lease, labor, veterinary services, marketing, hauling). costs should a priori have a negative impact on lease rates. 
Adverse financial conditions and expected lower prices for live- Data concerning alternative uses of rangeland for lessors is not 
stock grazing the lease would further have a dampening effect on accessible, but alternative feed source data for lessees are avail- 
demand. Prices of alternative feed sources such as hay, grains or able. While several alternative feed sources could be used, hay 
public grazing permits would have a positive effect on the price was chosen as a proxy because hay is readily available to 
demand for private leases. The quantity of private leased forage producers and is used as a near complete feed source by many. 
demanded would also vary as tenure preferences of lessees Services provided by the lessor have been shown to be an 
change. important determinant of private rangeland lease rates (Rimbey et 

An additional way to ascertain the factors affecting private land al. 1994, Tore11 and Bledsoe 1990). Data concerning services pro- 
lease rates is to examine the fashion in which they are deter- vided by the leases represented by the private rangeland lease rate 
mined. VanTassel and Burgener (1994) found the price a private were not available and thus were not examined in this analysis. 
land grazing lease bears is often determined through a negotiation Other factors such as technology and tenure preferences were 
process. In determining how much they could afford to pay for also omitted because of the unavailability of appropriate data. 
the grazing lease, about 43% of lessees in Wyoming stated an Once a private land grazing lease rate is determined, that rate 
estimated break-even price had a modest to great influence on becomes the basis of negotiation for future years. VanTassel and 
lease price. The factors involved in determining a grazing lease Burgener (1994) found that 50% of lessees surveyed stated the 
break-even price for a lessee and lessor have been identified by price paid for the lease in the previous year had a modest to great 
Bennett (1973). Factors influencing the lessor’s break-even price influence on the current year’s lease rate and that 64% of lease 
are land prices, costs of services provided, interest, repairs, taxes agreements were only 1 year in duration. The previous year’s 
and insurance. Factors influencing the lessee’s break-even price lease rate was therefore included as a predictor of the current 
include prices of inputs such as livestock, labor, veterinary ser- year’s rate. 
vices, taxes, marketing, hauling, etc. Opportunity costs and a Virtually all economic decisions involve time. The determina- 
return to management are also expenses for both parties. 

Applied Model 
One of the problems in examining factors that influence the 

price of private rangeland grazing leases is that data concerning 
the quantity of leases supplied and quantity demanded do not 
exist. The impact of quantity supplied and demanded upon the 
private rangeland lease rate therefore cannot be determined 
directly. As a proxy for the quantity demanded, the number of 
cattle and calves in each state was used. While data concerning 
the number of leases available are not obtainable, the supply of 
forage as influenced by weather conditions and indicated by for- 
age conditions may serve as an indicator of the overall quantity of 
forage. Cattle numbers should a priori have a positive impact on 
lease rates, while forage conditions are expected to have a nega- 
tive impact on lease rates (e.g., better forage condition implies 
lower lease rates because of increased supply of forage). 

tion of private grazing lease rates is no exception. VanTassel and 
Burgener (1994) found that 56% of contracts were negotiated 
within 3 months of the beginning of the grazing season and 
almost 80% were agreed upon within 6 months. It is therefore 
logical that lease rates are determined by some combination of 
observations of prices and conditions both in the past and present. 
Equations were therefore estimated using various combinations 
of lagged (historical) and current variables. Expected prices were 
represented by a naive model where prices in period t- 1 represent 
expected prices in period t. 

Differences in lease rates by state were examined by using 
intercept shifter variables in the regression framework. Equations 
were also estimated for each individual state to examine respon- 
siveness of private land grazing rates to the independent variables 
on a state-by-state basis. The same independent variables hypoth- 
esized to be valid for the 11 -state area were used as explanatory 
variables in the individual state equations. 

Input expenses are important to both the lessor and lessee. 
Though actually a fixed expense, a fair return on deeded range- 
land is a major part of the lessor’s breakeven price and should Data 
have a positive influence on lease rates. While a successive 
rangeland price series does not exist, the farmland real-estate Time series for cattle prices, hay price, and lease rates were 
price was used as a proxy. collected from various issues of Agricultural Prices 

A major input for lessees is the expense of purchasing live- (USDANASS 1962-1993). Data for the 11 western states from 
stock. Livestock prices are also a good indicator of the financial 1961 to 1992 were obtained from the December issue of 
condition of most ranchers. Cattle prices were chosen to represent Agricultural Prices (USDA/NASS 1962- 1993). Yearling price is 
livestock prices since the majority of private land leases in the 
west are occupied by cattle (Tore11 et al. 1993). Break-even val- 
ues for cow-calf operators are primarily influenced by calf prices 
while yearling operations are influenced by calf prices at the 
beginning of the lease and yearling prices at the end of the lease 
period. 

The production cost index, a composite index of input costs, 
was chosen to represent all other input expenses. The production 

the average state price per 100 kg received by farmers for steers 
and heifers. Calf price is the average state price per 100 kg 
received by farmers for steer and heifer calves. Hay price is the 
season average state price per ton of all hay received by farmers. 
Lease rate is the average state grazing lease rate per animal unit 
month on privately owned land. The production cost index is 
defined as the U.S. index of production items with non-farm ori- 
gin (USDARVASS 1962-1993). The production cost index was 
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not available prior to 1977, so the producers price index (USDC 
1962-1993) was used as a proxy to estimate the missing years 
(R*=.98). Numbers of cattle is defined as the January 1 cattle and 
calves on farm inventory by state and was collected from various 
issues of Agricultural Statistics (USDA 1962-1993). Land value 
is the individual state farmland real-estate price per hectare col- 
lected from Agricultural Resources, Agricultural Land Values 
and Markets (ERS/USDA 1962-1993). Forage condition is 
expressed as a percent of the individual state ‘I-month average 
(May-November) peak pasture and range feed condition and was 
obtained from the Livestock Marketing Information Center. 

Results 

Prices were deflated using the Implicit Gross Domestic Product 
Deflator with 1992 being the base year (USDC 1962-1993) to 
express prices on a real instead of a nominal basis. Nominal price 
values a good (e.g., forage) at the price that prevailed when it was 
sold. Real price attempts to account for inflationary changes by 
valuing goods produced in different periods in constant dollars. 
This is accomplished by adjusting prices by a measure of price 
changes in the economy such as the Implicit Gross Domestic 
Product Deflator. For example, the Implicit Gross Domestic 
Product Deflator in 1992 was 100 and in 1980 was 59.21. The 
average Wyoming grazing lease price in 1980 was $8.37/AUM 
and the lease price in 1992 was $9.93/AUM. To adjust the 1980 
lease price to 1992 dollars so the value of the 2 products can be 
compared in constant dollars (i.e., adjusting for inflation), the cal- 
culation $8.37/59.21*100 would be performed to obtain the 1980 
lease rate of $14.14/AUM in 1992 dollars. 

The average ntiminal and real private land grazing fee for each 
state from 1961-1992 is shown in Table 1. Variation in average 
state lease rates exists, with Arizona having the lowest real and 
nominal average at $9.63 and $3.84/AUM, respectively, and 
California having the highest averages at $14.19 and $6.66/AUM, 
respectively. When the average state fees are ranked in descend- 
ing order and a paired difference test conducted, 3 regions devel- 
op. Washington, Oregon, Idaho, and Utah comprise Region 1; 
Montana, Wyoming, Colorado, Nevada, and California constitute 
Region 2; and Arizona and New Mexico form Region 3. 

As expected, the correlation coefficient between yearling prices 
and calf prices was high (r = .868) and collinearity was created 
when the 2 prices were used together in an equation. Yearling 
prices (both lagged and current) maintained a better “fit” in the 
equations examined and therefore calf prices were discarded in 
favor of yearling prices. Determination of variables to be includ- 
ed was made by examining R2 values and t-statistics in the 
Ordinary Least Square equations. For the Time Series Cross 
Sectional Regression equations, t-statistics were used since R* is 
not a valid statistic. 

Table 1. Nominal and Real State Private Land Grazing Fee Statistics, 
1961-1992l. 

State Mean Minimum Maximum 
Standard 

Deviation 

Analysis 
Arizona 

Multiple regression techniques were used to explain variation 
in average lease rates for the 1 l-western states. Because the data 
set contains cross-sectional and time-series data, the classical lin- 
ear regression assumptions may be violated. Kmenta (1986) 
states that cross-sectional observations will frequently produce 
regression disturbances that are mutually independent but het- 
eroskedastic while time-series observations are typically autore- 
gressive though not necessarily heteroskedastic. Durbin’s-h sta- 
tistic (Greene 1993) was used to detect the presence of serial cor- 
relation and White’s test (Greene 1993) was used to test for het- 
eroskedasticity. Time Series Cross Section Regression (TSCSR), 
as developed by Parks (1967), was used to correct for het- 
eroskedasticity and autocorrelation. 

While heteroskedasticity is not a problem in individual state 
data, autoregressive disturbances are still a concern. Yule-Walker 
estimation procedures were accordingly used to correct for serial 
correlation in the error term for the individual state equations 
(Greene 1993). 

Including all relevant livestock prices as independent variables 
would create a high degree of collinearity. Separate equations 
were therefore examined to determine if calf or yearling prices 
were more likely to influence lease rates. 

California 

Colorado 

Id&O 

Montana 

New Mexico 

Nevada 

Oregon 

utah 

Washington 

Wyoming 

1 I-State Avg. 

Including intercept shifter variables (dummy variables) for each 
state has the potential of producing collinearity. Therefore, 
regional dummy variables were also developed and tested as a 
possible way to reduce collinearity. Regions were determined by 
sorting state lease rates in descending order and conducting a 
paired difference test (Neter et al. 1990) to determine regions. To 
detect collinearity among variables, condition indices were exam- 
ined (Belsley et al. 1980). 
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---_ 
3.08 

(1.26) 

2.60 
(2.65) 

2.17 
(2.43) 

2.23 
(2.22) 

2.07 
(3.01) 

2.91 
(1.W 

4.23 
(3.03) 

2.12 
(2.18) 

2.23 
(2.37) 

1.88 
(2.47) 

2.23 
(2.68) 

1.92 
(2.06) 

‘Top number is in real dollars (1992 = 100). number in parenthesis is in nominal dollars. 

To determine if the lagged or current year value of yearling, 
input, hay and land prices, as well as cattle numbers and condi- 
tion scores should be used, lagged and current specifications of 
all variables were tried in combination with each other as 
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explanatory variables of lease prices along with lagged lease 
price and region variables. This entailed examining 26 or 64 com- 
binations. Lagged yearling prices, lagged input price index, cur- 
rent year cattle numbers, current year hay prices, lagged land 
prices, lagged forage condition along with the lagged lease rate 
provided the best fit. Lagged and current specifications of land 
prices and range condition provided similar results. As anticipat- 
ed, individual state dummy variables created collinearity among 
the independent variables, so regional variables were used. 
Ordinary least square equations developed using these variables 
are shown in Table 2. Parameter estimates are presented in 
Equation (1) when all independent variables are included and in 
Equation (2) when insignificant variables are omitted. For ordi- 
nary least square estimates, lagged yearling prices, cattle num- 
bers, lagged land values and lagged forage condition estimates 
were insignificant (P<O.lO). 

Durbin’s-h and White’s test indicated the ordinary least square 
equations were heteroskedastic and autoregressive. The Time 

Table 2. Regression Estimates of Private Land Grazing Fee, 1962-1992. 

Variable’ Equation (1) 
OLS 

Equ;io; (2) Q;;io1S(3) Equation (4) 
TSCRS 

Intercept ’ 

LYEARLING 
(WOO kg) 

NUM 
(no.) 

HAY 
($/metric ton) 

LPCI 

LLAND 
($/ha) 

LCOND 
6) 

LLEASE 
(WAUM) 

R2 

R3 

Adj R2 

Durbin’s h 

White’s Test6 

5.87 
(1.193)**3 

0.0029 
(0.003) 

0.0001 
(0.0001) 

0.0117 
(0.004)** 

-0.0172 
(0.003)** 

-0.oooo4 
(0.0001) 

~.0016 
(0.008) 

0.5020 
(0.045)** 

0.495 
(0.247) 

-1.403 
(0.284)** 

0.746 

1 .454 

6.37 
(0.804)** 

0.0131 
(0.004)** 

-0.0183 
(0.002)** 

0.5027 
(0.044)** 

0.645 
(0.186)** 

-1.378 
(0.259)** 

0.748 

I.295 

8,297 510 

5.035 
(0.909)** 

0.0047 
(0.002)* 

-0.00007 
(0.0001) 

0.0096 
(0.003)** 

-0.0148 
(0.002)** 

0.00006 
(0.0001) 

-0.0024 
(0.005) 

0.5505 
(o&$2)** 

0.718 
(0.206)** 

-1.03 
(0.217)** 

4.58 
(0.782)** 

0.0044 
(0.002)* 

0.0101 
(0.003)** 

-0.0140 
(0.002)** 

0.5642 
(0.040)** 

0.594 
(0.116)** 

-1.10 
(0.178)** 

‘Abbreviations: LYEARLING = lagged yearling price ($/lo0 kg); NUM = number of 
cattle and calves on farm, Jan 1; HAY = hay price ($/metric ton); LPCI = lagged produc- 
tion cost index; LLAND = lagged price of farm land ($/ha); LCOND = lagged forage 
condition percentage; LLEASE (lagged private land grazing fee ($/AUM); R2 = 1 if 
region 2, 0 otherwise; R3 = 1 if region 3, 0 othenvise; OLS = ordinary least squares 
regression estimates; TSCSR = time series cross section regression estimates. 
‘Coefficients can be interpreted as follows (see Equation 4): for every $1 increase in 
yearling prices, lease rates increase by $0.0044: for every $1 increase in hay prices, lease 
rates increase by $0.0101; for every 1 point increase in the production cost index, lease 
rates decrease by $0.014; for every $1 increase in last year’s lease rate, lease rates 
increase by $0.5642: the base lease rate for Region 1 is $4.58; the base lease rate for 
Region 2 is $0.594 more than Region 1; the base lease rate for Region 3 is $1.10 less 
than Region 1. 
‘Values in parentheses are standard errors. Single and double asterisks indicate signifi- 
cance at Pc.05 and Pc.01, respectively. 
?ritical value for rejecting Ho: no autocorrelation. is DL = 1.675 at a = 0.05. 
‘Critical value for rejecting Ho: no autocorrelation. is DL = 1.718 at a = 0.05. 
‘Critical value for rejecting Ho: no heterosked.asticity is x2 = 124.34 at a = 0.05. 
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Series Cross Sectional Regression routine in SAS (SAS Institute, 
Inc. 1988) was used to correct for these conditions. The resulting 
models are shown as Equations (3) and (4) in Table 2. 

When heteroskedasticity and autoregression are accounted for, 
private land grazing fees are positively influenced by lagged year- 
ling prices, current hay prices, and the previous year’s lease rate. 
Private land grazing fees are negatively influenced by the input 
price index. Using the 1992 11-western state averages of 
$175.03/100 kg for lagged yearling prices, $81.13/metric ton for 
hay, a 177 price cost index, and $8.63/AUM for lagged lease rate 
gives a 1992 lease rate for Region 1 of $8.53/AUM. Lagged year- 
ling prices contributed $0.77, hay prices contributed $0.82, the 
price cost index contributed -$2.48, and the previous year’s lease 
rate contributed $4.87 to the 1992 lease rate estimate for Region 1. 

As seen in Equation (3), coefficients for cattle numbers, lagged 
forage condition scores and lagged land prices were not signifi- 
cantly different from zero (P < 0.10). The data spanned nearly 3 
cattle inventory cycles, yet cattle inventory was not a statistically 
significant indicator of demand for grazing leases. Forage condi- 
tion was similarly thought to be an indicator of forage supply and 
thus demand for grazing, but likewise was insignificant in 
explaining private land lease rates. On a regional basis the oppo- 
site has been found. Fowler et al. (1994) found a strong correla- 
tion between drought conditions in New Mexico and West Texas 
versus the lease rate for McGregor Range located in southeastern 
New Mexico. The McGregor Range is controlled by the 
Department of the Army, with the surface range forage adminis- 
tered by the BLM. The forage is auctioned by quasi-competitive 
bidding. Perhaps the aggregation of the forage condition index 
precludes it as a good indicator of forage supply in this model or 
conditions at the time the lease was negotiated never reflected the 
anticipated forage supply. 

Insignificant coefficients for lagged land prices indicate that 
lessors don’t consider fluctuations in the real estate market when 
determining private grazing lease rates. This indicates that many 
lessors may be satisfied with expected land appreciation returns if 
they can cover non-land cash and depreciation expenses (Oltmans 
1995). 

Region dummy variables were significant (P < O.Ol), indicating 
differences in private land grazing fees between regions. Base 
lease rates were $0.59 higher in Region 2 than Region 1 and 
$1.10 lower in Region 3 than Region 1. Lease rates in Arizona 
and New Mexico (Region 3) not only take into consideration 
lower quality forage, but also consider yearlong grazing versus 
the seasonal grazing common in most other western states. 

Equation (1) was estimated individually for each state to exam- 
ine responsiveness of private land grazing rates to the indepen- 
dent variables on a state-by-state basis. Yule-Walker estimation 
procedures were used to correct for serial correlation in the error 
term (Greene 1993). Coefficients and their significance for each 
state equation are presented in Table 3. For most states, fewer 
independent variables were significant in explaining variation in 
state private lease rates than when estimated with cross-sectional 
data. The index of prices paid for non-farm items was significant 
(P < 0.10) in 8 of the 11 state models and carried the expected 
sign. Hay prices were significant (PcO.10) in 4 of the 11 state 
models while exhibiting the hypothesized positive sign. Lagged 
yearling price, cattle numbers, lagged land prices, lagged forage 
conditions and lagged lease rates were significant in 2 to 4 of the 
state equations. Lagged forage condition and lagged lease rate 
carried the hypothesized sign when the coefficients were statisti- 



Table 3. Yule-Walker Estimates of Private Land Grazing Rate ($/AUM) for Each of rhe 11-Western States, 1962-1992. 

Variable Ariz. Calif. Cola. Idaho Mont. N.M. Nev. Ore. Utah Wash. wyo. 

Intercept 17.23 16.46 12.76 -3.75 -4.34 20.56 3 26 3.13 14.55 7.09 11.30 
(9.76)** (6.40)** (3.79)*** (3.40) (1.96)** (3.73)*** (12.82) (4.80) (7.50)* (4.26) (4.45)“* 

LYEARLING -0.024 0.017 0.006 0.012 0.015 -0.026 0.006 0.010 4.009 a.008 -0.005 
($1100 kg) (0.019) (0.012) (0.007) (0.007)$ (0.003)*** (0.009)*** (0.023) (0.008) (0.01) (0.011) (0.006) 

NUM -0.004 Xl.002 -0.001 0.003 0.003 -0.004 0.005 0.005 0.001 0.005 XX)01 
(no.) (0.005) (o.OOl)* (0.001) (O.OOl)** (0.0304) (0.002)** (0.016) (0.003) (0.006) (0.003) (0.002) 

HAY 0.035 0.019 a.008 -0.002 0.027 0.042 0.027 0014 0.012 0.017 0.0357 
($/metric ton) (0.019)* (0.013) (0.010) (0.012) (0.007)*** (0.016)** (0.028) (0.011) (0.023) (0.01) (0.012)*** 

LPCI -0.062 -0.028 -0.024 0.005 0.009 -0.093 -0.001 -0.021 -0.039 -0.035 -0.033 
(0.032)* (0.012)** (o.olo)** (0.010) (0.005) (0.015)*** (0.028) (0.009)** (0.017)** (o.olly (o.oll)*** 

LLAND 0.001 0.001 0.001 -0.001 -0.003 0.013 -0.013 -0.ooo2 0.0004 0.001 0.004 
($/ha) (0.005) (0.001) (0.001) (O.OOl)** (O.OOl)** (0.003)*** (0.008)* (0.001) (0.001) (0.001) (0.003) 

LLCOND 0.023 0.005 -0.044 -0.001 0.011 0.017 0.065 -0.043 0.011 -0.051 -0.001 
(%) (0.049) (0.024) (0.018)** (0.012) (0.011) (0.021) (0.069) (0.025)* (0.027) (0.032) (0.019) 

LLEASE 0.045 0.184 0.513 0.856 0.806 -0.116 0.291 0.241 0.005 0.321 0.242 
WAUM) (0.238) (0.197) (0.186)** (0.152)*** (O.lO)*** (0.175) (0.228) (0.194) (0.245) (0.190) (0.185) 

Pl -0.074 0.159 0.171 0.153 0.310 0.143 -0.046 -0.085 0.019 0.188 a.043 

R2 0.724 0.784 0.929 0.914 0.920 0.905 0.592 0.868 0.697 0.688 0.869 

‘Abbreviations: LSTEER = lagged yearling price (WOO kg); NUM = number of cattle and calves on farm, Jan 1; HAY = hay price ($/metric ton); LPCI = lagged production cost 
index; LLAND = lagged price of farm land ($/ha); LCOND = lagged range condition percentage; LLEASE (lagged private land grazing fee ($/AUM); p1 = autoregressive parameter 
estimate for lag 1. -- - 

-- 

tally different from zero (P < 0.10). None of the individual state 
equations maintained the same significant explanatory variables 
as the cross-sectional equation. 

Conclusions 

It is difficult to tell how responsive private land lease rates 
should be to “costs of production, beef prices, or the ranchers 
[sic] ability to pay” (U.S. Congress, House of Representatives 
1978, p.18) so that the forage value index adequately reflected 
“short-term instabilities” (USDA/USDI 1977, p. 3-34). Results 
of this study show that private grazing land lease rates adjust 
yearly to several factors that affect the profitability of ranchers. 
Lagged yearling prices and input prices, current hay prices, and 
the previous year’s lease rate are significant (P c 0.10) in explain- 
ing the variation in the current year’s lease rate. The previous 
year’s lease rate is the most influential explanatory variable, with 
more than half the variability in the current year’s rate explained 
by the previous year’s lease price. 

This study supports findings by Brokken and McCarl (1987), 
Tore11 et al. (1989), and Tore11 et al. (1993) that beef prices and 
input costs are already captured in private land lease rates, both 
theoretically and empirically. As previously discussed, the pre- 
ceding year’s lease rate was the major factor explaining the cur- 
rent year’s rate. This suggests use of the forage value index in 
updating public lease rates. We therefore recommend that a new 
base be established that equates the total costs of grazing on 
leased private lands and the total costs of grazing on public lands, 
and that this base be updated yearly by the forage value index. 

When the model developed for the cross-sectional data 
(Equation 1) was estimated on a state-by-state basis, results were 
not consistent between states and the theoretical model did not 
perform consistently. Perhaps concerns that individual state esti- 
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mates of private land lease rates are not reliable unless combined 
to form a west-wide estimate (Kearl 1989, Tore11 et al. 1993) are 
reflected in these results. An increased sample size and a survey 
directed towards lessors and lessees of private rangeland forage 
are recommended. 

As previously discussed, several variables that theoretically 
influence the price paid for private rangeland lzases were not 
included in this study because of their unavailability. Cross-sec- 
tional and time-series data that includes variables such as services 
provided, non-fee costs, and quantity supplied and demanded 
would perhaps shed further light on the value of forage dilemma. 
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Abstract 

Results from 6 years of seeding trials in the Chihuahuan Desert 
indicated that establishment of introduced and native grass 
species responded directly to soil moisture at the 1.22 cm (0.5 in) 
depth, soil temperature at the 5.08 cm (2 in) depth, and seedbed 
preparations of mulching and pits. The economic analysis indi- 
cated that seeding is not an advisable financial investment in the 
region under general circumstances. It also showed that when 
seeding is deemed necessary the best native species economic 
alternatives are blue grama [Bouteloma gracilis (H.B.K.) 
Griffiths] with either no seedbed preparation or with post 
seedbed preparation of mulch. The best introduced species eco- 
nomic alternative is Lehmann lovegrass (Eragrosfis lehtnanniana 
Nees.), with no seedbed preparation. 

Key Words: rangeland seeding, economic feasibility, soil mois- 
ture, soil temperature, seedbed preparation, stand establishment. 

Rangeland seeding is an intensive range improvement practice 
used to change the composition of rangeland vegetation. It can 
result in increased productivity of 100% to l,OOO% within 1 to 3 
years (Herbel 1983). Since natural revegetation processes can 
take more than 100 years, rangeland seeding can be an effective 
way to establish desirable vegetation in areas where vegetation 
has been severely depleted (Allison 1990). Because successful 
seeding is dependent on factors such as climate and weather con- 
ditions, there is a need to understand how climate affects seeding 
and to evaluate the likelihood of success or failure in establishing 
a viable stand. It is important for land managers to conserve and, 
where necessary, improve the range resource if a seeding project 
is to be successful (Buffington and Herbel 1965). 

Some of the principles of seeding were outlined by Merkel and 
Herbel (1973) and Holechek et al. (1995) as: (1) remove or 
reduce competition of unwanted plants and (2) select plant mate- 
rials and varieties that are adapted to the specific site being seed- 
ed. The most desirable time to seed rangeland for uniform 
seedling distribution is immediately before the season of the most 

The authors thank Bobby Stanaland, Alfonso Gerbolini, Pbillip Johnson, Carlton Britton, 
Terry EN-in, and two anonymous reviewers for assistance on the paper. Texas Tech 
University College of Agricuhal Sciences and Natural Resources paper no. T-1-412. 
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reliable rainfall and when the temperature is favorable for plant 
establishment (Marietta and Britton 1989). Establishment is often 
difficult due to insufficient moisture, high temperatures, high 
evaporation rates, damage to seedlings by wind-blown particles, 
and slow growth during the seedling stage (Welch et al. 1962). 
The climate is uncontrollable, but other factors that are control- 
lable (i.e., plant variety, seedbed preparation, and seeding tech- 
nique) can also affect the success or failure of seeding. 

Range seeding represents a means to increase land productivity 
in arid regions and/or to preserve soil and other resources. 
However, the risk and expense associated with seeding are signif- 
icant. For land managers to successfully evaluate seeding as a 
range improvement alternative, they need to understand (1) how 
environmental and management factors affect seeding success 
and failure, (2) the resulting financial costs and returns, (3) the 
probabilities of success and failure, and (4) the expected econom- 
ic consequences. The objectives of this study were to determine 
environmental and management conditions necessary for stand 
establishment in the arid Southwest and identify the expected 
economic returns from seeding. 

Methods and Procedures 

The analysis consisted of se\,eral major components: (1) esti- 
mating relationships that describe how environmental and man- 
agement practices affect stand establishment, (2) estimating the 
net income from stand establishment if it is not achieved, (3) 
determining the probabilities of conditions needed for stand 
establishment, and (4) estimating the expected net returns of 
seeding. Analysis of existing biological data concerning range- 
land seeding was an important aspect of this study. The other 
main components were the analysis and interpretation of the bio- 
logical data in an economic context. The following sections 
describe (1) the rangeland seeding data, (2) estimation procedures 
for stand establishment relationships based on environmental and 
management factors, and (3) procedures used to analyze the eco- 
nomic feasibility of rangeland seeding. 

Data 
The data for this study were obtained from experiments con- 

ducted in 6 years of seeding trials [Herbel 1961-1966, unpub- 
lished rangeland seeding experiment data, Jornnda Experimental 
Range, Agr. Research Service, USDA, N.M. State Univ., Las 
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Cruces, N.M.; summarized in Sosebee and Herbel(1969), Herbel 
and Sosebee (1969), Herbel (1972a, 1972b), and Herbel et al. 
(1973)] in the arid desert grassland of the Jomada Experimental 
Range, located in the northern part of the Chihuahuan Desert 
north of Las Cruces, N. M.. These data typify all the Chihuahuan 
Desert, which covers over 450,000 km2 (175,000 miles’) and 
extends through southern New Mexico, southeastern Arizona, far 
west Texas, and northern Mexico (MacMahon 1988). These data 
provide information on soil types, soil moisture at different 
depths, soil temperature at different depths, air temperature, 
seedbed preparation, vegetation cover, and stand establishment 
from an extensive group of seeding trials/experiments. Time of 
seeding varied from early July to mid-August and multiple seed- 
ing rates were used in all experiments. 

Data were obtained on 14 varieties of plants, which were 
grouped into 2 categories: (1) introduced species (Lehmann love- 
grass (Eragrostis lehmanniana Nees.), boer lovegrass (Eragrostis 
chloromelas Steud.), old-world bluestem [Bothriochloa 
ischaemum (L.) Keng var. ishaemum], and rhodesgrass (Chloris 
gayana Kuneth)) and (2) native species [black grama 
[Bouteloua eriopoda (Torr.) Torr.], sideoats grama [Bouteloua 
curtipendula (Michx.) Torr.], tobosa grass [Hilaria mutica 
(Buckl.) Benth.], vine mesquite (Panicum obtusum H.B.K.), alka- 
li sacaton [Sporobolus airoides (Torr.) Torr.], sacaton 
(Sporobolus Wrightii Scribn.), fourwing saltbush [Atriplex 
canescens (Pursh) Nutt.], bush muhly (Muhlenbergia porteri 
Scribn ex Beal), blue grama [Bouteloua gracilis (H.B.K.) 
Griffiths], and little bluestem [Schizachyrium scoparium (Michx.) 
Nash]). The introduced grasses are non-native species that have 
rapid establishment. The native species are those that are indige- 
nous to the area and occupy a higher successional stage. 

Stand establishment was measured as the number of 
seedlings/.09 m* (/ft*). There were 5 categories of stand establish- 
ment used: (1) excellent, 2 9 seedlings/.09 m*; (2) good, 7-8 
seedlings/.09 m*; (3) fair, 4-6 seedlings/.09 m*; (4) poor, l-3 
seedlings/.09 m*; and (5) failure (Herbel 1965). 

Response Models 
Empirical response models were developed for relationships 

between stand establishment and the explanatory environmental 
and management variables. Soil moisture and soil temperature are 
the most critical environmental factors affecting the success of 
rangeland seeding. Soil moisture and soil temperature relation- 
ships were estimated by using measurements at the 1.27, 5.08, 
and 10.16 cm (0.5,2, and 4 in) depths averaged weekly. 

The general mathematical structure for the stand establishment 
response models was based on conceptual and prior empirical 
evidence (Sherwood 1994). The resulting multiplicative model 
structure was: 

SE, = R. SR’+ (SMI + l)O2 (SM2 +1)!33 (SM3 + I)*4 (1) 
e13sSBl + O,SB, = 13$B3 + 13$B4 + BgSBg + 13,$B6 

e B,,STl + B1$T12 + O,,ST2 + 13,,ST22 +B,$T3 + R,6ST32 

SM2 = soil moisturt (% days 2 field capacity, July-September) 
at the 5.08 cm depth; 

SM3 = soil moisture (% days 2 field capacity, July-September) 
at the 10.16 cm depth; 

SBi = seedbed preparation dummy variable, i = 1,...,6; SBl = 1 
if seedbed preparation is pits, 0 otherwise; SB2 = 1 if 
seedbed preparation is root plowing, 0 otherwise; SB3 
= 1 if seedbed preparation is emulsion, 0 otherwise; 

SB4 = 1 if seedbed preparation is mulch, 0 otherwise; 
SB5 = 1 if seedbed preparation is plastic, 0 otherwise 
SB6 = 1 if seedbed preparation is furrows, 0 

.3- otherwise; 
(If SBI = SB2 = SB3 = SB4 = SB5 = SB6 = 0 there is no 

seedbed preparation.)’ 
ST1 = average maximum soil temperature (“C),July-Septem- 

ber, at the 1.27 cm depth; 
ST2 = average maximum soil temperature (“C), July-Septem- 

ber, at the 5.08 cm depth; 
ST3 = average maximum soil temperature (“C), July-Septem- 

ber, at the 10.16 cm depth; and 
Bi = estimated parameters. 

All environmental data are micro-climate data taken at the experi- 
mental sites. 

This functional form was used because it is conceptually con- 
sistant with hypothesized variable relationships and interrelation- 
ships. That is, stand establishment increases at a decreasing rate 
as seeding rate and soil moisture increase (marginal productivity 
of these inputs decreases). Stand establishment increases, then 
decreases, as soil temperature increases. Seedbed preparation 
shifts these relationships, and all of the variables are interactive in 
their effects on stand establishment. 

The response model was linearized by logarithmic transforma- 
tion to facilitate multiple linear regression estimation. The esti- 
mation form of equation 1 was: 

1nSEv = In l3, + B, 1nSR + a2 ln(SM1 + 1) + I33 ln(SM2 + 1) 
+ B41n(SM3+1)+ B,SBl+ B, SB2 (2) 
+ B, SB3 + B, SB4 + B, SB5 + B,,SB6 
+ B,,STl + B12ST12i-B13ST2 + B,,ST2* 
+ B1$T3 + B,,$T32 + E 

where In represents the natural logarithm and E is the stochastic 
error term. 

Economic Analysis 
Economic feasibility is determined by comparing the costs 

associated with the implementation of a rangeland seeding pro- 
ject to the present value (PV) of expected additional revenue. 
The decision criterion is: if the expected present value of added 
revenue is greater than or equal to the costs, the seeding improve- 
ment is considered economically feasible. The following sub-sec- 
tions address the estimation of costs, revenues, discounted net 
returns, and expected net returns. 

where 
SE, = stand establishment seedlings/.09 m*(ft*) for species Cost Estimates. 

group v; v = I (introduced) or N (native); The costs of reseeding occur at the time of the initial improve- 
SR = seeding rate in 1.12 kg/ha (lbs/acre); ment and are formulated as follows: 
SMl = soil moisture (% days 2 field capacity, July-September) 

at the 1.27 cm depth [field capacity is the level of soil 
moisture adequate to prevent permanent wilting, which ‘The dummy variables shift the regression relationship up or down according to 
varies with soil type, vegation, and soil and air tempera- the effects of ,tlternntive seeJbcd preparations. Each shift is relative to no seedbed 

ture (Sherwood 1994)]; preparations. 
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TC=SC,+SB+SO 
where 
TC = total cost of seeding, 

0) 

SC, = seed costs of either introduced species or native species, 
SB = seedbed preparation cost used to prepare the soil for 

seeding operations, and 
SO = is the seed application cost, not including seed costs. 

SB costs are based on using farm-type equipment (tractors, 
plows, discs, etc.). There is a cost of seeding for each species and 
each type of seedbed preparation. 

Revenue Estimates. 
For this analysis, economic value was measured by converting 

the added yield from the stand establishment models to added 
livestock (cattle) production. The additional forage production 
was converted to livestock production by calculating an expected 
amount of marketable livestock that results from the increased 
grass production. Tore11 et a1.(1991) estimated that in medium- 
size ranches in southwest New Mexico, where the sites are locat- 
ed, one animal unit year (AUY) produces: (1) 86.0 kg (189.5 lbs) 
of steer calf [i.e., 39% (l/2 of a 78% calf crop) of a 220.5 kg (486 
lb) (sale weight) steer calf], (2) 52.8 kg (116.5 lbs) of heifer calf 
[i.e., 26% (l/2 of a 78% calf crop minus 13% replacement rate) 
of a 203.2 kg (448 lb) (sale weight) heifer calfl, and (3) 59.0 kg 
(130 lbs) of cull cow [i.e., 13% (replacement rate) of a 453.6 kg 
(1,000 lb) cow]. The revenue generated from one AUY was cal- 
culated to be as follows: 

PL=(PS*S)+(PH*H)+(PC*C) (4) 

where 
PL = net value of livestock marketed per AUY ($143.82 per 

animal production unit), 
PS = 1987-1991 average market price of a 181-227 kg. 

(400-500 lb) #l medium frame steer [$2.22/kg 
($100.60/cwt)], 

S = marketable steer calf resulting from added grass produc- 
tion (86.0 kg), 

PH = 1987-1991 average market price of a 181-227 kg #l 
medium frame heifer ($1.88/kg), 

H = marketable heifer calf resulting from added grass produc- 
tion (52.8 kg), 

PC = 1987-1991 average market price of a commercial grade 2- 
4 cow ($l.O2/kg), and 

C = marketable cull cow resulting from added grass produc- 
tion (59.0 kg). 

Market prices used for this analysis were average sale prices at 
San Angelo, Tex., (U.S. Dept. of Agr. 1987-1991). The 5-year 
average was chosen because it represents reasonably current price 
levels, but covers enough time to smooth major price fluctua- 
tions. The total value of range seeding is the product of the value 
of 1 AUY and the total increase in animal units resulting from the 
improvement. 

Expected Net Present Value. 
Four assumptions were applied to all situations: (1) the speci- 

fied livestock prices were assumed to stay constant, in real terms, 
over the 20-year planning horizon; (2) there are no maintenance 
costs associated with seeding; (3) the resource is managed so that 

there is no deterioration in stand over time; and (4) rangelands are 
in a condition that will allow for seeding without additional vege- 
tation removal by either mechanical or chemical means. 

The next steps involved accounting for the time value of 
resources (discounting) and the probabilities of stand establish- 
ment being achieved. After the forage response functions are 
known for each stand establishment and given adequate growing 
conditions to maintain the stand and no grazing deferment, added 
revenue was estimated for each future year in which the seeding 
was effective. This added revenue was discounted to a present 
value of seeding as follows: 

PVAP= 2 
t=1 

where PVAP is the present value of added production from the 
time of seeding to time period n, VAGP, is added revenue from 
seeding in year t, and r is the discount rate. There is a PVAP for 
each level of stand establishment (excellent, good, fair, poor, and 
failure). The sum of the added revenues from each of the 5 forage 
levels was discounted using rates of 3 and 7% to test the sensitiv- 
ity of the results to real interest rate variability. The 3% rate rep- 
resents a real (adjusted for inflation) long-term rate while the 7% 
represents a high real discount rate. With proper maintenance and 
grazing practices, a given stand of later successional stage native 
species should last at least 20 years (n = 20). Net returns beyond 
20 years are increasingly uncertain and have little effect on pre- 
sent value. 

The probability of achieving a given stand establishment is 
determined by the probabilities of soil moisture and soil tempera- 
ture conditions occurring that will result in that stand. 
Probabilities for stand establishment categories of excellent [ 2 9 
seedlings/.09 m* (ft’); carrying capacity 12 animal units yearlong 
(AUY)/ 259 ha (section)*], good (7-8 seedlings/.09 m*; 7.8 
AUY/section carrying capacity), fair (4-6 seedlings/.09 m’; 4.2 
AUY/section carrying capacity), poor (l-3 seedlings/.09 m*; 1.2 
AUY/section), and failure are dependent on conditions both out- 
side (weather conditions) and within (seed planting depth, drill 
calibration, etc.) the control of the range manager. It was assumed 
that the carrying capacities of seeded rangeland before seeding 
was effectively zero, so that these carrying capacities also repre- 
sent change in capacity. Nonetheless, probabilities of alternative 
soil moisture and soil temperature conditions occurring were esti- 
mated directly from the data set. The data provided the proportion 
of time that each combination of soil moisture and temperature 
necessary to achieve stand establishment in given year of excel- 
lent, good, fair, poor, and failure. 

The expected net present value E(NPVAP) of a seeding sce- 
nario was determined as: 

E(NPVAPi) = Cj NPv’i (P’) 

where E(NPVAPi) is the expected net present value of additional 
production, i is the species, NPVij (= PVAP - TC,) is the net pre- 
sent value for species i with stand establishment j (j = excellent, 
good, fair, poor, and failure), Pj is the probability of achieving 
SMl and ST2 that will result in stand establishment j. Thus, if 
E(NPVAPi) is greater than zero, the improvement can be consid- 
ered a financially feasible project. 

zrhese carrying capacities assume grazing 4CL45% of usable forage, depending 
on the level of stand establishment (Sherwood 1994). 
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Results 2). The SE1 model explained 78.3% of the seedling stand estab- 
lishment variation in the data. 

For native species (SEN), a one unit increase in SMl resulted 
in a 2.1% increase in the number of seedlings/.09 m2. The opti- 
mal soil temperature at the 5.08 cm depth for native species of 
grass derived in the same manner as for SEI, is 42.8”C, the same 
as for SE1 (this was mere happenstance), although the response 
was “flatter” (stand establishment did not decline as quickly as 
soil temperatures deviated from the optimum). Pits (SBl) caused 
seedlings/.09 m2 to increase by 0.45%, asphaltic emulsion (SB3) 
caused stand establishment to decrease by 1 .O?Q, and hay mulch 
(SB4) increased stands by 1.23%. Pits and hay mulch were tech- 
nically viable seedbed preparations, but asphalt emulsion was not 
because it reduces stand establishment. These differences in the 
impact of seedbed preparations on SEN were probably due to the 
way each seedbed preparation method affects the micro-environ- 
ment. That is, pits collect water, mulch lowers soil temperature, 
and asphalt absorbs heat and raises soil temperature. The adjusted 
R2 value indicates that the SEN model explained about 69% of 
the variation in stand establishment in the data. 

These results indicate that the microclimate variables that affect 
stand establishment are soil moisture at the 1.27 cm depth and 
soil temperature at the 5.08 cm depth. Given the seedlings/.09 m2 
required, the probabilities of achieving excellent, good, fair, and 
poor stands for the different viable seedbed preparations are 
shown in Tables 2 and 3. Since the probability of failure is 1 
minus the probabilities of the other four outcomes, the probability 

Stand Establishment 
Results from the stand establishment for native (SEN) and 

introduced (SEI) species models are presented in Table 1. 
Variables for which the coefficients were not statistically signifi- 
cant were excluded from the estimated equations. The estimated 
regression coefficients represent the effects of soil temperature 
(ST2) measured at the 5.08 cm depth during the growing season, 
soil moisture (SMl) measured at 1.27 cm depth during the grow- 
ing season, and (3) seedbed preparations of pits (SBl), asphaltic 
emulsion (SB3), and mulch (SB4). The t-statistics indicated that 
all variables shown were statistically different from 0 at the 95% 
confidence level. The 2 models are discussed below. 

Table 1. Regression estimates for stand establishment for introduced 
(SEI) and Native @EN) species. 

Variable 
Estimated Standard 
coefficient deviation 

t-ratio at 
.05 level 

- - - - - - - - - Introduced Species (dependent variable 

SB3 

- 

-1.039 

In 

0.105 

SEI) - - - 

-9.857 

- 

SB4 

- 
Constant 

1.232 

-63.381 7.112 

0.266 

- 8.912 

4.638 

SB3 -1.937 0.135 

Ln(SMl+l) 

- 14.324 
Ln @Ml+ 

2.115 

1) 2.281 0.658 

0.353 

3.461 

5.994 

ST2 1.199 0.131 9.148 
ST22 

ST2 

-0.0055 0.0006 

0.722 0.097 

-9.113 
n = 71, d.f. 

7.462 

= 66, adjusted R2 = 0.7834, F = 64.20 

----------NativeSpecies(dependentvariable-InSEN)----------- 
Constant 

S-22 

-37.512 5.016 

-0.0030 

-7.478 
SBl 

0.0004 

0.449 0.124 

-7.174 

3.628 

n = 142, d.f. = 135, adjusted R2= 0.686, F = 52.426 

Table 2. Combinations of SMl and ST2 that achieve stand establishment 

. 
levels of excellent, good, fair, and poor for introduced grass species, no 

- seedbed ureaaration. 

SMl’- sT22- 
SEI- soil soil 

seedlin s/ moisture (units) temp. (“C) 
.09m P 1.27 cm depth 5.08 cm depth Probability 

Excellent .29 S SMl I .89 35.5<ST2251.11 0.02 
stand 2 9 

Good .26<SMl<.92 37.17~ST2I51.94 0.10 

In the SE1 equation, the SB3 (asphaltic emulsion) variable indi- 71stand18 

cated that the use of asphaltic emulsion resulted in a decrease of 
Fair .20 2 SMl 2.98 32.22 I ST2 I 53.79 0.04 

41stand16 
1.94% in grass seedlings/.09 m2 for introduced grass species rela- Poor .09 5 SMl. 193 29.72 I ST2 5 53.06 0.08 
tive to no seedbed preparation. This may be from chemical com- llstandl3 

position or heat absorbing characteristics of black asphaltic emul- Failure <I 0.76 

sion, or both. Because it showed an inverse relation, asphaltic ‘Measured as the percent of days that SMI is greater than or equal to field capacity. 

emulsion was concluded to be an infeasible method of seedbed 
2Measured as the average maximum soil temperature during the growing season 
(July-Sept.). 

preparation. A 1% increase in the July to September days that soil 
moisture at the 5.08 cm depth was > field capacity (SMl) caused 
SE1 to increase by 2.28%. Soil temperature at the 5.08 cm depth 
had both direct and inverse effects on SEI, depending on the 
range of ST2. The optimal level of ST2 derived from the estimat- 
ed equation, with all other variables held at mean levels of the 
data set, is 42.8”C (109°F). As ST2 approaches 42.8”C, an 
increase in average soil temperature between July and September 
increased SEI. As ST2 exceeds 42.8”C, an increase in SK? result- 
ed in fewer seedlings/.09 m2. Note that the effect of soil tempera- 
ture on stand establishment is not independent of the level of 
other variables, notably soil moisture. In fact, the temperature- 
moisture “windows” for stand establishment are relatively small 
within the overall range of environmental conditions (see table 

of a failed stand is 0.76 with introduced grass species and varies 
from 0.25 to 0.61 with native species, depending on seedbed 
preparation. 

costs 
Costs associated with stand establishment occur at the time of 

seeding. They include seed, seedbed preparation, and seed 
drilling. Estimated costs are summarized in Table 4. In the case 
of introduced (lower successional) species, the analytical results 
indicate no seedbed preparation is optimal, and thus there are no 
seedbed preparation costs. For native (higher successional) 
species, no seedbed preparation, pits, and mulch are technically 
feasible approaches. Total costs, which can be determined from 
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Table 3. Combinations of SMl and ST2 that achieve stand establishment 
levels of excellent, good, fair, and poor for native species, by seedbed 
preparation. 

SMl’- ST2*- 
SEN- soil soil 

seedlings/ moisture, temp. (“C) 
.09 m* 1.27 cm depth 5.08 cm depth Probability 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ No s&bed preparation _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
Excellent- 

stand > 9 
Good- 

71stand18 
Fair- 

4<stand<6 
Poor- 

llstandl3 
Failure-cl 

_ - - - - - - - _ _ - 
Excellent- 

stand>9 
Good- 

7<stand<8 
Fair- 

41stand16 
Poor- 

l<stand<3 
Failure- ~1 

___________ 
Excellent- 

stand29 
Good 

7<stand<8 
Fair- 

4<stand<6 
Poor- 

llstandl3 

__. 

__ 

- .34 5 SMl I .91 j5.56 I ST2 251.67 

.28 S SMl I .96 33.33 2 ST2 2 53.06 

.19 5 SMl I .90 30.56 I ST2 I50.28 

.04 I SMl 5 1.0 22.28 S ST2 2 53.33 

- - - - Seedbed preparation-pits - - - - - - - - 
.24 5 SMl I .84 32.22 I ST2 S 48.89 

.20 I SMl I .89 30.33 I ST2 2 50.00 

.12 I SMl I .96 28.89 5 ST2 152.22 

.lO I SMl I .34 27.89 2 ST2 2 30.56 

----Seedbedpreparation-mulch------- 
.12 I SMl I .97 28.61 < ST2 552.22 

.09 5 SMl I 1.00 27.78 2 ST2 2 53.06 

.14 < SMl 2.34 28.89 2 ST2 2 30.86 

.05 I SMl < .27 26.11 2 ST2 I 28.33 

___ 

___ 

0.00 

0.12 

0.06 

0.57 

0.25 

- - - - _ _ - 
0.14 

0.03 

0.06 

0.22 

0.55 

- _ - - _ _ _ 
0.24 

0.15 

0.00 

0.00 

Failure-cl 0.61 

‘Measured as the percent of days that SMI is greater than or equal to field capacity. 
‘Measured as the average maximum soil temperatore during the growing season 
(July-Sept.). 

Table 4, vary depending on which option is exercised. A more 
complete description of seedbed preparation techniques is avail- 
able in Sherwood (1994). 

Revenues and Expected Net Present Values 
Estimated livestock production and revenues for each of the 

five outcomes--excellent, good, fair, poor, or failed stand estab- 
lishment--are shown in Table 5. The streams of income discount- 
ed over the 20 year life of the improvement are also shown. 

The final results from combining discounted revenues, invest- 
ment costs, and probabilities of the various stands occurring are 
summarized in Table 6. Results for the 7% discount rate are not 
shown (all are more negative than at the 3% rate). These results 
indicate that none of the species under any of the conditions eval- 
uated provided a positive expected net return on the investment. 
That is, the practice is not viable on its merits as a financial 
investment. However, if circumstances dictate that seeding be 
done, blue grama with mulch (Table 6) appears to be the most 
viable (least cost) alternative, followed closely by lehmann love- 
grass (introduced species) and blue grama, both with no seedbed 
preparation. 

Table 4. Estimated costs associated with rangeland seeding. 

Seedbed 
prep. 

Seed variety Seed costs’ farm equipment* Drilling cost.? 

Native species ___- _______ -($/.40,$7ha)-- ___________ 

sideoats grama 11.00 6.50 6.75 
tobosa grass 40.00 6.50 6.75 
vine mesquite 23.00 6.50 6.75 
sacaton (giant) 26.00 6.50 6.75 
alkali sacaton 20.00 6.50 6.75 
black grama 40.00 6.50 6.75 
fourwing saltbush 12.00 6.50 6.75 
bush muhly 40.00 6.50 6.75 
blue grama 8.00 6.50 6.75 
little bluestem 11.00 6.50 6.75 

Introduced species 
lehmann lovegrass 5.75 6.75 
boer lovegrass 13.00 6.75 
old world bluestem 11.00 6.75 
rhodesgrass 7.25 6.75 

‘The assumed seeding rate was 2.24 kg/ha for native and 1.12 kg/ha for introduced 
species (average seeding rates aithin the data). 
‘Average custom rate (Curtis & Curtis Seed Co., Clovis, N.M., and Richardson Seed 
Co., Lubbock, Tex., Mar. 1992) for the use of farm type equipment to do similar work as 
that required for rangeland seedhed preparation: cost is the same for pits and mulch. 
‘Average custom seeding rate for rangeland grasses in the semi-arid desert region of 
West Texas. 

Summary and Conclusions 

Potential benefits from rangeland seeding result from environ- 
mental forces that affect stand establishment, range carrying 
capacity, and economic returns. The objective of this study was 
to evaluate seeding success and financial feasibilify of rangeland 
seeding. Experimental data were used to estimate stand establish- 
ment relationships for introduced and native species. Stand estab- 
lishments were defined by soil moisture and soil temperature con- 
ditions, and by seedbed preparation implemented before and/or 
after seeding. The response models indicated micro-environmen- 
tal “windows” for each of 5 stand establishment levels, with win- 
dow size dependent on the species and the type of seedbed prepa- 
ration. These micro-environment windows defined levels of soil 
moisture and soil temperature required to achieve each stand 
establishment level and the probability of each stand establish- 
ment being achieved. 

Costs of seeding included seedbed preparation activities when 
appropriate and seedbed application costs for each species exam- 
ined. Revenues were estimated by considering expected increases 

Table 5. Annual returns generated. 

Carrying Annual Present value of income over 
Stand capacity revenue 20 years at discount rate 

establishment AUY1259 ha 3% 7% 

. _ _ _ _ _ _ _ _ _ ($1259 ha) _ _ _ _ _ _ _ _ _ _ 
Excellent 12.00 1,726 25,676 18,283 

Good 7.80 1,122 16,689 11,884 
Fair 4.20 604 8,987 6,399 

Poor 1.20 173 2,566 1,828 
Failure 0 0 0 0 

‘Assumed to also represent the change in carrying capacity. 
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Table 6. Expected net present values of seeding arid ranges, 3% discount 
rate; selected grasses. 

Literature Cited 

Species 

Exoected net present value 
No seedbed 
preparation Pits Mulch 

Native species 
sideoats grama 
tobosa grass 
vine mesquite 
giant sacaton 
alkali sacaton 
black grama 
fourwing saltbrush 
bush muhly 
blue grama 
little bluestem 

_____--_____ ( $.4047ha)------ _ _ _ _ _ _ _ 
-11.53 -15.90 -10.73 
-40.53 A.90 -39.73 
-23.53 -27.90 -22.73 
-26.53 -30.90 -25.73 
-20.53 -24.90 -19.73 
a.53 -44.90 -39.73 
-12.53 -16.90 -11.73 
-40.53 44.90 -39.73 
- 8.53 -12.90 - 7.73 
-11.53 -15.90 -10.73 

Introduced species 
lehmann lovegrass - 8.26 
boer lovegrass -15.51 
old world bluestem -11.53 
rhodesgrass - 9.76 

in carrying capacity and budgeted returns and variable livestock 
costs, discounted over a 20 year investment life. Net expected 
returns considered costs, discounted revenues for each level of 
stand establishment, and probabilities of each level of stand 
establishment occurring. 

Results showed that none of the species had a positive expected 
net present value under any of the conditions examined. 
Therefore, the conclusion is that seeding in those arid environ- 
ments is not financially viable as an investment if the only objec- 
tive is livestock production. Results showed that blue grama with 
mulch, blue grama with no seedbed preparation, and lehmann 
lovegrass with no seedbed preparation had the lowest expected 
losses. Thus, the conclusion suggested is that if seeding is 
deemed necessary or desirable for any reason other than a finan- 
cial investment (e.g., erosion control, land reclamation, wildlife 
cover), those three seeding situations are most attractive econom- 
ically. 

Several conclusions regarding management of arid rangelands 
are supported by the results from this study. The negative invest- 
ment returns underscore the importance of taking care of the frag- 
ile land resource so as to avoid the need for seeding. 
Alternatively, should seeding be considered, the investment 
potential is not likely to improve unless the probability of 
seedling establishment can be increased by such factors as being 
able to anticipate a wet season that is not too warm or too cool. 
Ways in which the probabilities of achieving desirable environ- 
mental conditions may be a productive area for future research. 
An overall conclusion is that if rangeland revegation in the arid,, 
Southwest is to be successful, ways to deviate from traditional 
methods of seeding must be found. 

The study has 2 notable limitations. The experimental data are 
from sources that are about 30 years old and there may have been 
some genetic advancements in grasses. Additional alternatives 
could alter the outcome. Also, these results cannot be extended to 
higher rainfall or cooler regions; the probabilities of the micro- 
environment windows being achieved would be different. 
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Abstract 

Runoff and sediment yield were evaluated on a sandplain dom- 
inated by woody perennial shrubs in north-western NSW, 
Australia. The site was bladeploughed; and some plots were 
grazed by sheep and cattle and others exclosed from grazing. 
Two years after ploughing and exclosure, grazed plots had signif- 
icantly lower levels of aggregate stability and organic carbon 
compared with ungrazed plots, but there was no effect of plough- 
ing. Surface pH levels were significantly greater on unploughed 
plots compared with ploughed plots. Two years after treatment, 
runoff and sediment yield were greatest on plots with the least 
disturbance (unploughed and ungrazed) and least on sites with 
the greatest disturbance (ploughed and grazed). We attribute dif- 
ferences in soil hydrology to the development of a thin physical 
soil crust on the unploughed-ungrazed plots, which restricted 
infiltration. On the ungrazed plots, increases in plant cover and 
biomass, and colonisation of the physical crust by biological ele- 
ments, are hypothesised to lead to reduced runoff and sediment 
yield over time. 

Key Words: rangeland hydrology, runoff, infiltration, rainfall 
simulation, sandplain, woody shrubs, soil crusting 

Semi-arid woodlands are important range types in eastern 
Australia, supporting extensive sheep and cattle grazing for wool 
and meat production (Young 1980). Serious declines in produc- 
tivity have occurred over extensive areas of woodland. This 
decline takes the form of depletion of palatable perennial pasture 
species and their replacement with less-desirable ephemerals, 
encroachment of inedible native shrubs onto productive grazing 
country, and increases in the area of bare ground and eventually 
soil erosion. Woody shrub encroachment has accompanied the 
active suppression of fire by europeans (Harrington et al 1984). 
Evidence suggests that shrubs have generally been favoured, both 
directly and indirectly, at the expense of grasses, by inappropriate 
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grazing management. These factors, and perhaps many others, 
have resulted in major increases in the density of woody shrubs. 
The viability of grazing enterprises has declined significantly 
under current management styles. 

Over the past 2 decades, pastoralists, researchers, and advisers 
have investigated a range of treatments to control woody shrubs. 
These include fire (Hodgkinson and Harrington 1985), herbicides 
(Noble et al. 1992), grazing by goats (Torpy et al. 1992), blade- 
ploughing (or rootploughing; Robson 1993, 1994), chopper 
rolling and land imprinting (Eldridge unpublished data). The 
Department of Conservation and Land Management (formerly the 
Soil Conservation Service of New South Wales) promoted blade- 
ploughing to control woody shrubs of the genera Dodonaea, 
Senna, and Eremophila on areas of red earth soils. In 1990 the 
government funded a demonstration of the technique in the 
Bourke district of far north-western NSW. Treatment costs 
ranged from $A61 to $A98 ($US46-74) per hectare (Robson, 
unpublished data). Despite the high treatment costs and the rela- 
tively low value of semi-arid rangelands (MacLeod 1993), many 
pastoralists have shown a keen interest in bladeploughing, and a 
few have invested large sums in the operation. While the effects 
of bladeploughing on pasture composition and dynamics is cur- 
rently being investigated at 2 sites in the Bourke district, little 
effort has been directed towards quantifying the effect of blade- 
ploughing on soil movement and hydrology. 

In April 1991 an experiment was initiated to study the response 
of a semi-arid woodland to 4 treatment combinations. The combi- 
nations involved grazing and bladeploughing, both imposed at 2 
levels, presence and absence. The aim was to examine the effec- 
tiveness of the various treatments in improving pastoral produc- 
tivity in terms of various soil and vegetation attributes. In this 
paper we discuss 1 aspect of that study, where we examined soil 
hydrological properties, particularly runoff, and sediment yield, 
in each of the treatments. The effects of ploughing and grazing on 
pasture dynamics are discussed elsewhere (Robson 1995). 

Materials and Methods 

The Study Area 
The trial was carried out at ‘Bloodwood’ Station, a grazing 

property of approximately 25,000 ha used mainly for sheep, but 
with some cattle grazing. ‘Bloodwood’ is located approximately 
120 km north-west of Bourke in north-western New South Wales 
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(144”45’E, 29”3O’S). ‘Bloodwood’ receives a mean annual rain- 
fall of 3 10 mm. Averaged over the long term, 45% more rain falls 
during the summer than the winter. In the 12 months preceding 
the experiments, the site received 221 mm of rain, of which 120 
mm fell in the warmer half of the year. January is the hottest 
month in the region with mean temperatures of 36.4”C. Winters 
are mild and the coolest month is July with an average of 17.9”C. 
Winds, which come mainly from the south, are most prevalent 
and reach their greatest velocities during the warmer months from 
September to February. Bourke receives on average 17 frost days 
per year, usually between June and August. 

The study site falls within the ‘Goonery’ landsystem (Walker 
199 1) and comprises sandplains of Quaternary alluvium and aeo- 
lian sediment. Slope is less than 1% and relief is about 5 m. The 
soils are principally calcareous red earths (Gn2.13; Northcote 
1979) and sandy earths (Gnl.12) with sandy and loamy topsoils. 
In the U.S. Soil Taxonomy, the soil would be classified as a 
Haplargid (Soil Survey Staff 1975). The site is an area of semi- 
arid woodland dominated by the trees mulga (Acacia aneurtl F. 
Muell. ex Benth.), ironwood (A. excelsa Benth.), rosewood 
(Alectyron oleifolius Desf.), and belah (Casuarina cristata F. 
Muell.). The shrub layer comprised predominantly turpentine 
(Eremophila sturtii R. Br.) and hopbush (Dodonaea viscosa A. 
Cunn.), with puntybushes (Senna spp. A. Cunn ex Vogel) and 
native fuscias (Eremophila spp. R. Br). Pasture was dominated by 
woolybutt (Eragrostis eriopoda Benth.), with assorted species 
from the Chenopodiaceae and other ephemeral forbs. 

The traditional use of the paddock on which the study was con- 
ducted has been the grazing of Merino wethers. Breeding cattle 
are grazed episodically when seasonal conditions are conducive. 
Government records indicate that the land type is rated at a stock- 
ing rate of 1 wether (DSE: dry sheep equivalent) per 4 ha. Since 
the treatment in 1991, the leaseholders of ‘Bloodwood’ have con- 
tinued to graze wethers, though intermittently. From April 1991 
until April 1993 the paddock was grazed at the customary rate of 
about 1 DSE per 4 ha. Despite the lack of empirical evidence, 
anecdotal and personal observations suggest that uncontrolled 
grazing by kangaroos and feral goats has been significant over 
the same periods. 

At a site where Eremophila, Dodonaea, and Senna spp. domi- 
nated vegetation biomass, an area was selected and half was 
fenced (2 m high and netted) to exclude sheep, cattle, goats, kan- 
garoos, and rabbits. The exclosure was approximately 400 m by 
150 m (6 ha). Half of the exclosure (400 m X 75 m), and half of 

the adjacent unfenced grazed area were blndeploughed. 
Treatments were not randomly arranged within the block. To 
minimise fencing costs, the 2 exclosed treatments were put side 
by side. Similarly, bladeploughing logistics dictated that both 
bladeploughing areas were arranged next to each other. 

An 89.5 kW (120 hp) crawler tractor was used to pull a single- 
tyned 4.2 m wide V-shaped ‘Stationmaster’ bladeplough. The 
blade was maintained at a depth of 20-30 cm below the surface 
in order to sever the taproots of shrubs below their lateral root 
systems. 

Measurements 
All vegetation, soil. and hydrological measurements were made 

on 20 plots, each of 0.84 m by 0.84 m. This represented 5 plots 
from each of the 4 treatments i.e. ploughed-grazed, ploughed- 
ungrazed, unploughed-grazed, and unploughed-ungrazed. Within 
each treatment, the 5 plots were stratified m ithin inter-shrub sites 
to represent the range of cover and biomass levels of grasses and 
ephemerals present when the rainfall simulations were made. 
Mean pre-simulation values of plant cover, biomass, soil mois- 
ture and microtopography are given in Table 1. Former shrub 
coppice areas were avoided. Plots on ploughed treatments were 
all aligned along the direction of ploughing. All measurements 
were made in April 1993, 21 months after bladeploughing. 

Soil Surfuce Microtopography 
Prior to rainfaIl simulation, soil microtopography was measured 

on top of each runoff plot using a profilemeter (Semple and Leys 
1987). This measures alor,g a row of 16 vertical steel rods spaced 
at 50 mm intervals. Ten rows were used, spaced 90 mm apart. The 
profilemeter measured microtopography perpendicular to the 
direction of ploughing, after the ends of each of the pins came into 
direct contact with the soil surface. The vertical position of each 
pin was measured to the nearest 1 mm. Microtopography was 
expressed as the standard deviation of the 160 pins. 

Soil Physical Properties 
The stability of dry soil aggregates was used as an index of 

erodibility of the ‘Bloodwood’ soils using a field-based dry siev- 
ing technique (Semple and Leys 1987). This was used because it 
was felt that a traditional wet sieving approach (Greene 1992) 
would have overinflated the erodibility of these soils, given their 
low silt and clay contents (15.1-23.0%, T:tble 2). Furthermore, 

Table 1. Mean pre-simulation values of soil moisture, microtopography, biomass and cover of pasture, cryptogams and litter for the 4 combinations of 
ploughmg and grazing. Means values within a row followed by a different letter are significantly different at P-0.05. Only significant differences are 
indicated. 

Soil moisture (%) 
Microtopography (mm) 
Pasture biomass (g) 
Ground cover (%) 

Pastures 
Cryptogams 
Litter 

‘Standard error of the mean 
*Data from a single plot only 

Plouphed Unploum 
Grazed Unerazed Grazed Ungrazed ~. 

mean SC mean se mean se mean se 

1.02 0.08 0.97 0.09 1.22 0.07 1.06 0.19 
1.894a 0.479 1.286” 0.260 0.827b 0.173 0.777b 0.220 
3.5” 0.7 107.7b 42.3 25.1c 15.4 98.9b 98.9* 

1.3= 0.66 27.Sb 7.72 1 .4a 0.59 4 8” 1.99 
o.o= 0.0 0.5” 0.5* 3.Sb 2.44 1 2.7b 8.69 
8.0 8.0 16.3 5.94 10.9 5.66 3.6 1.74 
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Table 2. Particle size analyses from 2 depths (O-20 mm and 20-40 mm) from each of the 4 combiiations of plougbiig and grazing. Means values within 
a row followed by a different letter are significantly different at P=O.O5. Only significant differences are indicated. 

Plouehed UnDlouehed 
Grazed Unerazed Grazed Unerazed 

mean se’ mean se mean se mean se 

O-20 mm 
Clay (<o.O02mm)(%) 12.7 2.51 18.0 2.01 14.5 1.75 14.3 2.33 
Silt (0.02-0.002mm)(%) 2.4 1.25 5.0 0.89 5.0 1.10 3.6 1.21 
Fine sand (0.2-0.02mm)(%) 61.1 2.63 59.4 2.80 60.1 4.01 63.9 6.91 
Coarse sand (0.2-2.Omm)(%) 23.8” 1.47 17.6b 0.60 20.4’ 1.43 23.0” 1.46 

20-4Omm 
Clay (cO.O02mm)(%) 12.7 1.95 14.6 1.91 15.4 1.93 17.0 2.80 
Silt (0.02-0.002mm)(%) 2.6 1.29 6.3 2.33 4.8 0.86 4.2 1.28 
Fiie sand (0.2-0.02mm)(%) 60.5 2.77 61.4 3.41 61.5 5.08 55.8 2.21 
Coarse sand (0.2-2.Omm)(%) 24.2” 1.15 17.8b 0.72 18.4b 2.66 23.1a 1.59 

‘standard error of the mean 

the technique needed to be performed in the field as transporta- 
tion of samples to the laboratory approximately 550 km from 
‘Bloodwood’ would likely have shattered soil aggregates and 
masked any effects of the various factors. Approximately 2,000 g 
of soil from the top 20 mm was sieved through a 0.84 mm sieve. 
The percentage of soil 2.00-0.84 mm was used as an index of 
erodibility. 

Gravimetric soil moisture measurements were taken adjacent to 
the plots before simulation in the O-20 mm and 20-40 mm layers. 
Other soil physical properties were measured according to the 
following methods: 

(i) pH and electrical conductivity (EC): 1:5 soil water suspen- 
sion shaken for 1 hour. 

(ii) organic carbon: Walkley-Black wet combustion (Colwell 
1969). 

(iii) particle size analysis on the <2 mm fraction after Loveday 
(1974) using dispersed samples. 

Vegetation 
Foliage cover of the vegetation (aerial hit) and basal cover of 

various cover components (ground hits) were measured at the 
same pin locations as microtopography (Table 1). Basal cover 
data were recorded in the following categories: bare soil, litter, 
cryptogams, perennial grasses, perennial forbs, and ephemerals. 
The cryptogam category comprised cyanobacteria (blue-green 
algae), crustose lichens, and some mosses. Above-ground plant 
biomass (standing dead plus live, and litter) was determined by 
clipping all of the vegetation after rainfall simulation and weigh- 
ing after oven-drying at 65°C for 48 hours. 

Rainfall Simulator Measurements 
A revolving disc rainfall simulator (Grierson and Oades 1977) 

was used to apply rainfall to the 20 plots. On level terrain the 
simulator nozzle is calibrated to deliver raindrops from a standard 
height of 2.05 m, producing rainfall of 2.5 mm diameter mean 
drop size with energy of approximately 30 kJ m-* min“ using 
52 kPa pressure. By varying the disc aperture on the simulator, 
we calibrated the nozzle to deliver 45 mm hour’ while level. 
However, on some plots, which varied slightly in local topogra- 
phy, the need to keep the simulator level meant that rainfall inten- 

sity varied slightly among plots. The average rainfall intensity of 
47 mm hour-’ rainfall intensity on any plot varied between 44.1 
mm hour’ and 49.2 mm hour-’ (s.d.+ 1.66 mm hour’). Rainfall 
was applied at a constant rate until steady-state runoff was 
achieved, usually within 30 to 45 minutes. 

Time to ponding and time to runoff were recorded for each plot 
after commencement of rainfall. Time to ponding is defined as 
the time taken from initiation of rainfall for standing water to 
cover 60% of the soil surface. Whilst this method may appear 
subjective, comparisons with the tensiometer method indicates no 
appreciable differences between both methods (I. Packer, unpub- 
lished data). Furthermore, our technique of estimating time to 
ponding means that there is no disturbance to the soil surface, 
which would otherwise occur when using tensiometers. Time to 
runoff is defined as the time from commencement of rainfall 
when runoff first appeared in the collecting trough. The mean 
depth to the wetting front was measured at the cessation of simu- 
lation at 10 locations on each plot. Wetting front is expressed as a 
depth per 25 mm applied rainfall in order to standardise wetting 
front depths between plots receiving slightly different amounts of 
rainfall. 

Runoff and Sediment Yield 
Each runoff plot was bordered by sheet steel buried 5 cm into 

the soil and rising 10 cm above the soil. This prevented water 
from leaving the plot and was high enough to prevent water 
falling outside the plot from entering the measuring flume. 
Runoff was collected in a flume at the lower end of the plot. The 
flume was constructed so that runoff and sediment would enter 
from upslope but rainwater was prevented from entering directly 
from above. Once time to runoff had occurred, the vacuum pump 
at the base of the flume was activated and runoff and sediment 
was pumped into a graduated measuring cylinder and the heights 
recorded at 1 minute intervals. At 5 minute intervals, runoff sam- 
ples were bulked and retained for determination of sediment 
yield. The weight of sampled sediment was determined after dry- 
ing at 105°C for 24 hours. Sediment collected from the plots rep- 
resents the total contribution from rainsplash and flow-driven 
erosion processes. Sediment yield was expressed as oven dry soil 
per 25 mm applied rainfall per m*, and average sediment concen- 
tration as sediment yield per litre of runoff. 
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Analyses 
Differences in the independent variables between the 4 plough- 

ing-grazing factors were determined using two-way analysis of 
variance (Minitab 1986). Data were transformed (sine“ or square 
root) to stabilise the variances before ANOVA was performed. 
Simple linear regression was used to examine the contribution of 
the various independent variables to the variance in the dependent 
variables, after stabilising the variances and testing for normality 
(Minitab 1986). 

Results and Discussion 

Soil Physical Properties 
The effects of ploughing and grazing are reflected in the soil 

physical and chemical properties of the surface soils. There were 
significant differences in the coarse fraction of the soils among 
the 4 treatments (Table 2). Soils at the ungrazed sites at both 
depths contained significantly lower levels of coarse sand on the 
ploughed plots compared with the unploughed (P=O.O5). At the 
grazed sites however, coarse sand fractions were significantly 
greater on the ploughed soils. This relative increase in coarse par- 
ticles results from a preferential sorting of the finer particles from 
the surface of the grazed soils. Whilst this preferential sorting of 
material is consistent with the data for the 20-40 mm depth, vari- 
ability around the mean value means that no statistical signifi- 
cance can be attached to the results for the O-20 mm depths 
(Table 2). 

Organic carbon levels were greater in the ungrazed soils com- 
pared with the grazed, though only significantly at the 20-40 mm 
depth (Table 3). Organic carbon levels are known to be low in 
Australian soils (Stafford Smith and Morton 1990). Studies near 
Cobar, approximately 150 km south of ‘Bloodwood’ have 
demonstrated reductions in organic carbon levels of 32% on erod- 
ed soils with poorer range condition, purportedly due to heavier 
grazing (Noble and Tongway 1986). Soil pH from surface soils 
(O-20 mm) was significantly higher on the unploughed sites com- 
pared with the ploughed sites (F,,,,=7.555, PcO.05). The effects 
of increases in pH on soil hydrology or even plant growth are 
unknown. There were no significant differences in electrical con- 
ductivity at either the O-20 mm or 20-40 mm depths (Table 3). 

Dry aggregate stability was significantly higher in the ungrazed 

treatments compared with the grazed treatments (F,,,,=14.29, 
PcO.Ol), but there were no significant differences between 
ploughed and unploughed plots (Table 3). One or more of the fol- 
lowing factors may explain these results: Firstly, even in the pres- 
ence of cattle and sheep grazing, soil aggregation was either unaf- 
fected by ploughing, or re-established to levels similar to the con- 
trol plots (unploughed) within 2 years of ploughing. Secondly, 
exclosure for only 2 years, even after ploughing, was sufficient to 
restore aggregate stability levels to the level found on the control 
plots (74-8 1 %, Table 3). 

Times to Ponding and Runoff, and Depth to Wetting Front 
The hydraulic responses of a soil can be described by the time 

taken for water to pond on the surface (TP), the time elapsed 
before runoff occurs (TR) and the depth to which infiltration 
water reaches into the soil profile (WF). Time to ponding occurs 
when the capacity of the soil surface to absorb water is exceeded 
by the delivery rate or rainfall rate. The time taken for runoff to 
occur once rainfall has ponded on the surface depends principally 
on surface roughness or detention. The depth to wetting front is 
most strongly influenced by porosity, with large pores (macrop- 
ores) increasing the depth to which the water will penetrate 
through the profile. 

Time to ponding, time to runoff and depth to the wetting front 
all increased with the degree of disturbance, i.e. were least on the 
unploughed-ungrazed plots and greatest on the ploughed-grazed 
plots (Table 4). Time to ponding and time to runoff were signifi- 
cantly greater on the grazed compared with the ungrazed plots 
(Ft,t6=6.1 18 and 8.556, PcO.05, and 0.01 respectively). Despite 
some major differences in these hydrological properties, the high 
variability around the mean values leads to no significant effects 
of ploughing. 

There were however, significant effects of both ploughing and 
grazing on the depth to wetting front (Table 4). Grazing resulted 
in increased depths to penetration of water (F1,t6= 8.778, PcO.01). 
Similarly, as might be expected, ploughing resulted in increased 
penetration of water (Fr,rb = 9.102, PcO.01). Ploughmg these soils 
would have created fine fissures and cracks in the soil allowing 
infiltrated water to reach lower into the profile. 

Regression analyses revealed significant relationships between 
soil and vegetation attributes, and time to ponding (TP), time to 
runoff (TR) and depth to wetting front (WF), though only on 

Table 3. pH, electrical conductivity and organic carbon from 2 depths (O-20 mm and 20-40 mm), and dry aggregate stabiity from the O-20 mm depth 
for the 4 combinations of ploughing and grazing. Meam values within a row followed by a different letter are signitkantly diierent at P=O.O5. Only 
significant differences are indicated. 

Plouehed UnDlouehed 
GlXZd Unwed GG3Zd Unerazed 

mean S.2 mean se mean se mean se 

pH (water)(l:5) 
EC (dS/m) 
organic csrhon (76) 
Dry aggregate stability 
W~-X%) 
Microtopography (mm) 

20-40 mm 
pH (water)(l:5) 
EC (dS/m) 
Organic carbon (%) 

5.3a 0.11 
0.022 0.002 
0.266 0.04 

57.P 7.22 

1294a 

5.6a 0.24 
0.024 0.004 
0.237a 0.017 

0.479 

5.8a 0.23 
0.022 0.002 
0.346 0.043 

74.2b 4.00 

1 .286a 0.260 

5.6a 0.26 
0.030 0.006 
0.372b 0.050 

6.2b 0.26 
0.030 0.005 
0.348 0.039 

57.9a 6.52 

0.827b 

6.1b 
0.038 
0.285a 

0.173 

0.34 
0.010 
0.043 

6.3b 0.34 
0.026 0.009 
0.420 0.077 

80.7b 2.28 

0.777b 

6.1b 0.58 
0.044 0.020 
0.466b 0.012 

0.222 

‘standard error of the mean 
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Table 4. Tie to pending (TP), time to runoff (TRJdeptb to wetting front (WF’) an$*steady state runoff (SSR) for the 4 combinations of grazing and 
ploughing. NS bulicates not significant at PcO.05, indicates significant at PzO.05, indicates significant at PcO.01. 

Treatment 
TP TR WF SSR 

mean se’ mean se mean se mean se 

GraZd 
Ploughed 

UugKiXd 
GKazed 

Unploughed 
Ungrazed 

Grazing effect 
Ploughing effect 

l Standard error of the mean 

(min) (min) (mm/mm rain) cm) 
10.65 4.05 13.58 4.19 181.0 26.66 15.6 5.42 

2.28 0.31 4.42 0.57 85.4 22.9 42.6 5.93 
3.05 1.18 6.66 0.89 86.4 3.54 32.6 9.03 

1.79 0.47 3.34 0.51 45.8 9.26 40.6 9.91 
F,,t6=6.118* F,,t6=8.556** F1,t6=8.778** F ,,,6=6.387* 
NS NS F,,,6=9.102** NS 

unploughed plots. On the unploughed-ungrazed plots, time to 
ponding was positively correlated with microtopography (r=O.94, 
P=O.O18) but negatively correlated with the percentage of soil 
aggregates 9.84 mm (r--0.92, P=O.O25). Time to runoff were 
positively correlated with microtopography and foliage cover 
(r=0.88 and 0.90 respectively, P=O.O49), and depth to wetting 
front was positively correlated with microtopography (r-O.89 
P=O.O42). On the unploughed-grazed plots both time to runoff and 
depth to wetting front increased with increases in cover of peren- 
nial forbs (1=0.93 P=O.O22 and r=O.90, PcO.036 respectively). 

Runoff 
Given the markedly greater pasture biomass in the general area 

on the ungrazed plots (450 kg ha-‘) compared with the grazed plots 
(160 kg ha-‘, Robson unpublished data), we expected lower runoff 
rates from these plots. However, runoff was markedly greater on 
the nngm%d plots (Flo16= 6.387, PcO.05) which also had greater 
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Fii. 1. Runoff curves for plots from the 4 combinations of plougbing 
and grazing under an applied rainfall of 47 mm b?. Curves are 
averaged over the 5 plots in each treatment. 

vegetation cover (Table 1). Plots with the least disturbance, i.e. the 
unploughed-ungrazed plots, had the highest runoff rates (Fig. 1). 
During the initial 25 minutes of simulations, runoff was signifi- 
cantly greater on the unploughed-ungrazed plots compared with 
the ploughed-grazed plots (Fig. 1). However, during the final 
15 minutes of simulations, rates on the ploughed-ungrazed plots 
were slightly greater than that on the unploughed-ungrazed plots. 
The ploughed-grazed and unploughed-grazed plots had runoff 
rates intermediate between the 2 extremes (Fig. 1). 

Increasing the degree of disturbance from unploughed-ungrazed 
to ploughed-grazed generally increased the time taken to achieve 
steady-state runoff. For example, the unploughed-ungrazed plots 
attaining equilibrium at 20 minutes compared with 30-32 minutes 
for the ploughed-grazed plots (Fig. 1). 

Reductions in runoff after shrub control have been observed in 
studies in other semi-arid rangelands. Richardson et al. (1979) 
showed that rootploughing a honey mesquite (Prosopis glandu- 
loss) stand in the Sonoran Desert in Texas reduced runoff by 
about 20% over a 10 year period. This was attributed to the 
mechanical disturbance of the soil, creating large depressions and 
providing entry points into the soil through the shattering of the 
limestone substrate. However, ploughing of honey mesquite 
shrubs on the Blackland Prairie near Texas, increased runoff by 
about 10% (Richardson et al. 1979). 

Compared with the grazed plots (both ploughed and 
unploughed), increased runoff rate on the ungrazed plots could 
have resulted from 1 or more of the following: i) a lower infiltra- 
tion capacity on the ungrazed soils, ii) lower interception capacity 
of plants on the ungrazed soils, iii) reduced microrelief resulting 
in less surface detention and reduced infiltration on the ungrazed 
soils, and/or iv) increased crusting on the ungrazed soils due to 
differences in plant cover or reduced soil disturbance. These 4 
factors are discussed below in relation to their effect on runoff. 

a) Infdtration capacity: There is no reason to expect major dif- 
ferences in infiltration capacity between the extreme treatments, 
i.e. the ploughed-grazed and unploughed-ungrazed plots, as the 
site on which the study was established received the same grazing 
treatment prior to ploughing and fencing. In the short-term, some 
differences in infiltration capacity could be expected on the resid- 
ual hummocks after shrub removal, due to differences in shrub 
and intershrub soils. Soils under shrubs might be expected to 
have higher levels of favourable soil physical properties such as 
aggregate stability and macroporosity, though this was not evi- 
dent in our study (Table 3). Alternatively, the presence of prefer- 
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ential flow paths generated by rootholes, macrofaunal burrows, 
and interpedal spaces between large soil aggregates stabilized by 
organic matter would be expected to enhance infiltration 
(Branson et al. 1981, Eckert et al. 1986, Dunne et al. 1991). 

b) Interception capacity: Although data on the contribution of 
grasses and forbs to interception storage are unavailable, our field 
observations suggest that interception capacity was small com- 
pared with the large volume of water applied to the plots. We 
believe therefore that differences in runoff were not due to any 
changes in interception capacity. 

c) Surface roughness: Although we found no significant effect 
of grazing on soil surface roughness (microtopography), 
ploughed plots were significantly rougher than unploughed plots 
(F1,16 = 8.48, PcO.025). Microtopography on unploughed plots 
averaged 0.802 mm compared with 1.590 mm on ploughed plots 
(Table 1). Whilst some plots may have ponded more water 
through increased sites for rainfall detention, regression analyses 
failed to detect any significant effects on runoff. However, on the 
unploughed-ungrazed plots, microtopography was highly corre- 
lated with time to ponding, time to runoff and depth to wetting 
front (n 0.85; PcO.50). Differences in microtopography caused 
by ploughing would probably be short-lived, due to redistribution 
of soil material by both wind and water erosion, though this 
would depend on the frequency of wind erosion events. Although 
data on water erosion in the immediate area are unavailable, in a 
similar sandy environment, Leys (1992) measured wind erosion 
of 6780 kg ha-’ min“ from a 75 km hr.’ simulated wind storm. 
Whilst the data of Leys (1992) are from a highly erodible dune 
system, they demonstrate the potential magnitude of wind erosion 
on sandy soils in the region. 

d) Soil crusting: Well-developed physical soil crusts were pre- 
sent on the surface of many plots, particularly the ungrazed 
(unploughed and ploughed) plots. These discontinuous crusts, 
which occurred in patches of <l mz in area, were typically 
cl mm thick and overlain by a thin layer of redistributed sand 
grains. These sand grains probably represent saltated material 
detached during previous wind erosion events. Greene et al. (in 
press) contend that the presence of iron-stained clay coatings on 
these sand grains indicates that erosion has not occurred for some 
time. In many areas, the crust comprised filaments of Scytonema 
or Nostoc, ubiquitous cyanobacteria of semi-arid areas which 
have the capacity to fix atmospheric nitrogen (Eldridge pers. 
observ.). 

Whilst crust cover was greatest in the ungrazed areas (mean 
cover 25.6%), they also occurred on the grazed plots (7.9%). The 
significantly reduced cover levels was presumably due to tram- 
pling by sheep and cattle. The type of surface crust varied over 
short distances and biological crusts (cryptogams) were found 
adjacent to physical crusts. Different infiltration rates on similar 
soils in close proximity have been attributed to differences in the 
?roportions of the various crusts (Greene and Ringrose-Voase 
I ‘94). 

Our observations during rainfall simulations suggest that these 
crusts maintain their integrity under rainfall intensities of 
47 mm hour-‘, providing that the surface is undisturbed. Outside 
the exclosure. Trampling by cattle on the grazed plots destroyed 
the majority of the crust, ahowing water to infihrate and therefore 
reducing runoff. On similar soils on a dunefield land system near 
Cobar, New South Wales, removal of the physical soil crust from 
the dune flank delayed the onset of runoff by 1 hour. When 
runoff occurred, it was significantly less than that on the undis- 

turbed crust (Greene et al. in press). Similarly removal of a thin 
(~2 mm thick) biogenic crust dominated by cyanobacteria, from 
the surface of a sandy dune soil in the western Negev reduced 
any chances of runoff generation (Yair 1990). The cyanobacterial 
sheaths in these crusts are thought to repel water thereby retard- 
ing infiltration. 

Although removal of the crust reduced runoff in the short-term, 
the loosely-packed sand grains undergo further sealing under 
raindrop action unless protected by vegetation. Thus management 
strategies which encourage the destruction of the crust in order to 
improve infiltration and seedling establishment (Savory 1988), 
will prevent long-term stabilisation of the surface by biological 
crusts or ephemeral and perennial plants. 
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Fig. 2. Cumulative sediment yield curves for plots from the 4 combi- 
nations of ploughing and grazing. 

Sediment Yield 
Trends in cumulative sediment yield over the 40 minutes of 

simulations are given in Fig. 2. Final cumulative sediment yield 
ranged from 47.0 g on the unploughed-grazed plots to 77.8 g on 
the unploughed-ungrazed plots (Table 5). Sediment yield on the 
unploughed-ungrazed plots was significantly greater than that on 
the ploughed-grazed plots, but there were no significant differ- 
ences among the other treatments. 

On the ploughed-grazed plots, sediment yield was positively 
correlated with percentage of organic carbon in the surface 
20 mm of the soil (d.94). Sediment concentration (g litre-’ of 
runoff) was negatively correlated with foliage cover and cover of 
perennial forbs (~-0.88 and -0.98 respectively). 

Over time, runoff and sediment yield are likely to change as the 
nature of the pasture and soil crust changes. For example, where 
grazing is excluded, the physical crust, analogous to that 
described by Yair (1990) is likely to become colonised by biolog- 
ical elements to form a microbiotic crust (Scott 1982). Studies at 
Yathong Nature Reserve in central western New South Wales 
have shown that well-developed crusts, with a rich association of 
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Table 5. Runoff, sediient yield and sediment concentration from the 4 
combiitions of ploughing and grazing. 

Treatment Runoff Sediment Yie Id Sediient 
concentration 

mean s.d. mean s.d. mean s.d. 

(Liters) (8) w-) 
Ploughed-grazed 3.83 1.42 54.10 8.20 46.70 28.70 
Ploughed-ungrazed 11.03 1.79 66.40 16.40 7.41 6.28 
Unploughed-grazed 9.38 5.21 47.00 29.50 5.40 2.06 
Unploughed-ungrazed 12.63 2.03 77.80 3.82 7.11 3.53 

lichens and mosses, are associated with areas of higher infiltra- 
tion (Eldridge 1993) and reduced sediment yield (Eldridge and 
Greene 1994). 

Associated with an increase in the biological component of the 
surface is an increase in the growth of perennial grasses such as 
Eragrostis eriopoda Benth. and Stipa spp. and an increase in soil 
macroporosity. Studies in other semi-arid woodlands have shown 
that in areas excluded from grazing for 15 years, soil macro- 
invertebrates rapidly increase levels of aggregate stability and 
macroporosity, resulting in high infiltration capacity, and lower 
runoff and sediment yield (Eldridge and Rothon 1992). 

These hypothesised temporal changes in runoff and sediment 
yield are consistent with observations in the Chihuahuan Desert 
following rootploughing of creosote bush (Lurrea tridentata 
Sesse & Mot. ex. DC.). ln their experiments, Wood et al. (1991) 
found that sediment yield was lower on the rootploughed plots 
during the fit 12 months after treatment, but greater during the 
second year. Three years after treatment however, both runoff 
and sediment yield were less on the rootploughed areas. These 
results are consistent with an increase in plant establishment, 
often on hummocks occupied by former shrubs, possibly due to 
the reduction in competition for water and nutrients. 

Conclusions 

Our results suggest that bladeploughing (and the consequent 
removal of woody shrubs) and grazing lead to increased water 
infiltration and reduced runoff and sediment yield, at least in the 
short-term. 

Predictions about the long-term effects which ploughing and 
continued grazing might have on soil properties should however 
be made with caution. The runoff rates and sediment yields mea- 
sured in this study appear to be quite anomalous when contempo- 
raneous pasture biomass data taken from the same plots are con- 
sidered. Robson (1995) found substantially more perennial pas- 
ture in the 2 ungrazed treatments (which exhibited greatest runoff 
rates and sediment yield) than the 2 grazed treatments. Moreover, 
ploughing only advantaged pasture when grazing had been 
removed afterwards. 

Evidence suggests that improved soil hydrology is normally 
correlated with increased vegetation biomass and soil biological 
activity. It is reasonable to expect that the differences in soil 
physical properties which currently exist between the treatments 
could change significantly in the future. 
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Abstract Resumen 

The objective of this study was to determine how rangeland 
hydrology of oak, juniper, bunchgrass and shortgrass vegetation 
types is altered by fire. The research was conducted at the Sonora 
Agricultural Experiment Station on the Edwards Plateau, Texas. 
Infiltration rate and interrill erosion were measured using a drip- 
type rainfall simulator. Terminal infiltration rates of unburned 
areas were significantly greater on sites dominated by oak 
(Quercus virginiana Mill.) (200 mm hour-‘) or juniper CJuniperus 
ashei Buchh.) (183 mm hour-‘) than on sites dominated by bunch- 
grass (146 mm hour-‘) or shortgrass (105 mm hour-‘). Terminal 
infiltration rates on burned areas were significantly reduced on 
sites dominated by bunchgrass (110 mm hour-‘), shortgrass (76 
mm hour-‘), and on oak sites that were cut and burned (129 mm 
hour-‘). Soil organic matter content (r = .61), total organic cover 
(r = .59), and aggregate stability (r = 53) were the variables most 
strongly correlated with infiltration rate. Measured soil structure 
properties were not altered by fire, therefore, differences in infil- 
tration rate between unburned and burned treatments were 
attributable to variations in the amount of cover. The terminal 
infiltration rate of cut and burned juniper sites (162 mm hour-‘) 
was not changed significantly after the Rre because the associated 
good soil structure properties allowed rapid infiltration even after 
cover was removed. Good soil structure properties were also pre 
sent on the oak sites, but the infiltration rate significantly 
decreased as a result of the temporary hydrophobic nature of the 
soil on this site after burning. Prior to burning, interrill erosion 
was much lower under the tree sites (oak = 2 kg ha-‘; juniper = 34 
kg ha-‘) than on bunchgrass (300 kg ha-‘) or shortgrass (1,299 kg 
ha-‘) sites. After burning, interrill erosion significantly increased 
for all vegetation types (shortgrass = 5,766 kg ha-‘; bunchgrass = 
4,463 kg ha-‘; oak = 4,500 kg ha-‘; juniper = 1,926 kg ha-‘). Total 
organic cover (r = -.74) and bulk density at O-30 mm (r = .46) 
were most strongly correlated with interrill erosion. 

Key Words: fire, infiltration, erosion, Juniperus ashei, Quercus 
virginiana, bunchgrass, shortgrass 

Increased dominance of shrubs and trees in what had previous- 
ly been grasslands or savannas is a widely observed trend that 
appears to coincide with European settlement of rangelands 
(Archer 1994). One consequence of this change in relative com- 
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El objetivo de este estudio fue el de determinar coma la 
hidrologia de diversos tipos de vegetation es alterada por el 
fuego. La investigation fue llevada a cabo en la Estacion 
Experimental de Sonora, Texas, localizada sobre la Meseta 
Edwards en 10s Estados Unidos. La tasa de infiltration y erosion 
fueron medidas empleando un simulador de lluvias tipo goteo. 
Las tasas de infiltration terminal en areas no quemadas fueron 
significativamente mayores en 10s sitios dominados por encino 
(Quercus virginiana) (200 mm/h) o de Juniperus ashei) 183 
mm/h), en comparacion con 10s sitios dominados por pastos ama- 
collados (146 mm/h) o con pastos cortos (105 mm/h). Las tasas de 
infiltration terminal en las areas quemadas fueron significativa- 
mente reducidas en 10s sitios dominados por pastos amacollados 
(110 mm/h), pastos cortos (76 mm/h), y en 10s sitios en donde 10s 
encinos fueron cortados y quemados (129 mm/h). El contenido de 
materia organica del suelo (r = .61), cubierta organica total (r = 
.59), y la estabilidad de 10s agregados del suelo (r = .53) fueron 
las variables mas fuertemente correlacionadas con la tasa de 
infiltration. Las propiedades de la estructura del suelo que 
fueron medidas no fueron alteradas por el fuego, por lo tanto, las 
diferencias en la tasa de inliltracion entre las areas quemadas y 
no quemadas, fueron atribuibles a variaciones en la cobertura. 
La tasa de inliltracion terminal de 10s sitios de Juniperus cortado 
y quemado (162mm/h), no fue alterado significativamente 
despues de la quema debido a que las propiedades asociadas de 
la estructura positiva del suelo permitieron una rapids infil- 
tracion aun despues de que la cubierta vegetal fue removida. 
Una buena estructura del suelo tambien estuvo presente en el 
sitio con encino, m&s la tasa de inliltracion disminuyo significati- 
vamente coma resultado de la naturaleza temporal hidrofobica 
del suelo presente en este sitio despues de la quema. Previa a la 
quema, la erosion fue mucho menor bajo 10s arboles (encino = 2 
kg/ha; Juniperus = 34 kg/ha) en comparacion con las areas de 
pastos amacollados (300 kg/ha) y de pastos cortos (1,299 kg/ha). 
Despues de la quema, la erosion se increment0 significativamente 
en todos 10s tipos de vegetation (pastos cortos = 5,766 kg/ha; pas- 
tos amacollados = 4,463 kg/ha encinos = 4,500 kg/ha; Juniperus = 
1,959 kg/ha). La cobertura organica total (r = .74) y la densidad 
bruta a O-30 mm (r = .46) fueron las m&s fuertemente correla- 
cionadas con la erosion. 

position of vegetative cover is the amelioration of soil under the 
trees (Fisher 1990) resulting in an alteration of the hydrologic 
characteristics of the site (Thurow 1991). The accumulation of 
organic matter under trees and the moderation of soil microcli- 
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mate (Kittredge 1948) favor earthworm and microbial activity, 
and the creation of water stable soil aggregates (La1 1987). The 
cover provided by the canopy and litter intercept precipitation, 
thereby dissipating the kinetic energy of falling rain that could 
break the aggregate bonds. The enhanced soil structure that 
results from these factors improves infiltration. Consequently, 
infiltration rates are often observed to be highest under trees and 
shrubs, followed in decreasing order by bunchgrasses and sod- 
grasses (Box 1961, Blackbum 1975, Wood and Blackbum 1981, 
Knight et al. 1984, Thurow et al. 1986). 

Water is one of the most valuable products of rangelands. 
There is increasing public demand to place greater emphasis on 
optimizing water yield from rangeland watersheds (Hibbert 1979) 
as the human population grows and water shortages worsen 
throughout many areas of the western U.S. (van der Leeden et al. 
1990, Texas Water Development Board 1990). Many rangelands 
have the potential to yield more water if they are dominated by 
grasses instead of trees and shrubs (Blackbum 1983, Griffin and 
McCarl 1989). This increase is primarily attributable to reduced 
infiltration and evapotranspiration rates when the dominant vege- 
tation on a site is changed from brush to grass (Hibbert 1979, 
1983). Therefore, brush control for the sake of improving water 
yield is likely to become an increasingly important range man- 
agement objective (Thurow and Taylor 1995). Brush control is 
also commonly used to achieve a variety of other management 
objectives such as to increase forage production or improve 
wildlife habitat. Fire is a natural component of Texas rangeland 
ecosystems and is a cost-effective tool for controlling brush 
(Scifres 1980). However, fire also increases the risk of erosion 
from storms that occur prior to vegetation regrowth (Tiedemann 
et al. 1978). 

The objective of this research was to assess the influence of 
prescribed burning on the infiltration rate and interrill erosion of 
vegetation types dominated by either live oak (Quercus virgini- 
ana Mill.), Ashe juniper (Juniperus ashei Buchh.), bunchgrass or 
shortgrass. The impact of burning on hydrologic properties may 
vary considerably within and among plant communities due to 
the differential behavior of fire as influenced by variations in fuel 
characteristics associated with the plant composition (Tiedemann 
et al. 1978, Knight et al. 1983). Consumption of organic cover by 
fire decreases interception and exposes the soil to the direct 
impact of raindrops which can detach the soil and lead to 
decreased infiltration and increased interrill erosion. Burning also 
reduces litter and standing biomass that obstruct overland flow 
and associated sediment transport. Another danger associated 
with fire is that the soils may become hydrophobic. Heating dis- 
tills organic substances which may condense on mineral soil par- 
ticles (DeBano and Krammes 1966). This can create a water 
repellent coating that may restrict, or in some cases completely 
impede, water movement into soil (Meeuwig 1969), substantially 
increasing the runoff and erosion hazard on the site. Any mineral 
soil with an organic matter content of at least 1 to 2% is likely to 
become water repellent to some degree when heated (DeBano 
1981). The amount of water repellency that occurs is a complex 
interaction that depends upon fire intensity, soil texture, soil 
moisture content, and the type and amount of organic matter. 
Shrubs with waxy leaf coats (e.g., Q. virginiana) or high essential 
oil content (e.g., J. ashei) seem to be particularly susceptible to 
water repellency (Debano 1981). 

Methods 

Study Area 
The study was conducted at the Texns Agricultural Experiment 

Station located about 56 km south of Sonora, in Edwards County, 
Texas (31”N; IOO”W). The rolling stony hill topography that 
characterizes Ihe station is typical of the Edwards Plateau. Soils 
of the study area were of the Tarrant silty clay series, which are 
members of the clayey-skeletal, montmorillonitic, thermic family 
of Lithic Haplustalls. The mean frost free period is 240 days. 
Precipitation is highly variable within and between years (median 
annual precipitation, 1919-1995 = 557 mm; range = 156 to 1,054 
mm). Most precipitation results from intense, short-duration thun- 
derstorms. 

The natural vegetation of the Edwards Plateau is a juniper-oak 
Savannah (Kuchler 1964). The vegetation occurred as a mosaic of 
dense woody v,,getation clusters dominated by either oak or 
juniper, with the tree cluster interspaces occupied by swards 
dominated by either bunchgrass or shortgrass. In recent decades 
the woody component has markedly increased throughout the 
region (Taylor and Smeins 1994). The compor:ition of the domi- 
nant vegetation types on the study site was 18% live oak, 25% 
Ashe juniper and redberry juniper (hniperrrs pinchotii (Sudw.)), 
17% bunchgrass [dominated by sideoats grama (Bouleloua cur- 
tipendulu (Michx.) Tom), Texas wintergrass (Spa leucotricha 
Trim and Rupr.) and several Aristidu spp.], and 40% shortgrass 
[dominated by common curly mesquite (ZZilnriu belungeri 
(Steud.) Nash)]. The site had been, and continned to be, moder- 
ately stocked with sheep and goats (8.1 ha AU”). 

Data Collection 
In February 1991 the woody vegetation on the study site was 

manually cut and removed (i.e., dragged into brush piles at the 
edge of the pastures) and in July 1991 a backfire was used to bum 
a portion of the site from which the brush had been removed. In 
the days immediately following the bum, a drip-type rainfall sim- 
ulator (Blackburn et al. 1974) was used to determine infiltration 
rates and sediment yield from eight 0.5 m2 flexible-frame (rough- 
ly circular) runoff plots within each of the burned oak, juniper, 
bunchgrass and shortgrass sites and 8 similar plots within each 
unburned vegetation type. Thus, the oak and juniper burned and 
unburned sites had the trees cut and removed 5 months prior to 
the rainfall simulation tests; the unburned treatments of the tree 
plots still retained the litter accumulation associated with previ- 
ous presence of the trees and the fire consumed the litter and 
herbaceous vegetation in the burned treatment. The microplots 
did not include the stumps of the trees. All microplots had 
approximately the same slope (4%). 

Data collected using microplots is not expected to reflect the 
actual runoff and sediment yield likely to occur from larger scales 
of resolution because as the size of the measurement unit increas- 
es a host of other water routing and sediment transport considera- 
tions will also influence the result. Rather, microplot data does 
provide a means with which to assess the hydrologic and erosion 
characteristics of the treatments relative to each other (La1 1988). 
The plots were not pre-wetted and no rain occurred during the 
sample period. Simulated rainfall was applied at a rate of 203 mm 
hour-’ for 50 min. The simulated rate represents a storm return 
period of 150 years. This admittedly high rate was chosen to 
ensure runoff from all plots. This criterion was desirable so that 
the terminal infiltration rates could be compared between vegeta- 
tion types and between burned and unburned treatments. 
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Runoff was continuously collected and measured by weight at 
5minute intervals. Infiltration rates were determined for each 5- 
minute interval by calculating the difference between applied 
rainfall and runoff collected on each plot. At the termination of 
the applied rainfall, a thoroughly mixed l-liter subsample of the 
runoff was obtained. The subsample was filtered through a tared 
#l Whatman filter, dried at 105°C for 24 hours, weighed, and 
converted to sediment yield (kg ha-‘) based on the area and total 
runoff from each plot and used to calculate sediment yield. 

The type and percentage of foliar cover, litter, rock, and bare 
ground were determined by a top-down visual estimate for each 
runoff plot. This form of cover estimate determines what the rain- 
drop will first strike as it falls to the ground. Total organic cover 
is the combination of foliar and litter cover; total cover includes 
rock cover and is the inverse of the amount of bare soil exposed 
to direct raindrop impact. Standing grass and forbs (live and 
dead) were clipped and litter was collected from each plot, dried 
at 60°C weighed and converted to kg ha-’ to estimate above- 
ground biomass. A relief meter was used to measure the surface 
roughness of each plot (Kincaid and Williams 1966). Soil sam- 
ples from the surface 80 mm were collected and analyzed for soil 
texture by the particle size distribution technique (Gee and 
Bauder 1986), soil organic carbon content using the Walkley- 
Black method (Nelson and Sommers 1986) and soil aggregate 
stability by the wet-sieve procedure (Kemper and Rosenau 1986). 
Prior to application of simulated rainfall, a core (107 cmm3) of soil 
adjacent to each plot was collected at 0 to 30 mm and 50 to 80 
mm depths to determine bulk density (Blake and Hartge 1986) 
and gravimetric soil moisture (Gardner 1986). 

Data Analysis 
Data were tested for normality using skewness and kurtosis 

analysis. The interrill erosion values were highly skewed warrant- 
ing a Loglo transformation prior to analysis. Differences between 
treatments were tested by analysis of variance, with the error term 
consisting of the nested variation of the randomized sites with the 
treatments (Dunn and Clark 1974). Treatment means were sepa- 
rated by Duncan’s multiple-range test using a 5% confidence 
level. The degree of linear association of the variables most relat- 
ed to infiltration rate and sediment yield was determined using a 
Pearson’s correlation matrix (r). Stepwise multiple regression 
analysis was used to identify the variables that most influence 
surface runoff and interrill sediment yield (SAS Institute 1988). 

Results 

Infiltration Rate 
Terminal infiltration rates were approached on all plots (Fig. 1). 

Mean infiltration rates for each of the 5 min. sample periods 
showed similar trends when correlated with other measured vari- 
ables, but mean infiltration rates from measurements taken at 50 
min. always showed the highest correlations. Therefore, in the 
following text, only mean infiltration rates at 50 min. will be dis- 
cussed. 

Vegetation type had a strong influence on hydrology. The 
unburned oak and juniper vegetation types had significantly 
greater infiltration rates than the bunchgrass site, which in turn, 
had a significantly greater infiltration rate than the shortgrass site 
(Fig. 1, Table 1). Burning caused a decrease in the infiltration 
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Fig. 1. Infiltration rates (mm hour-‘) for burned and unburned vege- 
tation types during 50 min. of simulated rainfall application, 
Edwards Plateau, Tex. Means for each 5 min. interval with the 
same letter for the same time period are not significantly different 
(p5.05). 

rate of each vegetation type. The greatest change in infiltration 
rate occurred on the oak sites. Normally, infiltration rate steadily 
declines as the soil pore spaces fill with water, resulting in water 
entry into the soil reaching an equilibrium with the drainage char- 
acteristics of the soils at the site (i.e., the terminal infiltration 
rate). The burned oak sites did not follow this typical pattern 
because the fire created a temporary hydrophobic soil condition. 
Consequently, during the first 10 min. of rainfall, water beaded- 
up on the soil surface and quickly ran off the plot. The water 
repellent properties of the soil began to deteriorate as simulated 
rainfall continued, resulting in a gradual infiltration rate increase. 
The approximate terminal infiltration rate on the burned oak sites 
was 40% lower than on the unburned oak sites. 

Soil organic matter content (r = .62), total organic cover (r = 
.59), and aggregate stability (r = .53) were the variables most 
strongly correlated with infiltration rate of the combined burned 
and unburned treatments data set. Soil organic matter content and 
aggregate stability were significantly greater on woody dominat- 
ed sites than the grassy areas (Table 1). A stepwise regression 
analysis procedure was used to develop the following predictive 
model (? = .61) for infiltration rate after 50 min.: 
Infiltration rate after 50 min. = -0.10 + 0.56 (soil organic mat- 

ter) + 0.05 (total organic cover) 
+ 0.10 (aggregate stability) 

A stepwise regression analysis of just the unburned sites yielded 
a slightly improved predictive model (? = 64): 

Infiltration rate after 50 min. = 3.76 + 0.82 (soil organic mat- 
ter) + 0.06 (total organic cover) 

A stepwise regression of the just the burned sites yielded a model 
with lower predictive capacity (? = .40): 
Infiltration rate after 50 min. = 0.03 + 0.45 (soil organic mat- 

ter) + 0.11 (aggregate stability). 
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Burning did not alter the characteristics of soil structure (i.e., 
aggregate stability, bulk density, or soil organic matter) but it did 
remove the organic cover (Table 1). The lower coefficient of 
determination for the burned site model is attributable to the 
highly correlated total organic cover variable dropping out as a 
predictive element because it had been eliminated by the fire and 
thus was no longer a differentiating factor between treatments. 
Infiltration rates were reduced on the burned sites because there 
was less organic cover to dissipate the energy of rain and less 
biomass to obstruct overland flow. Burning also made the soil of 
the oak sites hydrophobic, thus even though the soil of the oak 
sites had good structure it also had a relatively low infiltration 
rate. 

The combination of these factors contributed to the result that 
infiltration rate had a poorer correlation with variables that reflect 
soil structure on the burned sites (soil organic matter r = S8, 
aggregate stability r = S7, bulk density at O-30 mm r = -.40) than 
on the unburned sites (soil organic matter r = .77, aggregate sta- 
bility r = .62, bulk density at O-30 mm r = -.61). 

I&mill Erosion 
Sediment yield was lowest on the oak and juniper sites, fol- 

lowed in increasing order by the bunchgrass and shortgrass sites 
(Table 1, Fig. 2). This pattern was most strongly correlated with 
the total organic cover (r = -.74) and bulk density at O-30 mm (r 
= .46) for the combined burned and unburned treatments data set. 
A stepwise regression analysis procedure yielded the following 
predictive model for estimating sediment yield (3 = .65): 

Log,,, sediment yield after 50 min. = 0.18 - 0.03 (total organic 
cover) + 3.62 (bulk densi- 
ty at 0 - 30 nun). 

A stepwise regression analysis of just the unburned sites yielded 
a slightly improved predictive model (3 = .74): 

Loglo sediment yield after 50 min. = 0.32 + 5.00 (bulk density 
at O-30 mm) - 0.49 (soil 
organic matter) + 0.01 
(total biomass). 

A predictive equation for sediment yield on the burned sites 
could not be constructed because no variable met the 0.15 signifi- 
cance level for entry into the model. After the fire, no organic 
cover remained to dissipate the energy of falling raindrops and no 
biomass remained to obstruct runoff that would transport soil. 
This, and the increased runoff volume associated with lowered 
infiltration rates, explains the increase of sediment yield on the 
burned sites (Fig. 2). Soil structure factors had much poorer cor- 
relation with sediment yield on the burned sites (soil organic mat- 

I Burned q Unburned a 
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Fig. 2. Sediment yield (kg ha-‘) for burned and unburned vegetation 
types, Edwards Plateau, Tcx. Means within the same vegetation 
type with the same letter are not significantly different (~5.05). 

ter r = -.22, aggregate stability r =-.31, bulk density at O-30 mm 
r = -.19) than on the unburned sites (soil organic matter r = -.71, 
aggregate stability r = -.48, bulk density at O-30 mm r = .77). 

Discussion 

Litter accumulation under both oak (41,889 kg ha-‘) and juniper 
(54,522 kg ha-‘) was significantly greater than on either bunch- 
grass (1496 kg ha”) and shortgrass (482 kg ha-‘) sites. Total 
above-ground biomass was not as well correlated with infiltration 
rate (r = .47), as it sometimes is (Warren et al. 1986), because the 
litter accumulation on the oak and juniper sites was dispropor- 
tionately greater than the associated increase in infiltration rate 
when compared with the grass-dominated sites. Another reason 
was that the more compact juniper litter weighed more than the 
oak litter, but the soil structure and hence the infiltration rate of 
the oak site tended to be slightly higher. 

Litter helps to dissipate the energy of raindrops and overland 
flow, thereby reducing the potential detachment and transport of 
soil. Litter also helps to moderate the soil microclimate and pro- 
vides food for microorganisms. These factors favor increased 
biotic activity that creates soil macropores and aids aggregation 
of soil particles through mechanical binding by fungal hyphae. 
Organic matter decay and microbial synthesis yield adhesive 
byproducts that help bind soil particles together. These bound 
particles are then cemented together by resistant humus compo- 
nents which form chemical bonds (Brady 1990). These types of 

Table 1. Site variables most strongly correlated with infiltration rate and sediment yield after 50 min. simulated rainfall, Edwards Plateau, Tex. 
Values withm a row with the same letter indicate no significant difference (~5.05). 

Oak Junioer Buncherass Shorterass 
Burned Unburned Burned Unburned Burned Unburned Burned Unburned 

Infiltration rate (mm hour- ’ ) 129de 202a 
Sediment yield (kg ha-‘) 4500a 2b 

Total organic cover (%) O.Od lOO.Oa 
Soil organic matter (%) 12.3a 11.9ab 
Aggregate stability (8) 81.2a 84.5a 
Bulk density O-30 mm (Mg mm-3) 0.64b OSIC 
Bulk density 50-80 mm (Mg mme3) 0.88ab 0.66c 

162bc 
1926b 

O.Od 
10.6b 
86Sa 
0.7Ob 
0.81b 

183ab 
34b 
lOO.Oa 
10.4b 
81Sa 
0.76b 
0.97a 

1lOe 
4463a 
0.01~ 
5.7C 

66.0b 
0.97a 
0.99a 

146cd 
300b 
67.9b 
6.9~ 
67.0b 
1 .oOa 
0.96a 

76f 
5766a 
O.Od 
532 

62.3b 
0.95a 
l.Ola 

105ef 
1299b 
43.sc 
5.9cd 
67.lb 
0.97a 
0.98a 
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bonds help to maintain the structural integrity of the pores than grasslands (Hibbert 1983). Enhancing water and forage yield 
through which water must flow when entering the soil (Boyle et provides an economic impetus for brush control (Rowan and 
al. 1989) and thereby influence infiltration rate. Therefore, the Conner 1994). Fire is an effective, cost-efficient tool for manag- 
greater organic matter cover and the improved soil structure ing brush (Scifres 1980). However, when fire consumes the 
under trees result in greater infiltration and less interrill erosion. organic cover it exposes the soil to direct raindrop impact which 
Bunchgrass sites have a higher percentage of these favorable leads to a reduction in infiltration and an increase in interrill ero- 
traits than shortgrass sites, therefore bunchgrass sites have greater sion. The susceptibility to runoff and interrill erosion can be fur- 
infiltration rates and less sediment yield than shortgrass sites ther exacerbated if fire creates hydrophobic conditions (DeBano 
(Thurow et al. 1988). 1981). 

Soil structure was more strongly correlated with infiltration and 
sediment yield on the unburned sites than on the burned sites, 
even though the measured soil structure for a given vegetation 
type was not different between the burned and unburned sites. 
Several factors account for this difference. The hydrophobic char- 
acteristics of the burned oak site reduced infiltration rate even 
though the soil structure remained the same. Also, after the simu- 
lated rainfall application was finished, a thin surface crust was 
apparent on portions of the burned plots. This indicates that soil 
structural characteristics within the first several mm of the sur- 
face soil had been disrupted by raindrops that did not have their 
kinetic energy dissipated by first striking foliar or litter cover. 
Since soil structural characteristics were analyzed from a com- 
posite sample of the top 80 mm, the analyses were not sensitive 
enough to detect this breakdown in soil structure within the top 
several mm. As the soil pores at the surface were clogged with 
ash and disaggregated soil particles, the infiltration rate would be 
expected to drop. The increased runoff would have greater ability 
to detach and transport soil, thus increasing sediment yield. 
Therefore, the hydrophobic conditions and soil crusting weak- 
ened the relationship of infiltration rate and sediment yield with 
the composite soil structure characteristics measured in the top 80 
mm. 

The results of this study provide a relative index of the 
increased risk of runoff and interrill erosion that is present imme- 
diately after a fire. Even though fire reduced the infiltration rate 
on the oak and juniper vegetation types, these sites still had a 
greater infiltration rate than unburned grassland. This was 
because of the ameliorative effect that trees have on soil structure 
which is maintained after the organic cover has been burned. Soil 
structure was not as well developed in the bunchgrass and short- 
grass vegetation types as on the wooded sites. Therefore, the 
grass sites were more susceptible to runoff and interrill sediment 
yield, especially after the protective cover was consumed by fire. 

The distribution of 4 vegetation types of this study occur as a 
patchwork mosaic across the rangeland. This distribution is not 
related to inherent differences in the surface soil; there was no 
difference in the sand (19%), silt (40%) or clay (41%) content 
between the different vegetation types. Consequently, textural 
changes between vegetation types, such as in the coppice dune 
systems of the U.S. Great Basin (Blackburn 1975), do not occur. 
Hence, soil texture is poorly related to infiltration rate differences 
found on the study site (?<.l). 

Fire consumes the organic cover, thereby increasing the expo- 
sure of the soil to the erosive forces of rain and runoff (Meeuwig 
1969, Roundy et al. 1978, Cheruiyot et al. 1986). Burning of the 
oak litter created a hydrophobic soil condition. This phenomenon 
is common when fire bums waxy coated leaves, resulting in some 
of the wax reforming to create a water resistant coating on the 
soil particles (DeBano 1981). The oak litter may also have pro- 
duced an increase in fire temperature that led to excessive drying 
of a fine layer of soil, making it difficult to re-wet (DeBano et al. 
1967). 

The gentle slope (4%), gently undulating surface topography, 
and the extent (40% canopy cover) and pattern of the woody veg- 
etation mosaic is not conducive to enabling runoff to bypass oak 
and juniper mottes via concentrated flow paths. Therefore, when 
water begins to run off of a low infiltration site it does not flow 
very far before it encounters a different vegetation type with a 
greater infiltration rate. The sites with a greater infiltration rate 
can often accommodate the overland flow in addition to the inci- 
dent rainfall. In this manner, overland flow redistributes the water 
within the pasture (Cornet et al. 1992) and only about 2% of 
annual precipitation actually leaves a pasture as runoff before or 
after the trees are cut and removed (Thurow and Taylor 1995). 
These data imply that cut and burned tree groves, which retain a 
high infiltration potential because the associated good soil struc- 
ture remains even after the trees are gone, do not pose as much of 
a threat to runoff and interrill erosion as would the associated 
burned grass interspaces. Therefore, to minimize runoff and ero- 
sion risk, tree groves should be burned as spot fires. An altema- 
tive would be to limit the use of prescribed fires that burn the 
entire pasture to seasons of the year when the risk of high intensi- 
ty storms is low. In the case of west Texas, the low intensity 
frontal storms which characterize winter precipitation events pose 
less runoff and erosion threat to exposed soil than the high-inten- 
sity convective storms which characterize summer precipitation 
events. 
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Abstract 

The effects of herbicide applications to kill honey mesquite 
(Prosopis ghdulosa Torr.) on community diversity are poorly 
documented. Our objective was to test the hypothesis that herbi- 
cide application to kill honey mesquite would reduce plant and 
vertebrate species richness and diversity. A 1:l mixture of tri- 
clopyr ([(3,!!,6-trichloro-2-pyridinyl) oxylacetic acid] + picloram 
(4-amino-3,5,6tricholopicolinic acid) was applied to three 13-ha 
plots during 1992 and to 3 additional plots in 1993. Mesquite and 
forb canopy cover in the zone I 1 m from the soil surface were 
lower within treated plots than in control plots (n = 3) following 
the 1992 and 1993 treatments. Grass canopy cover did not differ 
between herbicide-treated plots and control plots. Vegetation 
species richness and evenness, Shannon’s index, beta diversity, 
and proportion of rare plant species did not differ between con- 
trols and sites treated during 1992 and 1993. Rodent and avian 
relative frequency, richness, and diversity were not different on 
1992 herbicide treatment plots and controls. Based on these 
results, application of triclopyr + picloram in mesquite-mixed 
grass communities in the Texas Coastal Bend does not appear to 
reduce plant and vertebrate species richness and diversity within 
the first 2 years after treatment. However, our results should be 
interpreted cautiously because (1) annual rainfall was 16 % above 
the annual average during the study and (2) limited replication 
possibly reduced statistical power to detect differences. 

Key Words: herbicides, Prosopis glandulosa, triclopyr + piclo- 
ram, species richness 

Increasing societal concern regarding the value of biological 
diversity has influenced the passage of more than 29 Federal laws 
regulating the use of biological resources in the United States. 
This trend will likely continue into the future, resulting in cre- 
ation of laws and regulations involving biological diversity which 
will influence rangeland managers for decades (West 1993). 
Developing management technologies that maintain biodiversity 
is a desirable objective for range and wildlife managers because 
of the value that society places on biodiversity, and biological 
and economic factors. 

Biological reasons for maintaining biodiversity are multiple. 
Primary productivity in more diverse plant communities is more 

Research was supported by the Rob and Bessie Welder Wildlife Foundation. 
This is Welder Wildlife Foundation Contribution 448. 

resistant to perturbations such as drought and recovers more fully 
following such perturbations (Tilman and Downing 1994). 
Greater plant species diversity has been associated with greater 
biomass stability through time, greater resistance to grazing by 
single species of ungulates, and with greater resilience after graz- 
ing (McNaughton 1985). Plant root mass, organic matter, and 
monosaccharide content of dry aggregates were lower under 
monocultures of introduced grasses than under more diverse 
native plant communities in Canada (Dormaar et al. 1995). 

Biological diversity increases the potential economic value of 
rangeland for recreational enterprises. For example, bird-watch- 
ing in the 80.ha Sabal Palm Sanctuary in Texas generates $1.28 
million/year (McBryde 1994). Good hunting potential contributes 
about $4451ha to land prices in the Texas Hill Country (Pope 
1985). 

Treatments that increase grasses for cattle and concomitantly 
maintain plant, mammal, and avian diversity would possibly 
resolve conflicts between biodiversity concerns and increasing 
forage for cattle. Reported impacts of herbicide treatments on 
plant and vertebrate diversity vary. Scifres and Koerth (1986) 
reported that effects of herbicide treatment on forb cover and 
diversity varied depending on herbicide dosage, range site, and 
rainfall. In British Colnmbia, treating a Douglas fir (Pseudotsuga 
menziesii (Mirb.) France.) plantation with glyphosate did not 
affect small mammal abundance (Sullivan and Sullivan 1982). In 
contrast, treating clearcuts in Maine with glyphosate reduced 
abundance of birds and small mammals (Santillo et al. 1989a, 
1989b). In Oregon, density and diversity of birds were not affect- 
ed by application of 2,4,5-T (Morrison and Meslow 1984). 
Rodgers and Sexton (1990) determined that bird species most 
closely associated with grass abundance were present in greatest 
numbers in pastures treated with 2,4-D. 

Applying a 1:1 mixture of triclopyr ([(3,5,6-trichloro-2- 
pyridinyl) oxylacetic acid) + picloram (4-amino-3,5,6tricholopi- 
colinic acid) at appropriate soil temperatures and time is recom- 
mended for controlling mesquite (Prosopis gland~hsa Torr.) in 
Texas (Welch 1993). Our overall objective was to test the 
hypothesis that application of triclopyr + picloram in a mesquite- 
mixed grass community would reduce species richness and diver- 
sity relative to untreated plots, Specific objectives were to deter- 
mine the effects of herbicide application on (1) plant species rich- 
ness, evenness, diversity (alpha and beta), rareness, and percent 
canopy cover; (2) small mammal relative density, relative fre- 
quency, richness, and diversity; and (3) avian relative frequency, 
richness, and diversity. 

Manuscript accepted 9 Jan. 1996. 
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Study Area 

This research was conducted on the Rob and Bessie Welder 
Wildlife Foundation Refuge in northern San Patricia County, 
Texas. Climate of the region is humid, subtropical with hot sum- 
mers and cool winters. Precipitation peaks occur during spring 
and the fall hurricane season. Annual rainfall varied from 
38.0-128.4 cm between 1957 and 1993 with a mean of 88.9 cm. 
Rainfall during 1992 (128.4 cm) and 1993 (102.8 cm) was above 
the annual average of 88.9 cm for the Welder Refuge. Data were 
collected during a 2-year period of above average rainfall and do 
not reflect average conditions, thereby limiting applicability with- 
in other sites or habitats. The primary soil in the study area was a 
fine, montmorillonitic clay of the Victoria series (Udic Pellustert) 
with a band of fine, mixed hyperthermic clay of the Edroy series 
(Vertic Haploquoll) associated with treatments located adjacent 
to a drainage basin (Drawe et al. 1978). 

Vegetation of the study area was the mesquite-mixed grass 
community described by Drawe et al. (1978). The mesquite- 
mixed grass community was composed of moderate stands of 
honey mesquite interspersed with dense mottes of chaparral and 
interstitial areas of grass. Common brush species included 
huisache (Acacia smallii (L.) Willd.), spiny hackberry (Celtis pal- 
lida Torr.), tasajillo (Opuntia leptocaulis DC.), agarito (Muhonia 
trifoliata Moric), lotebush (Condulia obtusifolia Hook.), lime 
pricklyash (Zunthoxylum fugaru Mill.), and pricklypear cactus 
(0. lindheimeri Engelm.). Dominant grasses included Texas win- 
tergrass (Stipa leucotricha Trin. 8z Rupr.), plains bristlegrass 
(Setaria leucopila Scribn. & Merr.), and vine mesquite (Panicum 
obtusum H. B. K.). Dominant forbs included upright prairie cone- 
flower (Ratibida columnaris Sims), western ragweed (Ambrosia 
cumanensis DC), and violet mellia (Ruellia nudifloru Engelm. & 
Gray). Plant nomenclature follows Hatch et al. (1990). 

Methods 

Experimental Design 
A randomized, complete-block design was used with 3 treat- 

ments: controls (no treatment applied), treated with herbicide in 
1992 only, treated with herbicide in 1993 only, and 3 blocks with 
each of the 3 treatments randomly assigned within each block. 
Experimental units were 13.3 ha (365 X 365 m) in size. 
Experimental units within a block and between successive blocks 
were 2 100 m apart. 

Herbicide Application 
A 1:l mixture of triclopyr { [(3,5,6-trichloro-2-pyridinyl) 

oxylacetic acid] + picloram (4-amino-3,5,6-tricholopicolinic 
acid) was applied on 21 June 1992 and 16 June 1993 by heli- 
copter at a rate commonly used on mesquite in southern Texas (J. 
Mutz, J&M Helicopter Serv. Inc., pers. commun.). Herbicide was 
applied at 47.5 liters/ha with 1.9 liters each of picloram and tri- 
clopyr in a 1:5 diesel oil emulsion. A drift retardant (38 F, a for- 
mulation consisting primarily of polyacrylamide) was used to 
minimize overspray and a commercial surfactant (a blend of par- 
rafin oil, polyol fatty acide esters, polyethoxylated esters, and 
ethoxylated alkyl aryl phosphate esters) was used to increase 
absorption. Herbicide was applied in 12-m-wide swaths with 
flaggers at both ends of the plot to ensure complete coverage. The 

herbicide was applied at 97 kmlhr when wind speeds were 18 
km/hr. To achieve maxim31 kill, the herbicide was applied when 
soil temperatures were 222’ C for at least 1 week. 

Vegetation 
Ten 50-m-long vegetation transects were establi,<hed within 

each replication of each treatment by a stratified random method 
and permanantly marked (Chambers and Brown 1983). 
Herbaceous and woody plant canopy cover and relative frequen- 
cy were estimated during April 1992 and 1993 before herbicide 
treatments and again during October 1992 and 1993 by a modi- 
fied point-intercept method (Wray and Whitmore 1979, Tazik et 
al. 1991). At l-m intervals along each transect, a thin rod divided 
into 0.1-m increments was used to record the total number of 
contacts by vegetation species in each of 3 height classes (51 m, 
>l-3 m, and >3 m). 

Plant species richness, alpha diversity, and bets diversity were 
calculated with canopy cover and relative frequency data 
(Biondini et al. 1989). Alpha diversity was quantified with 
Shannon’s index using natural logs (Pielou 1975). Beta diversity 
was calculated as mean dissimilarity (loo-mean similarity) 
(Scheiner 1992). Similarity was calculated between all possible 
pairs of transects within each treatment (n = 45) with Jaccard’s 
similarity index (ISij) (Janson and Vegelius 1981). 

ISij = (.I&) x 100 
(MO -I- Mb + M,! 

where ISi,j = Similarity index value, M, = Number of species 
common to ith and jth transects, M, = Number of species unique 
to the ith transect, and M, = Number of species unique to the jtb 
transect. 

Species evenness was calculated as: 
Evenness = Shannon’s index 

In (species richness) 

Proportions of rare species were compared in control and treat- 
ed plots before and after herbicide application. A species was 
considered rare when it accounted for I1 70 canopy cover. 

Mean percent canopy cover was also compared among treat- 
ments within 5 vegetation classes (grass, forb, mesquite, other 
woody vegetation, and cacti), and for selected species of forbs 
which were identified as having some value as food for wildlife 
such as white-tailed deer (0doco;leus virginianus Raf.) (Chamrad 
and Box 1968, Everitt and Drawe 1974, Arnold and Drawe 1979, 
Warren and Krysl1983). 

Small Mammals and Birds 
Small mammals were trapped during March 1992, December 

1992, and December 1993 with 49 Sherman live tmps in a 7 X 7 
grid with a 10-m spacing between traps. All treatments within a 
given block (pasture) were trapped simultaneously to minimize 
confounding effects caused by time or changes in weather pat- 
terns. Traps were baited before dark with a mhture of rolled oats 
and peanut butter and were checked the following morning. To 
minimize mortality caused by red imported fire ants (Solenopsis 
invictu), trapping was conducted when night-time temperatures 
were ~22” C (Masser and Grant 1986, Porter and Tschinkel 1987, 
Flickinger 1989). Traps remained closed during the day to pre- 
vent incidental captures. Captured individuals were identified to 
species, toe-clipped u-,ing 1 toe to identify recaptures (Day et al. 
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1980), and released. Trapping was conducted for 5 consecutive 
days in each treatment in each block. 

Fire ant densities were quantified within each of the 9 treat- 
ments during each trapping effort to determine if fire ant popula- 
tions varied among treatments. The number of active ant colonies 
was recorded within a 5-m-wide belt transect centered along each 
of the 7 lines within each trapping grid. Densities were presented 
as colonies/ha and were compared to small mammal densities. 

Relative density of small mammals was estimated by calculat- 
ing the percent success rate of captures for each grid within each 
treatment. Relative frequencies were calculated by dividing the 
number of each species captured by the total number of captures. 
Shannon’s index (using natural logs) was calculated from the pro- 
portions of each species captured. 

Line transects were used to determine bird species composition 
in treated and control areas (Emlen 1970, Eberhardt 1978, 
Wakely 1987). Two 300-m transects were placed within each 
treatment in each block. Transects were traversed the first 3 hours 
after sunrise and the last 3 hours before sunset. Sampling was 
conducted during February and March 1992 and 1993. Transects 
in each treatment were traversed 9 times (5.4 km). Avian species 
relative frequency and Shannon’s index were calculated from the 
proportions of each species observed. 

Statistical Analyses 
Pre-treatment analyses for 1992 were performed with t-tests 

comparing vegetation means in control and treated (in 1992 only) 
plots for pretreatment (April 1992) sampling. Repeated measures 
ANOVA for the 3 post-treatment sampling dates (October 1992, 
April 1993, October 1993) was used to determine if the vegeta- 
tion attributes differed significantly (P 5 0.05) between treat- 
ments following herbicide application. Vegetation analyses for 

the 1993 herbicide treatment involved I-tests comparing the con- 
trol and treated (in 1993 only) plots for the pre-treatment (April 
1993) and post-treatment (October 1993) sampling dates. 

Relative density, species richness, and diversity means for 
small mammals were compared using t-tests for pre-treatment 
data (March 1992) and using repeated measures ANOVA on the 
post-treatment data (December 1992, December 1993) for the 
1992 herbicide treatment. Analysis of the 1993 treatment 
involved comparing the control and herbicide treatment means 
using t-tests for the pre-treatment (December 1992) and post- 
treatment (December 1993). Asian relative frequencies, species 
richness, and diversity were compared using f-tests for the pre- 
treatment (March 1992) and post-treatment data (March 1993). 
Avian community attributes were compared only for the 1992 
herbicide treatment. 

For all repeated measures ANOVA block x treatment was used 
for the error term. Differences between sample dates and treat- 
ment x sampling date interactions were tested during all repeated 
measures analyses. When interactions occurred, contrasts were 
performed to determine where differences occurred. All statistical 
analyses were performed using SAS (Statistical Analysis Institute 
1988) and percentage or proportion data were arcsin squareroot 
transformed before statistical analyses (Snedecor and Cochran 
1967:327). 

Results 

Vegetation 
Herbicide treatments applied in 1992 and 1993 reduced (P < 0.05) 

canopy cover of mesquite and forbs in the 1 m strata (Tables 1 and 
2). Herbicide treatment during 1993 reduced (t = 2.98, P = 0.03) 

Table 1. Mean (n = 3) vegetation canopy cover (%) for different height classes within herbicide-treated and untreated (control) plots before and after 
the 1992 application of triclopyr + picloram to control honey mesquite on the Rob and Bessie Welder Wildlife Foundation Refuge, San Patricia 
County, Texas, 1992. 

Group 
Date 

) He‘ 
<I z-l-3 >3 -- 

Control l&&xl Q?&gt Qg&& &lgtQl M 
iY SD X SD P-value’ X SD X SD P-value’ X SD X SD P-value’ 

----(o/o)---. _--- (%) ---_ -___ (%) ____ 

Grass 
Pre-treatment 35 6 27 13 0.22 0 0 2 3 0.29 0 0 0 0 - 
Post-treatment 28 17 43 26 0.19 <l <l 1 1 0.02 0 0 0 0 - 

Forbs 
Pm-treatment 87 1 82 4 0.93 <l <1 3 4 0.30 0 0 <l <I 0.18 
Post-treatment 84 5 63 4 <O.Ol 2 1 2 1 0.66 <l <I 0 0 0.18 

Mesquite 
Pre-treatment 16 4 23 2 0.09 12 5 16 6 0.50 5 2 6 4 0.81 
Post-treatment 17’ 2 132 5 0.27 13 1 8 4 0.48 8 1 3 1 0.19 

Other woody 
Pm-treatment 7 1 7 3 0.97 3 0 5 2 0.40 0 0 0 0 - 
Post-treatment 9 2 7 <l 0.70 8 <l 5 <l 0.06 cl <I <l <1 0.27 

Cacti 
Pm-treatment 1 <I 3 2 0.12 0 0 <1 <1 0.02 0 0 0 0 - 
Post-treatment 1 2 2 1 0.40 0 0 <l <l 0.20 0 0 0 0 - 

‘Control and herbicide treatment means were compared using t-tests for pre-treatment data and using qxated measures ANOVA on the post-treatmenr data for the 1992 herbicide 
gpplication. 

Interaction (P = 0.04) between sampling date and treatment. Cover was less (P < 0.01) in treated plots during Apr. 1993, but not different (P = 0.86, P = 0.06) during Oct. 1992 and 
Oct. 1993, respectively. 
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Table 2. Mean (n = 3) vegetation canopy cover (%) for different height classes within herbicide-treated and untreated (control) plots before and after 
the 1993 application of triclopyr + picloram to control honey mesquite on the Rob and Bessie Welder Wildlife Foundation Refuge, San Patricia 
County, Texas, 1993. 

Heieht class cm) and treatment 
<I >I-3 >3 

Group QggroJ -J&r& Q&& Treated rontro1 - Treated 
Date x SD X SD P-value’ X SD X SD P-value’ X SD X SD P-value’ 

____ (%) _--- ----(%)---- ----(“ro)---- 
Grass 

Pre-treatment 45 16 44 4 0.12 <I <l <l <l 0.07 0 0 0 0 - 
Post-treatment 27 9 28 2 0.06 4 <l <l <I 0.11 0 0 0 0 - 

Forbs 
Pre-treatment 88 4 71 18 0.04 1 <I <l <l 0.42 <I <I <I cl 0.35 
Post-treatment 85 5 30 I7 <0.02 1 <l <l <l 0.39 <I <l 0 0 - 

Mesquite 
Pre-treatment 15 4 21 4 0.01 12 5 19 8 0.03 7 3 9 5 0.2 I 
Post-treatment 17 6 8 1 0.03 13 6 2 1 0.05 8 4 1 1 0.09 

Other woody 
Pre-treatment 10 1 9 1 0.42 8 1 9 1 0.06 <l <l 1 cl 0.19 
Post-treatment 10 1 5 <I 0.07 8 21 4 11 0.03 <l <l <l <I 0.64 

Cacti 
Pre-treatment cl <l 2 1 0.00 0 0 <l <l 0.17 0 0 0 0 - 
Post-treatment <l <l <l <I 0.12 0 0 0 0 0.12 0 0 0 0 - 

kontrol and herbicide treatment means were compared using f-tests for pretreatment data and using repeated mea?ureq ANOVA on the post-treatment data for the 1992 herbicide 
application. 

canopy cover of other woody species in the >l-3 m strata. Grass 
canopy cover did not differ between treatments, except it was slight- 
ly greater (F = -7.28, P = 0.02) in the >l-3 m strata following the 
1992 herbicide treatment. 

Herbicide treatments reduced (P c 0.05) canopy cover of western 
ragweed, however, cover of this species was lower (r = 5.21, P = 0.005) 
before treatment on plots treated in 1993 (Table 3). Herbicide treatment 
in 1993 resulted in less canopy cover of ozarkgrass (Limnodea 
urhunu Nut) (t = 2.69, P = 0.05). Texas wintetgmss (1 = 2.85, P = 
0.04), California loosestrife (Lythnrm culijbmicum Tom & Gray) (t = 
3.02, P = 0.03), false globemallow (Mulva.rfrum aurcrnrinicum Gray) (t 
= 6.69, P < O.Ol), and beebalm (Monado citioubru Small) (t = 3.96, P 
= 0.01). 

Herbicide treatment had little effect on vegetation diversity 
indices (Table 4). Species evenness differed (t = -9.24, P = 0.01) 
between control plots and plots treated with herbicide in 1992 
before treatment but not after treatment (t = -0.75, P = 0.53). The 
proportion of rare species was slightly greater (t = -10.00, P = 
0.01) in plots treated with herbicide in 1992; otherwise vegetation 
diversity indices did not differ before treatments for the 1992 or 
1993 herbicide treatments. 

Small Mammals and Birds 
Herbicide-treated plots did not differ significantly (P > 0.05) 

from controls in relative densities of small mammal species or in 
small mammal species richness and diversity, except that small 
mammal species richness was greater (t = -5.56, P = 0.03) in 
treated plots before treatment in 1992 (Tables 5 and 6). During 
December 1992, fire ant densities ranged from 24 active 
mounds/ha to >768 active mounds/ha but were not significantly 
different (P > 0.05) between treatments. During December 1993, 
no ant mounds were found while trapping. 

There was no significant difference (P > 0.05) for relative fre- 
quency of bird species between treatments (Table 7). Avian 
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diversity and species richness were not significantly different (P 
= 0.77 and 0.57, respectively) between control and treated plots 
(Table 8). 

Discussion 

Vegetation 
We did not detect any effect of treating of honey mesquite- 

dominated rangeland with triclopyr + picloram on plant, small 
mammal, or avian diversity under the conditions of our study dur- 
ing the first 2 growing seasons after treatment. The effects of 
brush management vary with soil moisture and texture, original 
plant composition of the site, and timing of treatment (Stoddard 
et al. 1975). Sites with favorable moisture relationships may 
result in a lower mortality rate of woody plants (Beasom et al. 
1982, Nolte et al. 1994). Therefore, occurrence of above average 
rainfall during 1992-1993 possibly created a different response 
by the vegetation to the herbicide application than would have 
occurred during years with less rainfall. 

Herbicide application possibly created a more heterogeneous 
distribution of vegetation species since evenness was greater in 
1992 treated plots before herbicide application but was similar 
between control and herbicide-treated areas following treatment. 
The increase in proportion of rare species following herbicide 
treatment was possibly because reduction in canopy cover of 
mesquite and dominant folb species gave rare species a competi- 
tive advantage for light, nutrients, and moisture. 

Grass canopy cover was expected to increase following herbi- 
cide application because killing mesquites would reduce competi- 
tion between mesquites and grasses for soil water. The lack of 
increase in grass canopy cover following herbicide treatment pos- 
sibly resulted because rainfall was well above average during the 
study. Above average rainfall possibly ameliorated competition 
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Table 3. Mean (n = 3) canopy cover (So) for select plant species on herbicide-treated and untreated (control) ph.& before and after application of tri- 
clopyr + picloram to control honey mesquite on the Rob and Bessie Welder Wildlife Foundation Refuge, San Patricia County, Texas, 1392-1993. 

Species 
Sampling date 

1992 Treatment 1993 Treatment 
Control Treated Control Treated 

x SD x SD P-value’ x SD x SD P-value’ 

----(%o)---- -___ (%) ____ 

Western ragweed 
Pre-treatment 24 17 2 
Post-treatment 21 8 8 

Bladdetpod (Lesquerella lindheimeri (Gray) S. Wats.) 
Pre+treatment 0 0 2 
Post-treatment 2 3 4 

Ozarkgrass 
Pre-treatment 2 2 4 
Post-treatment 10 9 9 

California loosestrife 
Pre-treatment 0 0 1 
Post-treatment 3 1 3 

Threelobe falsemallow 
Pm-treatment 1 1 4 
Post-treatment 4 3 5 

Lemon heebaltn 
Pre-treatment 2 3 1 
Post-treatment 2 2 1 

Pink evening primrose (Oenorhera speciosa Nutt.) 
Pre-treatment 8 2 4 

Post-treatment 7 8 8 

Groundcherry (Physalis spp.) 
Pre-treatment 0 0 0 
Post-treatment 2 1 <l 

Texas wintergrass 
Pm-treatment 17 4 2 
Post-treahnent 2 3 1 

Green-thread (Thelespema spp.) 
Pre-treatment 0 0 10 
Post-treatment 12 1 12 

Texas broomweed 
Pre-treatment 27 20 9 
Post-treatment 12 9 1 

9 0.94 12 6 
7 0.04 22 4 

4 0.42 6 8 
3 0.84 1 2 

6 0.83 20 13 
7 0.99 6 8 

1 0.08 3 
3 0.66 2 

5 0.28 8 

2 0.33 4 

1 
1 

0.73 
0.12 

4 

7 

0.35 

0.41 

0 0.11 
1 0.76 

2 0.01 
1 0.16 

17 
1 

16 
1 

0.33 
0.45 

0.14 
0.13 

4 
2 

1.5 
5 

1 
2 

2 
5 

2 
1 

3 
13 

2 

1 

3 
1 

2 
2 

11 
3 

1 
3 

4 
3 

<I 
1 

5 
11 

<O.Ol 
<O.Ol 

0.30 
0.44 

0.76 
0.05 

0.19 
0.03 

0.09 
<O.Ol 

-co.01 
0.01 

0.44 
0.19 

0.62 
0.72 

0.88 

0.04 

0.16 
0.71 

0.44 
0.40 

‘Control and herbicide treatment means were compared using f-tests for pre-treatment data and using repeated measures ANOVA on the post-treatment data for the 1992 herbicide 
application. Analysis of the 1993 treatment involved comparing the contml and herbicide treatment means using t-tests for the pretreatment and post-treatment data. 
‘Significant interaction (P 5 0.05) between sampling date and treatment. Green-thread cover was greater (P = 0.02) in control sites during Apr. 1993. 

between grasses and mesquite for soil water. Portions of the study 
area were inundated with water for extended periods, resulting in 
establishment of semi-aquatic vegetation in isolated low-lying or 
poorly drained areas. Finally, the high degree of variability in the 
data reduced the probability of detecting significant differences. 

The 43% reduction in mesquite cover, across height classes, 
following the 1992 herbicide treatment was less than the expected 
reduction of >70% (J. Mutz, J&M Helicopter Serv. Inc., pers. 
commun.). Favorable soil moisture conditions were one likely 
reason for this. In addition, size and structure of mesquite varied 
among plots. Some sites were dominated by solitary shrubs while 
other sites also had understories comprised of mesquite. The lat- 
ter situation resulted in some of the understory mesquite being 
protected from the aerial herbicide application. Sites dominated 
by spatially separate individuals appeared to have greater kill 
rates than those sites with a well defined understory of mesquite. 

The variation, possibly caused by site differences, appeared to 
mask the effects of the herbicide. Another possible confounding 
factor was that the study areas were comprised of clay soils. Dahl 
et al. (1971) stated that picloram was 20% less efficient at killing 
mesquite on clay soil. Any combination of the above factors may 
have influenced the lower than expected kill rate for mesquite. 

Herbicide application appeared to have positive and negative 
impacts in relation to the selected herbaceous species examined. 
The reduction in western ragweed canopy cover following the 
1992 herbicide treatment was possibly detrimental to wildlife 
habitat. Western ragweed is an important source of food for 
white-tailed deer and many species of birds including northern 
bobwhites (Colinus virginionus L.) (Webb and Guthery 1983). 
The reduction of Ozarkgrass and Texas wintergrass canopy cover 
following the 1993 treatment was undesirable in that Texas win- 
tergrass provides important cool-season forage for cattle. Both 
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Table 4. Mean (n = 3) plant species richness, evenness, Shannon’s index, beta diversity, and species rareness on herbicide-treated and untreated (con- 
trol) plots before and after application of triclopyr + picloram to control honey mesquite on the Rob and Bessie Welder Wildlife Foundation Refuge, 
San Patricia County, Texas, 1992-1993. 

Index 
Sampling date 

1992 Treatment 1993 T- 
Control Treated A Treated 

x SD x SD P-Vallk?’ x SD x SD P-Value’ 
Richness (No. species/l 3 ha) 
Pre-treatment 44 
Post-treatment 46 

Evenness 
Pre-treatment 0.72 
Post-treatment 0.81 

Shannon’s index 
b-treatment 3.09 
Post-treatment 3.20 

Beta diversity 
Pre-treatment 0.57 
Post-treatment 0.61 

Rareness 
Pre-treatment 1.88 
Post-treatment 1.93 

3 46 6 069 53 8 56 5 0.30 
9 39 10 0.10 50 8 37 13 0.27 

0.10 0.77 0.07 0.01 0.82 0.0 I 0.83 0.02 0.38 
0.01 0.82 0.01 0.53 0.86 0.00 0.86 0.02 0.51 

0.04 3.19 0.38 0.34 3.40 0.13 3.46 0.06 0.09 
0.26 3.06 0.30 0.14 3.30 0.17 3.07 0.25 0.18 

0.03 0.61 
0.07 0.63 

0.52 0.55 0 09 0.66 008 0.08 
0.65 0.66 0.02 0.69 0.04 0.89 

0.04 I .92 0.04 0.01 1.97 0.02 1.98 0.04 0.40 
0.02 1.94 0.04 0.55 1.95 0.02 I .95 0.11 0.77 

‘Control and herbicide treatment means were compared using r-tests for pre-treatment data and using repeated measures ANOVA on the post-treatment data for the 1992 herbicide 
application. Analysis of the 1993 treatment involved comparing the control and herbicide treatment means using f-tests for the pretreatment and post-treatment data. 

species are also an important food source for deer during late 
winter. Reduction of California loosestrife and Indian mallow 
may also have been undesirable since these species are sources of 
food for deer. Since Texas broomweed (Xanthocephalum tex- 
unum Gray) is not used as forage by wildlife or livestock, reduc- 
tion in canopy cover was possibly beneficial. We did not deter- 
mine the long-term effects of the herbicide treatment on canopy 
cover of these species and results should be considered in the 
context that the reduction in canopy cover of forbs following her- 
bicide treatments is often temporary (Scifres 1980). 

Small Mammals and Birds 
Structural and compositional changes which occurred in the 

vegetation community did not appear to impact rodent or avian 
communities. Explanations for the lack of significant response by 
the rodent and avian communities during the course of this study 
include adaptation to the changes in community structure and 
composition, delayed response to the changes, or low power of 
statistical tests to detect significant differences because of the low 
number of replications. Major changes in the community follow- 
ing herbicide treatment included a decrease in mesquite and forb 
cover and a reduction of selected forbs such as western ragweed. 

Table 5. Results of small mammal trapping during 4,998 trap nights on herbicide-treated and untreated (control) plots before and after application of 
triclopyr + picloram to control honey mesquite on the Rob and Bessie Welder Wildlife Foundation Refuge, San Patricia County, Texas, 1992-1993. 

Attribute 
Sampling date 

1992 Treatment 1993 Treatment 
Control Treated A Treated 

x SD x SD P-value’ 5 SD x SD P-value’ 

Relative density (# captures in 4,998 trap nights) 
Pm-treatment 4 2 19 20 
Post-treatment 12 8 10 6 

Deermolse@wmkmwVl m(W 
25 43 33 24 

Ft6t- 46 10 37 9 
llkpidmtbmrat(si~~~sayand~ fi-apmy(%) 

65 38 65 27 
I+zet- 28 23 32 28 

Southern Plains Wood rat (Neotoma microprrs Baird) frequency (%) 
Pm-treatment IO 17 1 1 
Post-treatment 27 13 32 37 

Pigmy mouse (Baiomys taylori Thomas) frequency (%) 
Pre-treatment 0 0 3 2 
MS 0 0 0 0 

0.28 17 8 20 10 0.58 
0.50 6 6 12 14 0.27 

023 
057 

39 
53 

20 
21 

45 
51 

IO 
38 

0.77 
0.64 

0.85 44 22 51 12 0.48 
0.64 I1 I9 19 IO 0.42 

0.59 17 16 4 4 0.42 
0.38 36 13 30 28 0.50 

0 
0 

0 
0 

0 
0 

0 
0 

- 
- - 

‘Control and herbicide treatment means were compared using I-tests for pre-treatment data and using repeated measures ANOVA on the post-treatment d&a for the 1992 herbicide 
application. Analysis of the 1993 treatment involved comparing the control and herbicide treatment means using t-tests for the pre-treatment and post-treatment data. 
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Table 6. Mean (II = 3) small mammal richness (#/0.49 ha) and Shannon’s Table 8. Avian species mean (n = 3) richness (#/13 ha) and Shannon’s 
index within herbicide-treated and untreated (control) plots before index within herbicide-treated and untreated (control) plots before 
and after application of triclopyr + picloram to control honey mesquite and after application of triclnpyr + picloram to control honey mesquite 
on the Rob and Bessie Welder Wildlife Foundation Refuge, San on the Rob and Bessie Welder Wildlife Foundation Refuge, San 
Patricia County, Texas, 1992-1993. Patricia County, Texas, 1992-1993. 

Date Suecies richness/O.49 ha Shannon’s index 
Treatment x SD x SD 

Pre-treatment 1992 
Control 2 0.6 0.39 0.34 
Herbicide 1992 3 1.0 0.66 0.22 
P-value’ 0.03 0.26 

Post-treatment 1992 
Control 3 0.0 0.92 0.15 
Herbicide 1992 3 0.6 0.70 0.11 
P-value’ 0.70 0.44 

Pre-treatment 1993 
Control 3 0.0 0.92 0.15 
Herbicide 1993 3 0.6 0.80 0.11 
P-value’ 0.69 0.31 

Post-treatment 1993 
Control 2 0.6 0.78 0.28 
Herbicide 1993 3 0.0 0.79 0.13 
P-value’ 0.47 0.06 

‘Control and herbicide treatment means were compared using t-tests for pretreatment 
data and using repeated measures ANOVA on the post-treatment data for the 1992 herbi- 
cide application. Analysis of the 1993 treatment involved comparing the control and her- 
bicide treabnent means using I-tests for the pre-treatment and post-treatment data. 

Date Suecies richness/l3 ha Shannon’s index 
Treatment x SD fi SD 

Pre-treatment 1992 
Control 11 5 I.84 0.21 
Herbicide 1992 16 6 2.20 0.26 
P-value’ 0.81 0.90 

Post-treatment 1992 
Control 13 6 2.25 0.44 
Herbicide 1992 9 3 1.87 0.30 
P-value’ 0.57 0.77 

‘Control and herbicide treatment means were compared using r-tests for pm-treatment 
data and using repeated measures ANOVA on the post-treatment data for the 1992 herbi- 
cide application. 

The high mobility of avian species could also mask negative 
impacts of the treatment. Patterns of use of treated areas may 
have shifted following treatment. Decreased cover, resulting in 
increased availability of seeds and insects, could have resulted in 
the treated areas receiving greater use for foraging by granivorous 
and insectivorous birds. The same birds may have used adjacent 
sites for nesting or roosting until appropriate cover became avail- 
able in treated sites. 

The changes may have been within the threshold of habitat 
requirements for the species studied. Impacts of control of 
mesquite with triclopyr + picloram on the plant community were 
not as drastic as the effects of mechanical manipulation would 
have been. Community response to the treatment also may have 
been delayed. Small rodents tend to have a high turnover rate and 
sufficient resources may have been available during the course of 
this study to maintain population levels. Effects on reproduction 
and survival may not have manifested during this study. 

Based on our results, triclopyr + picloram application to 13.3- 
ha plots in a mesquite-mixed grass community does not appear to 
negatively impact plant and vertebrate species richness and diver- 
sity during the first 2 years posttreatment when annual rainfall is 
16% above average. Additional research is needed to determine if 
application of the herbicide impacts plant and vertebrate species 
richness and diversity during years of average or below-average 
rainfall or in other plant communities. 

Table 7. Mean (n = 3) frequency (%) for select avian species within herbicide-treated and untreated (control) plots before and after application of tri- 
clopyr + picloram to control honey mesquite on the Rob and Bessie Welder Wildlife Foundation Refuge, San Patricia County, Texas, 1992-1993. 

Species 

Pre-treatment Post-treatment 
Control Treated Control Treated 

x SD x SD P-value’ x SD z SD P-value 

-------..------(%> 

Mockingbird 
(Mintus polyglottis L.) 13 6 

Mourning dove 
(Zenaida macroura L.) 11 I2 

Dickcissel 
(Spiza americana Gmelin) 20 33 

Cardinal 
(Cardinalis cardinalis L.) 12 15 

Eastern meadowlark 
(Stumella magna L.) 13 22 

White-crowned sparrow 
(Zonotrichia leucophrys 
Forster) 8 6 

_---__-----_ --------------(“/o)-------------- 

12 5 0.85 14 9 17 5 0.10 

10 5 0.28 0 0 1 1 - 

27 I9 0.47 0 0 0 0 - 

6 3 0.73 23 3 8 3 0.13 

0 0 - 1 2 28 8 0.56 

3 4 0.55 6 3 6 11 0.75 

‘Control and herbicide treatment means were compared using r-tests for pm-treatment data and using repeated measures ANOVA on the post-treatment data for the 1992 herbicide 
application. 
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Abstract 

Root-plowed rangeland in southern Texas is often domi- 
nated by fabaceous shrubs. We tested the hypothesis that 
the shrub community present 40 years after rootplowing 
does not exhibit successional trends toward the mixed- 
brush species community that existed before rootplowing. 
Twenty shrub clusters, each organized around a central 
honey mesquite individual, were selected within a control 
site and a root-plowed (35-40 years ago) site at each of 3 
locations. Number of all woody plants species including 
cacti Opuntia spp. and Yucca spp. beneath the nuclear 
honey mesquite was determined. Shrub species richness 
within clusters increased with increasing central honey 
mesquite basal diameter on control and root-plowed sites. 
Species richness/honey mesquite in root-plowed (2 f 0.5 
species, + SE) sites was lower than species richness/honey 
mesquite >200 mm in diameter on control sites (7 kO.4 
species/honey mesquite). Honey mesquite seedlings (l-60 
mm basal stem diameter) composed 39 f 14% of the 
shrubs beneath honey mesquite canopies on root-plowed 
sites compared to 13% of the woody plants present on 
untreated sites. Honey mesquite may continue to dominate 
root-plowed sites for some time, since honey mesquite was 
the major subordinate shrub species on root-plowed sites. 

Key Words: brush control, Prosopis glundulosa, species richness, 
succession 

Vegetation in the south Texas Plains has apparently shifted 
from grass- to woody-plant domination during the last 150 years 
(Archer 1995). Archer et al. (1988) proposed that this shift in 
dominance occurred through initial colonization of grassland by 
honey mesquite (Prosopis glandulosa Torr.) followed by estab- 
lishment of subordinate shrubs beneath honey mesquite canopies. 
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also thank Mr. J.C. Rutledge, Conservation Scientist, Texas Parks and Wildlife 
Department, Chapparal Wildlife Management Area, Artesia Wells, Texas for his 
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Subordinate shrub establishment resulted in formation of shrub 
clusters scattered within the grassland matrix with each cluster 
organized beneath a honey mesquite nucleus. Presumably, on 
many sites in south Texas these clusters expanded and ultimately 
coalesced, forming continuous shrubland, whereas a physiogno- 
my consisting of discrete clusters within a grassland matrix 
remains extant on other sites, particularly on sandier soils. 

Shrub cluster development follows a well-defined chronose- 
quence (Archer 1989). Archer et al. (1988) reported that the first 
species to occur under honey mesquite canopies were prickly 
pear (Opuntia lindkeimeri Engelm.) and colima (Zanthoxyfum 
fagara (L.) Sarg.) followed by granjeno (Celtis pallida Torr.), 
brasil (Condalia hookeri M.C. Johnston), and Texas persimmon 
(Diospyros te.;rana Scheele). Desert yaupon (SchaefSeria cuneijo- 
lia Fray) and lotebush (Ziziphus obtusifolin Gray) were estimated 
to appear when clusters were 36-45 years old, whereas wolfberry 
(Lycium berlandieri Dunal) was the last species to appear. 

Many landowners in southern Texas have attempted to convert 
thornscrub communities to grassland by plowing woody plants 
with large rootplows pnlled by crawler tractors. Honey mesquite 
and other fabaceous shrubs reestablish following rootplowing 
(Fulbright and Beasom 1987, Ruthven et al. 1993). Based on tra- 
ditional (Clementsian) successional theory, the process of shrub 
cluster development beneath honey mesquite following drastic 
disturbance (rootplowing) should be similar to that on untreated 
sites. An alternative hypothesis, based on state-and-transition 
models of succession (Westoby et al. 1989, Friedel 1991), is that 
the fabaceous shrub-dominated community present 40 years after 
rootplowing represents a new stable state that does not exhibit 
successional trends toward the mixed-brush species community 
that existed before rootplowing. 

Predictions based on traditional successional theory and on 
Archer’s (1989) chronosequence of cluster development are that 
(1) subordinate shrub species richness increases with increasing 
honey mesquite diameter on root-plowed and control (untreated) 
sites; (2) subordinate shrub species richness and percent composi- 
tion is similar beneath honey mesquite individuals of similar size 
on root-plowed and control (untreated) areas, but lower for honey 
mesquite individuals on root-plowed sites than for larger (and 
presumably older) honey mesquite individuals on control sites; 
and (3) similarity between shrub clusters on root-plowed and con- 
trol sites is greater for honey mesquite plants in the same size 
class than for larger honey mesquites on control sites. The reverse 
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of these predictions should be true if the fabaceous shrub-domi- 
nated community represents a stable state. 

Materials and Methods 

The study was conducted on the 7,300-ha Maltsberger Ranch in 
LaSalle County, Texas in April 1995. The ranch is located on the 
Duval-Brystal-Webb association of soils in the south Texas 
plains (Gabriel et al. 1994). Soils of the Duval series are fine- 
loamy, mixed, hyperthermic Aridic Haplustalfs; those of the 
Brystal series are fine-loamy, mixed, hyperthermic Aridic 
Paleustalfs; and soils of the Webb series are fine, montmoril- 
lonitic, hyperthermic Paleustalfs. Climate in the region is charac- 
terized by hot summers and mild winters with annual precipita- 
tion averaging 55 cm. 

Three areas were selected for study, each consisting of a con- 
trol treatment and a root-plowed treatment, with the latter root- 
plowed 35-40 years ago (1955-1959). Areas were 22 km apart. 
Buffelgrass (Cenchrus ciliaris L.) and blue panic (Panicurn anri- 
dotale Retz.) were planted in the root-plowed areas after treat- 
ment. Cattle grazed the sites immediately following root plowing, 
and no fences were erected to separate the control from the treat- 
ed areas. 

We used a randomized, complete-block design with 3 blocks, 
each containing a control and a root-plowed treatment. Twenty 
shrub clusters organized around a central honey mesquite individ- 
ual were randomly selected within each treatment and block by 
determining whether or not to sample each honey mesquite 
encountered along a transect by coin toss. Stem diameter of the 
nuclear honey mesquite within each cluster was measured. 
Number of all woody plants, Opuntia spp., and Yucca spp. 
beneath the nuclear honey mesquite was recorded. Percent com- 
position by species was calculated as the number of individuals 
of a species in an experimental unit (treatment, block combina- 
tion) divided by the total number of individuals of all species 
beneath the 20 honey mesquite individuals X 100. Honey 
mesquite stem diameters exceeding 200 mm did not occur in the 
root-plowed treatment, therefore we divided shrub clusters in 
control plots into 2 classes: (1) honey mesquite stem diameters of 
O-200 mm and (2) honey mesquite stem diameters >200 mm for 
comparison of treatment means for percent composition of 
species and similarity indices. Within each block, Jaccard’s Index 
of Similarity (Mueller-Dombois and Ellenberg 1974) between 
subordinate species beneath honey mesquite within rootplowed 
sites and subordinate species beneath 0-200-mm-diameter honey 
mesquite individuals was calculated with species presence- 
absence data. Jaccard’s Similarity Index was used because it is a 
consistent measure of similarity when using presence-absence 
data (Janson and Vegelius 1981). Jaccard’s Similarity Index was 
also calculated between subordinate species beneath honey 
mesquite within rootplowed sites and subordinate species beneath 
honey mesquite individuals >200 mm in diameter. 

A regression analysis was performed to test for a linear rela- 
tionship between honey mesquite stem diameter and subordinate 
shrub species richness in root-plowed and untreated sites. A 
paired t-test was used to compare similarity index values between 
shrub clusters in root-plowed sites and shrub clusters within each 
central honey mesquite diameter class in control sites. Analysis 
of variance was used to determine if differences in species rich- 
ness and composition differed among shrub clusters in root- 

plowed sites, shrub clusters beneath O-200 mm diameter honey 
mesquite individuals in control sites, and shrub clusters beneath 
>200 mm diameter honey mesquite individuals in control sites. A 
Tukey’s mean separation test was used at the 0.05 level of signif- 
icance when F-values were significant. Percentage data were arc- 
sin transformed for analysis of variance. 

Results and Discussion 

Shrub species richness increased with increasing honey 
mesquite diameter on control (untreated) (P < 0.01, n = 60) and 
root-plowed sites (P < 0.01, n = 60) (Fig. 1). Subordinate species 
richness was similar among root-plowed (2 + 0.5 species/honey 
mesquite, X * SE, n = 3) and 0-200-mm-diameter honey mesquite 
individuals (3 + 0.3 species/honey mesquite) on control sites, but 
was significantly lower (P < 0.05, Tukey’s test, minimum signifi- 
cant difference = 2) beneath honey mesquite individuals in root- 
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Fig. 1. Relationship between honey mesquite stem diameter and 
number of subordinate shrub species and cacti beneath mesqute 
canopies on sites rootplowed during 1955-1959 and control 
(untreated) sites, April 1995, La Salk County, Tex. 
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Table 1. Subordinate shrub and cacti species presence (P) or absence (A) beneath mesquites on sites rootplowed between 1955 and 1959) or beneath 
mesquites with stem diameters O-LOO mm or ~200 mm on control sites, April 1995, La Salle Connty, Tex. 

Control 

Common name Scientific name Root-plowed O-200 >200 

Species of open habitats’ 
Blackbrush Acacia rigidula Benth. P P P 
Twisted acacia Acacia schafieri Herm. P P P 
Castela Casfela texana (T.&G.) Rose A P P 
Hogplum Colubrina texensis Gray A A P 
TX. paloverde Parkinsoniu texana Wats. P A A 
Honey mesquite Prosopis glandulosa Torr. P P P 
Yucca Yucca treculeana Carr. P A A 

Species of early stages of cluster development 1 
Prickly pear Opuntia lindheimeri Engelm. P P P 

Species of intermediate stages of cluster development’ 
Granjeno Celtis pallida Torr. P P P 
Brasil Condalia hookeri M.C. Johnston P A P 
TX. persimmon Diosp)vws texana Scheele P P P 
Tasajillo Opuntia leptocaulis DC. P P P 

Species of later stages of cluster development’ 
Coma Bumelia celastrina H.B.K. A P P 
Ephedra Ephedra antisyphilitica Berl. A A P 
Elbowbush Forestiera angustifolia Torr. A P P 
Wolfberry Lycium berlandieri Dunal P A P 
Desert yaupon Schaefferia cuneifolia Gray P P P 
Lotebush Ziziphus obutsifolia Gray P P P 

Species not categorized in the literature 
Guajillo Acacia berlandieri Benth. A P P 
Whitebrush Aloysia gratissima Troncoso P P P 
Pitaya Echinocereus enneacanthus 

Eng. P P P 
Guayacan Guaiacum angustifolium 

Engelm. P P P 
Allthom Koeberlinia spinosa Zucc. A A P 
Cenizo Lerrcophyllum frutescens Johnston A A P 
Nipple cactus Mammillaria heyderi Muelenpf. A P P 

I From Whittaker et al. (1979). Archer et al. (1988). Evcritt and Draw (1993), and Archer (1996, personal communication). 

plowed sites than beneath honey mesquite individuals >200 mm 
in diameter on control sites (7 f 0.4 species/honey mesquite). 
Honey mesquites on root-plowed sites averaged 14 f 2 (n = 3) 
individual shrubs in their understory on control sites, compared to 
6 + 2 shrubs/honey mesquite on root-plowed sites. 

We observed differences between treatments in presence and 
absence of woody plant species encountered (Table 1). Five of 
the 17 species observed beneath honey mesquites with stem 
diameters O-200 mm on the control sites were not present in root- 
plowed areas. However, 4 of the 16 species observed on root- 
plowed sites were not recorded beneath honey mesquites with 
stem diameters O-200 mm on the untreated sites. Two of these 4 
species, Texas paloverde (Parkinsonio ~~.YCVUZ) and Yucca (Yucca 
treculeana) are characteristic of open habitats and 2, brasil and 
wolfberry, were recorded beneath larger honey mesquites on con- 
trol sites. Half of the subordinate shrub species that occur in later 
stages in the chronosequence of shrub cluster development 
described by Archer et al. (1988) were absent from root-plowed 
sites. A total of 23 species occurred beneath honey mesquites 
with stem diameters >200 mm on control sites. Honey mesquite 
was the major shrub species beneath nuclear honey mesquite 
canopies on root-plowed sites, whereas honey mesquite com- 

posed only a small portion of the shrub species present on control 
sites (Fig. 2). 

Low Jaccard’s Index values between shrub clusters on root- 
plowed sites and shrub clusters beneath nuclear honey mesquites 
on control sites indicated that the subordinate shrub species com- 
position was dissimilar between root-plowed and control sites. 
Mean (n = 3) similarity index was SO + 3 for similarity between 
shrub clusters on root-plowed sites and shrub clusters beneath 
honey mesquites with O-200 mm stem diameters on control sites. 
The mean index value was 52 + 4 for similarity between subordi- 
nate shrubs on root-plowed sites and subordinate shrubs beneath 
honey mesquites with >200 mm stem diameters on control sites. 
These mean similarity index values did not differ significantly (t = 
0.57, P = 0.62, 2 df). These results countered our prediction that 
similarity between shrub clusters beneath honey mesquites with 
similar stem diameters on root-plowed and control sites would be 
greater than similarity between shrub clusters beneath honey 
mesquites on root-plowed sites and shrub clusters beneath larger 
(>200 mm) honey mesquites on control sites. 

Our data supported predictions that subordinate shrub species 
richness should increase with increasing honey mesquite diameter 
on root-plowed and control sites, and should be greater for subor- 
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Subordinate Shrub Species 

Fig. 2. Percent composition of 4 subordinate shrub and cacti species 
beneath honey mesquite canopies on sites rootplowed during 1955- 
1959 and control (untreated) sites. The Opuntiu was tasajillo. For a 
shrub or cactus species, means associated with the same letter are 
not significantly different (P 20.05). 

dinate shrubs under larger honey mesquite individuals on control 
sites. However, our data did not support predictions regarding 
subordinate species composition and similarity between shrub 
clusters on rootplowed and control sites. Based on our results, we 
conclude that the process of shrub community establishment in 
root-plowed sites does not follow the chronosequence for undis- 
turbed sites as described by Archer et al. (1988) and Archer 
(1989). 

Honey mesquite seedlings (l-60 mm basal diameter) dominate 
the understory on root-plowed sites on the Maltsberger Ranch. 
Archer et al. (1988) reported that honey mesquite seedlings were 
absent from shrub clusters and few honey mesquite seedlings 
were encountered in our control sites. Bush and Van Auken 
(1990) suggested that herbaceous competition along with reduced 
light levels prevent honey mesquite seedling establishment 
beneath canopies. Further research is needed to determine why 
honey mesquite seedlings were abundant beneath honey mesquite 
canopies on root-plowed sites. 

Dominance of honey mesquite on root-plowed sites may be 
prolonged, since honey mesquite seedlings composed 39 + 14% 
of the shrubs beneath honey mesquite canopies on root-plowed 
sites. Fulbright and Guthery (1996) developed a computer simu- 
lation model which predicted that subordinate shrub species rich- 
ness on sites on the Maltsberger Ranch would not return to pre- 
treatment levels for 150 to 200 years. Further, it appears that the 
state-and-transition model wherein rootplowing has acted as a 
drastic disturbance pushing community composition across a 
threshold to a new, perhaps stable (and depauperate) state is a 
more appropriate model of vegetation dynamics for these sites 
than the Clementsian community replacement model. 

Maintaining biological diversity is a priority in the scientific 
community and in public policy (Cairns and Lackey 1992). 
However, government agencies and programs currently encour- 
age and subsidize rootplowing of south Texas rangeland to 
increase forage for livestock. Because this and other studies 
(Fulbright and Beasom 1987, Ruthven et al. 1993) have docu- 
mented that rootplowing reduces woody species richness of 
thomscrub communities, the practice should not be encouraged if 
woody species diversity of south Texas thomscrub is to be pre- 
served. 
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Abstract 

Knowing that sheep or goats can be used to control brush we 
quantified pasture changes during and after brush control. Over 
an &year period we measured the effects of control (no soil 
amendment), medium soil amendment (4,500 kg lime and 40 kg P 
ha”), and high soil amendment (9,000 kg lime and 117 kg P ha”) 
on soil fertility, pasture botanical composition and production of 
brushy pasture grazed by sheep or goats. Botanical composition 
was estimated from clipped samples. Soil pH was 4.8 in the con- 
trol, 6.5 in the medium and 7.0 in the high amendment plots. 
Medium and high amendment increased legume dry matter in 
the pasture from 2 in the check to 8 % . More animal grazing days 
were obtained on paddocks treated with lime and P. Grazing 
with sheep or goats and lime and application of P resulted, after 
4 years, in pastures with a grass, legume, and other broadleaf 
plant composition similar to that of brush-free, natural pasture. 

Key Words: grazing, pasture fertilization, lime, phosphorus, nat- 
ural pasture, stocking density 

Productive grassland is the mainstay of the beef and sheep 
industries in the northeastern United States. More than 50% of 
farm income in West Virginia comes from selling livestock prod- 
ucts. West Virginia pasture production is often low, mainly due 
to low soil fertility and brush invasion. In West Virginia, about 
43,000 ha of farmland are seriously infested with weeds or brush 
and some type of control is needed. Pasture in this region can be 
reclaimed by using grazing animals for brush clearing (Magadlela 
et al. 1995, Mills 1984) and by adding lime and P to the soil 
(Bryan et al. 1987). 

Several investigators have demonstrated that grazing animals 
such as sheep (his aries L.), goats (Capra hircus L.), and cattle 
(Bos taut-us L.) can change the nature of existing vegetation and 
increase pasture utilization for animal production. Crouchley 
(1983) reported that blackberry bushes (Rubus sp.) more than 3 m 
high were killed or damaged by goats, which allowed white 
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tract TV-19017 and with funds appropriated under the Hatch Act. This information 
is published with the approval of the Director of West Virginia Agriculture and 
Forestry Experiment Station as Scientific Article # 2470. 
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clover (Trifolizrm repens L.) and perennial ryegrass (Lolium 
perenne L.) establishment. Clark et al. (1982) suggested that 
sheep and goats grazed together could control gorse (Ulex sp.), 
increase total animal product per unit area, and increase the 
amount of white clover available to sheep. A comparison of diets 
of goats and sheep on brush-infested pasture showed that goats 
preferred brush (Pligge et al. 1985). On brush-free pasture both 
goats and sheep preferred grass over legumes. 

Another important factor which affects pasture productivity is 
s&i pH. Optimum yield of white clover was obtained at pH 6.0 or 
above (Pearson and Hoveland 1984). Koch and Estes (1986) 
found that forage legume establishment was improved when 
applied lime raised soil pH from 5.6 to 6.1. McLachlan (1980) 
found that liming increased clover nodulation. Mills (1984) 
demonstrated that after overseeding pasture with red clover (T. 
prafense L.), the amount of red clover in lime- and P-amended 
plots was 7% compared to only 2% for unamended plots. 

An experiment was carried out using a combination of sheep, 
goats, and soil amendment to improve brush-infested pastures in 
West Virginia. The effects of the treatments on brush control 
were published by Magadlela et al. (1995). A second objective 
was to compare the effects of sheep and goats and of 2 levels of 
lime and P application on botanical composition and production 
of brush-infested hill land pasture. 

Methods and Materials 

The experiment was conducted on a 500,000 hV power line 
right-of-way on a private farm near Morgantown, W. Va. Soils 
were classified as Wcstmoreland (fine-loamy, mixed, mesic 
Typic Fragiudalfs) and Clarksburg series (fine-loamy, mixed, 
mesic Ultic Hapludalfs). The experimental area was selected in 
1985 as a typical West Virginia hill land, brush-infested pasture. 
The site was last treated with chemicals before 1978 by the power 
company. Cattle grazing nn adjoining pasture had access to the 
area before initiation of the study. No lime or fertilizer had been 
applied for at least 10 years previously according to land owners. 
The vegetation on the site was described in detail by Magadlela et 
al. (1995) in which the principal grasses were: Kentucky blue- 
grass (Poa prarensis L.), Velvet grass (Nolcus lanafus L.), 
broomsedge (Andropogon virginicrts L.), and poverty grass 
[Danthonia .spicata (L.) Beam,.]. Brush covered almost 50% of 
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the area, was about 1.25 m tall and consisted primarily of Rubus 
spp. and Smilax rotundifolia L. 

An area of 1.8 ha, on northeast facing slopes ranging from 0 to 
65% (14% average), was divided into 12 paddocks, each 1,500 
m* in size. Two animal species and 3 soil treatments were applied 
in a 2 X 3 factorial arrangement. A randomized complete block 
design with 2 replications was used. The 3 soil treatments were: 
1) no lime or P; 2) medium lime and P, in which lime was added 
with the goal of raising the pH above 5.4 and triple superphos- 
phate (0-44-O) was applied to maintain available P at or above 45 
kg ha-‘; 3) high lime and P, where lime and P were applied to 
raise the pH above 5.8 and provide available P above 67 kg ha-‘. 

PHASE I (1986-88): Paddocks divided in four, grazed 
rotationally with 3 animals 

PHASE II (1989-90): Paddocks divided in two, grazed 
by sheep, or by sheep and goats together 

Soil samples (0 to 2.5 cm) were taken from each paddock (min- 
imum of 30 cores per paddock) in October 1985. Starting in 
1987, sampling was repeated annually in October. Soil samples 
were air dried and analyzed by procedures of Ghazi et al. (1978). 
Soil test results were used to determine lime and P applications. 
When soil pH dropped below the assigned treatment level, 4,500 
kg ha-’ of lime were applied, which is the standard West Virginia 
soil test laboratory recommendation for pasture. Phosphorus was 
applied at 20 kg ha.’ for every 10 kg ha” that soil available P was 
below the target level. Soil available K levels were very high 
(above 270 kg ha-‘) on all treatments, therefore, no K was added. 

Sheep 
OdY 

Sheep 
and 
Goats 

PHASE III (1991.93): Entire paddock grazed by sheep 
and goats together 

Dolomitic limestone was applied to medium and high lime 
treated paddocks in October 1986. Triple superphosphate was 
applied to the same paddocks in April 1987. The average rate of 
P application was 28 kg ha-’ for medium and 67 kg ha“ for high 
applications. Ground limestone was applied again in April 1989 
to high lime treated paddocks. This second application of lime 
was made to separate high and medium treatments. In June 1990, 
P was applied at 50 kg ha-’ to high treatment paddocks and 6 kg 
ha-’ P to medium treatment paddocks. The P application to medi- 
um paddocks was repeated in April 1991. Limestone was broad- 
cast by hand and triple-superphosphate with a hand-operated fer- 
tilizer spinner. 

Fig. 1. Diagramatic representation of 2 experimental paddocks 
showing differences in animal treatments in the 3 phases of the 
experiment. 

Animal treatments were applied in 3 phases (Fig. 1). Each pad- 
dock was grazed rotationally at a fixed stocking rate of either 3 
sheep or 3 goats in the first phase (1986-1988). Polywire electric 
fence was used to divide each paddock into 4 equal sections, and 
animals were allowed on each section for 3 to 10 days depending 
on available forage. A total of 18 Suffolk cross sheep (dry ewes) 
and 18 Toggenburg or Saanen goats were used. In 1986, grazing 
could not begin until early August because fences and water were 
not in place. Internal polywire fences were not put up until 1987. 
In 1987 and 1988, all animals were removed in July and August 
because of dry weather. 

grazed with sheep and goats using the same management as used 
in the second phase (Fig. 1). However, sheep numbers were 
increased to 50 and goat numbers were reduced to 6, since brush 
had been reduced to low growing plants by the end of phase II. 

The effects of animal species were compared only in phases I 
and II. Only data from one half of each paddock were used from 
phase II for this purpose. In phase II, data from the sheep only 
half-paddock were used for the sheep treatment, and data from 
the sheep and goat half-paddock were used for the goat treatment. 

In the second phase (1989-1990), each paddock was divided in 
half (Fig. 1). Sheep alone grazed one half and sheep followed by 
or combined with goats grazed the other. Half plots were rota- 
tionaly grazed for 1 to 4 days by 27 sheep and 12 goats in 1989, 
and 24 sheep and 15 goats in 1990. Rest periods depended on 
plant growth rate. Sheep were turned onto the pasture when 
herbage mass was 1,000 to 1,500 kg ha”, and were removed 
when herbage mass decreased to 500 to 750 kg ha-‘. Goats were 
removed when brush had been 90-100% defoliated (determined 
visually). Animals grazed other areas when not on experimental 
paddocks. In phase I, animals grazed rotationally within each 
paddock. In phases II and III, animals grazed rotationally 
between paddocks. 

In March 1987 and 1988, the entire area was overseeded with 
red clover and Kentucky bluegrass using a hand-operating spin- 
ner. Red clover was inoculated with the appropriate Rhizobium. 
Data were classified into grazing cycles. For phase 1, each cycle 
consisted of the time from initiating grazing of the first subdivi- 
sion of the paddock until animals were removed from the last 
(fourth) subdivision. For phases II and III, each grazing was a 
cycle. 

In the third phase of the experiment (1991-1993), fences divid- 
ing the paddocks in half were removed and entire paddocks were 

In phase I, herbage mass in each subdivision was measured by 
clipping five 0.2 m* areas selected at random. Herbage removed 
was calculated as the difference between herbage mass before 
and after grazing plus growth rate multiplied by number of graz- 
ing days. Growth rates were estimated from concurrent experi- 
ments (Bryan and Mills 1988). Herbage mass and herbage 
removed were averaged for the 4 subdivisions to provide values 
for each cycle. In phase II (1989-1990), herbage mass was esti- 
mated from the average of 20 sward height measurements 
(Bircham 1981) used in prediction equations. These equations, 
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which may be obtained from the authors, were calculated from 
regression analyses of paired data, sward height and dry matter. 
These data were taken by measuring sward height in four 0.2 m* 
areas per half paddock. The 0.2 m* areas as were then clipped by 
hand at l-2 cm and the vegetation dried. The same procedure 
was used in the first year of phase II (1991). In 1992 and 1993, 
no clipped samples were taken, and prediction equations were 
used that had been developed from combined data for 1989-1991 
for each cycle. Herbage removed was calculated as the difference 
between herbage mass before and after grazing. 

7 

Clipped samples were hand-separated into grass, legume, other 
broad-leaved plants, and dead material, and then dried and 
weighed. These data were used to calculate percent botanical 
composition. The number of animal grazing days was calculated 
by multiplying the number of grazing animals by the number of 
days grazing. Herbage mass before and after grazing and days of 
grazing are presented as the mean per grazing cycle. Herbage 
removed and animal grazing days are totals per year. 

Statistical analyses were performed using the General Linear 
Model procedure (SAS Institute 1985). The experimental design 
was a split plot over time (years) with a completely randomized 
block design on the whole plot (paddock). A factorial arrange- 
ment of animal species (sheep and goats) and soil amendment 
(control, medium, and high) was applied to each block (6 pad- 
docks). Animal species, soil amendment and years were fixed 
effects. Animal species, soil amendment effects, and their interac- 
tion were tested using the block X animal species X soil amend- 
ment interaction. Soil amendment treatments were compared with 
2 orthogonal comparisons: 1) no amendment vs. the medium and 
high amendments, and 2) medium vs. high amendment. Year was 
treated as a split plot in time. Differences were deemed signifi- 
cant at P < 0.10. Data from this experiment on brush control have 
already been published (Magadlela et al. 1995). 

Fig. 2. Soil pH (O-2.5 cm) as affected by lime application and time. 
Dolomite (4,500 kg ha”) was applied in October 1986 (to medium 
and high paddocks) and lime (4,500 kg had, to high paddocks) in 
April 1989. Soil was sampled in October of each year. Effects of 
lime and P application, year, and their interaction were highly sig- 
nificant. Contrast bctwcen no application and application was 
highly significant. Contrast between medium and high applica- 
tions was not significant. 

increased dramatically in paddocks to which high levels of lime 
and P were applied. This may have been a result of increased 
available P in 1990 and 1991 (Pig. 3). More available P may also 
have favored more pnhrtable grasses, which resulted in closer 
grazing and less competition from the grass component. 

Results and Discussion 

Dolomite application in 1986 increased soil pH on medium and 
high lime and P treated paddocks (Fig. 2). The second application 
of lime increased pH in the 0-2.5-cm depth to about 7. Soil pH of 
paddocks with no amendment fluctuated near 5.0. Application of 
P increased soil available P, and the higher rate produced the 
desired effect of a soil test well above 67 kg ha“ except in 1989 
(Fig. 3). The low P test in 1989 for these paddocks seems to be an 
anomaly and resulted in a decision to apply 50 kg P ha-’ in 1990. 
This application, in turn, resulted in a large increase in available 
soil P. There was no effect of soil amendment or year on avail- 
able K (data not shown). Animal species had no effect on soil pH, 
available P or K (data not shown). 

As the experiment progressed, the contribution of grass to the 
herbaceous vegetation increased, and that of other broadleaf 
plants and dead material decreased (Table 1). Precent legume was 
highest in 1991 and lowest in 1987. By 1991, the pasture had 
become grass dominant and had a botanical composition 
approaching that of brush-free pastures in the area (Bryan et al. 
1987). 

The first overseeding of red clover in March 1987 was fol- 
lowed by an increase in legume content of herbnge from 2% in 
1987 to 10% in 1988. hlost of this increase in legume content 
was red clover. Legume content in the pasture was low again in 
1989, despite the second overseeding in March 1988. This was 
probably due to the dry June. of 1988, and resultant heavy grazing 
due to set stocking. However, legume content again increased in 
the pastures in 1990 and 1991 and was mostly \vhite clover (Fig. 
4). 

Animal species had no effect on percentages of grass, legume, 
other broadleaf plants, or dead material in the pasture. Sheep 
grazed more closely than goats, and herbage mass after grazing 

Before the experiment began, 45% of the area was covered 
with brush (Table 1) (canopy cover, estimated visually each year 
before grazing started). There was no effect on brush in 1986 
because grazing did not start until August. Goats reduced brush 
cover to about 15% in 1987. Sheep took 2 more years to bring 
about the same result. At the end of phase II (1990), brush on all 
paddocks was 0 to 5% of plant cover (Magadlela et al. 1995). 

Table 1. Effect of year on paalure composition before grazing each year. 

Year Brush 
.- - 

Grass Legume Othx brcndlcaf plants Dead 

Applying lime and P increased percentage legume from 2% in 
the control to an average of 8% in the amended treatments 
(PcO.05) (Fig. 4). Level of lime and P amendment did not affect 
legume content of the pasture until 199 1. In 199 1, percent legume 

- - (% cover) - - --------(%ofherbagedrymattcr)--------- 
1986 45 21 4 43 33 
1987 45 23 2 52 22 
1988 28 28 10 51 11 
1989 28 46 3 35 16 
1990 9 6-l 6 20 9 
1991 3 68 13 11 9 
Highly significant effects of year for all columns. 
No significant interactions, except hi$ly significant interaction between animal species 
and years for brush (see Magadlela et al. 1995). 
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Table 2. Herbage mass after grazing, pasture removed, days of grazing, 
and animal grazing days as affected by animal species and soil amend- 
ment. 

Herbage mass 
after 

grazing 

Herbage Days of 
removed grazing’ 

Animal species3 
_ _ - _ (kg ha-‘) _ _ _ _ w 

Goats 797 2281 4.9 
Sheep 631 2311 4.6 

* ns IlS 
Soil amendment4 
No lime and P 669 2301 3.0 
Medium lime and P 654 3025 3.7 
High lime and P 691 2785 3.6 
Contrast 1’ tlS ns + 
Contrast 26 ns ns tlS 

+ P4.10, * P-Sl.05. No significant interactions. 
‘Average number of days each paddock was grazed each cycle. 
*Number of animals by numbex of days of grazing, total for the year. 
‘Excludes 1986, 1991, 1992, and 1993. 
kxludes 1986 and 1987. 
SContra.st I= No lime or P compared to lime and P. 
kontrast 2 = Medium lime and P compared to high lime and P. 

Animal 
grazing 

days’ 

(# plot-‘) 

335 
287 
“S 

257 
330 
332 

+ 
ns 

was lower on paddocks grazed by sheep than on those grazed by 
goats (Table 2). However, there was no significant difference 
between animal species in amount of herbage removed. There 
were no differences between animal species in number of days 
paddocks were grazed each cycle, or in number of animal grazing 
days per year. This is not unexpected because the same numbers 
of animals were used in the first 3 years (phase I), and all plots 
were grazed by sheep in phase II. 

Soil treatment did not affect herbage mass after grazing or 
herbage removal. However, amended paddocks were grazed 
longer (days of grazing) and accomodated more animals (animal 
grazing days) than the control. These differences were not signifi- 
cant in 1986 and 1987. We interpret these differences, along with 
observations on changes in species composition of grasses, as fol- 
lows. Initially, predominant grasses were poverty grass and 

No am* bledam. aiib 
..a.. --e. * 

Fig. 3. Available soil P (O-2.5 cm) as affected by lime and P applica- 
tion and time. Triple superphosphate was the source of P, and was 
applied in April 1987, June 1990, and April 1991 in amounts indi- 
cated at arrows. Soil was sampled in October of each year. Effects 
of lime and P application, year, and their interaction were highly 
significant. Contrasts between no application and application and 
between the medium and high applications were highly significant. 

6 

Fig. 4. Percentage legume in the pasture dry matter as affected by 
lime and P application and time. Medium lime was 4,500 kg ha-‘. 
Medium P was 40 kg ha“ and high P 117 kg ha-‘. No lime or P was 
significantly lower than lime and P. There was no difference 
between medium and high lime and P. Effect of year was highly 
significant. 

broomsedge. Brush cover was reduced starting in 1987, and grass 
and legumes increased in 1988 (Table 1). Soil amendment with 
lime and P had no effect until 1988 because, first, they act slowly 
in the soil and, second the herbaceous component of the pasture 
was developing. From 1988, Kentucky bluegrass and velvet grass 
increased on amended paddocks and by 1991 had largely 
replaced broomsedge and poverty grass. Animals preferred 
Kentucky bluegrass and velvet grass and carrying capacity 
increased compared to control paddocks. Vegetative cover on 
control paddocks was adequate, but animals did not utilize it as 
well because it consisted mainly of broomsedge and poverty 
grass. 

Conclusions 

Initially, limiting factors to pasture change were brush cover 
and low soil pH. As brush was cleared by the animals and pH 
was increased by dolomitic limestone, the limiting factor on 
amended paddocks became N. Red clover supplied some N. It 
took 2 years (excluding 1986, since grazing started too late to 
have a permanent effect on brush) to increase grass appreciably 
and reduce broadleaf plants. In 4 years, the pastures reached a 
botanical composition typical of brush-free pasture. The key 
issues were application of lime and P in combination with graz- 
ing management that utilized vegetation well. Application of lime 
and P increased legume contribution in the pasture (Fig. 4). 
Available P levels over 150 kg ha.’ may have promoted higher 
legume content. The relationship between soil available P and 
legume contribution should be examined more precisely. Species 
of grazing animal, very significant for brash clearing (Magadlela 
et al. 1995), was less important in promoting botanical composi- 
tion changes in pasture being cleared of brush. 

Grazing management was very important in brush control 
(Magadlela et al. 1995) and pasture renovation. Although grazing 
management methods were not treatments in our experiment, 
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grazing was changed from rotational with fixed stocking in phase 
I to rotational with variable stocking in phases II and III. Our 
observations suggest that the grazing management that provided 
the best opportunity to manipulate pasture botanical composition 
was rotational with variable stocking. This means that time and 
intensity of grazing can be changed to favor some plant species 
and to control others. We believe it is critical to graze early and 
force animals to remove the majority of the vegetation. This pro- 
motes grass growth and controls broadleaf plants. Heavy grazing 
of poverty grass and broomsedge in early growth stages, concur- 
rent with lime and P application, results in reduction in these 
species. On non-amended paddocks, the same grazing manage- 
ment led to better utilization of these lower quality grasses but 
did not result in an increase in more desireable grass species pre- 
sumably because the limiting factor was soil fertility. 
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(President’s Address continuedfrom page 115). 
In 1959 there were 16 committees, but this has varied from 

year to year. Currently there are 35 committees grouped into 
Clusters. These clusters are Business Affairs, Communications, 
External Affairs, Internal Affairs, Operations, and Science and 
Technology. In all, since 1948, over 100 committees or subcom- 
mittees have been named at one time or another for short or long 
terms. 

SRM encountered financial difficulties in the early 1980’s. In 
July of 1982 several significant actions were taken by the Board. 
The major decision was to maintain the headquarters in Denver. 
Other actions were to raise dues, expand classes of membership, 
and increase the page charges in the journals. It is also true that 
some members responded with generous contributions which 
helped during these lean years. Another major action was the 
establishment of the Endowment Fund. By 1985 there was 
$16,317.00 in this fund, and today it has grown to more than 
$200,000.00. This fund has great potential to help provide signifi- 
cant financial support for SRM. If we aggressively support this 
fund now, it will help support SRM in future years. 

Representatives from colleges and universities offering acade- 
mic programs in range management began meeting in 1960 as the 
“Range Management Education Council”. After 1970 this group 
became the “Range Science Education Council”. This 
autonomous group meets annually at the winter meeting, usually 
a day before the formal program begins. The Range Science 
Education Council was created to promote high standards in the 
teaching of range management, to advance the professional abili- 
ty of range managers, to provide a medium for exchanging ideas 
and facts among range management schools, to provide liaison 
between teaching departments and groups concerned with range 
education and employment standards and to promote greater 
understanding for range management education problems. 

Another autonomous group that meets in conjunction with the 
Society for Range Management Winter Meeting is the Rangeland 
Technology Equipment Council (RTEC). This group usually 
meets just prior to the SRM meeting. This is a desirable arrange- 
ment, and many SRM members who are not actively involved in 
RTEC attend this meeting. They gain valuable information and 
have an opportunity to learn about the current technology in this 
area. 

As early as 1955 many sections became active in youth activi- 
ties. The plant identification contest grew out of an informal con- 
test held at the 1951 annual meeting. Today about 20 teams par- 
ticipate in this contest. The range management exam was initiated 
in 1983 in Albuquerque. This exam has also been a popular exam 
for college students. The Youth Range Forum was initiated in 
1966. The major goal was to recognize youth for outstanding 
accomplishments in range activities, and secondly, to provide 
youth with the opportunity to discuss rangelands, improvement 
practices, career opportunities and related topics with leaders in 
the field of range management. Plans for the student conclave 
were developed in 1969 and the first conclave was in 1970; how- 
ever, the idea of a conclave was introduced in 1956. This con- 
clave developed out of a feeling among students and plant identi- 
fication coaches that the identification contest alone provided 
insufficient opportunity for students to participate in Society 
affairs. In 1963, a “Student Employment Service” was initiated. 
Arrangements were made so employers could meet and interview 
prospective employees while at the annual meeting. The service 
met a real need and the number of users grew rapidly. In 1972, 

the name was changed to “Employment Affairs Committee” and 
was responsible for coordinating all emllloyment activities and 
serving the needs of both the prospective employer and potential 
employees. This committee also compiles a list of graduate 
assistantships and fellowships in range dspartments of 20 univer- 
sities. This is a very valuable function of this committee. 

Another significant change beginning in the last 1960’s and 
1970’s was the entry of women into the natural resource field. At 
first it was a novelty to have women as members of the Society. 
Now, some of our most effective leaders are women. This change 
has been good for the profession, the Range Society, and for nat- 
ural resource management. 

Now, what lies ahead for the Society for Range Management? 
The need for resource-related professionals is as great today as 
any time in our history. Although we have made great strides in 
resource management, it will require constant vigilance to insure 
proper use and care of these resources. 

I am optimistic about the future of range management and the 
future of the Society for Range hfanagement. Om members have 
the educational background, ability, desire, and dedication to 
make sustainable resource management top priority in their lives. 
They will provide the leadership needed in the twenty-first centu- 
rY, 

Change is inevitable, and we will see even greater changes as 
we enter the twenty-first century. In our membership forum 
Wednesday we will focus on looking forward to the future. Dick 
Hart will address how SRM might broaden the base without los- 
ing its grazing heritage, Karen Launchbaugh will discuss the 
technical skills needed for tomorrow’s r;hnge managers, and John 
Malechek will discuss the future of range education. Please make 
plans to attend the membership meeting. 

Once again, I want to express my sincere appreciation to our 
Denver Staff, the Board of Directors, the Advisory Council, the 
Committee Chairpersons, and to the entire membership. It has 
been a privilege to serve as president of this great organization. 
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Book Reviews 

Riparian Ecosystem Recovery in Arid Lands. Strategies 
and References. By Mark K. Briggs. 1996. University of 
Arizona Press, Tucson. 1.59 p. US$45.00 cloth, $19.95 
paper. ISBN O-8165-1642-1 cloth, O-8165-1644-8 paper. 
Against a glossy photographic backdrop of southern Arizona’s 

Santa Cruz River riparian area, the front cover of this book reads 
“a holistic approach to riparian recovery for anyone developing 
site-specific strategies.” More than most words, the word holistic 
elevates expectations. But 1.59 pages later, the word will not have 
been seen again in Riparian Ecosystem Recovery in Arid Lands, a 
worthwhile new addition to the burgeoning body of literature on 
restoration ecology. Director of Research at the Rincon Institute 
at Tucson, Arizona, author Mark K. Briggs brings years of hands- 
on experience in riparian restoration and rehabilitation in the 
Southwest and in West Africa to the book, and this experience 
shows in its organization, content, and presentation. 

The book is organized into 8 chapters, with case studies high- 
lighted throughout to emphasize major points. Most notable in 
Chapter 1, an overview of riparian ecosystems, are a section 
defining terminology as it is used throughout the book, and a dis- 
cussion of lessons learned from past riparian recovery efforts. 
Chapter 2 examines riparian recovery from an entire watershed 
perspective. Impacts of livestock, wildlife, non-native flora, and 
recreation are examined in Chapter 3. Natural recovery, including 
some case studies, and the autecology of some Southwestern tree 
species are the major topics of Chapter 4. Chapters 5, 6, and 7 
focus on problems of water availability, the drainageway, and soil 
salinity, respectively, and collectively are a lucidly readable inte- 
gration of elementary hydrologic theory, general management 
principles, and specific management techniques. The final chap- 
ter on Developing a Recovery Plan neatly discusses such impor- 
tant matters as developing project objectives, selecting the best 
site, governmental permit requirements, critical components of 
the recovery plan (e.g. timetable, planting materials, documenta- 
tion, budget), community involvement, demonstration sites, and 
post-project evaluation and monitoring. 

An epilogue summarizes the major messages of the book, 
including that riparian areas should be evaluated from a water- 
shed perspective, and that site conditions must be thoroughly 
evaluated to understand the causes of ecological decline if appro- 
priate recovery strategies are to be developed. Some meritorious 
figures, tables, and black-and-white photographs are dispersed 
throughout the text. A detailed index, extensive bibliography, and 
useful glossary complete the book. 

In style, the text is unpretentious and readable, moving more 
steadily than many of the waters about which Briggs writes, 
Simplicity, thoroughness, experience, and organization combine 
to give Riparian Ecosystem Recovery in Arid Lands both clarity 
and coherence at the strategic and tactical levels, which one 
might equate, more or less, with the planning and management 
levels, respectively. But is the book, as the cover states, really “a 
holistic approach to riparian recovery?’ 

At the planning and management levels, the book is methodi- 
cally comprehensive in discussing variables involved in ecosys- 
tem recovery, but offers no formal model or protocol for consid- 
ering these variables. The glossary contains a definition of syner- 
gism as “the condition in which the combined action of 2 or more 
agents is greater than the sum of their separate, individual 
actions.” The reference to holism on the cover seems more of a 
publisher’s buy-line, because in both text and glossary, holism 
and holistic are, as Yogi Berra might say, everywhere absent. 

Briggs steers clear of most subjective value judgments concem- 
ing riparian recovery, and his emphasis on proper evaluation, 
planning, and management rather than policy formulation gives 
the book scientific integrity. At the philosophy and policy levels, 
Briggs brushes against the concept of holism once, on pg. 70, 
when he writes: “Although groundwater decline may be the most 
significant cause of degraclation, other factors may also play a 
part in degrading the ecological condition of a site. Identifying 
and addressing these other causes should also be a the [sic] priori- 
ty. If the negative impacts of these other causes can be reduced, 
there is a much greater chance that the condition of degraded site 
will improve, even if groundwater decline continues to be a major 
problem.” 

These secondary causes, and the extent to which they are acting 
holistically, are immensely important in formulating policy. 
Whether correcting them without correcting the primary cause of 
degradation is a priority or tile priority, and whether such action 
should be taken generally or evaluated on a case-by-case basis 
are certainly important questions to many entities, inchlding live- 
stock graziers. Maybe this editorial slip shows the author’s dis- 
comfort on this holistic trail toward policy, especially since he 
never trod this turf again, not even in the epilogue. Obviously the 
author recognizes the interrelationships among the possible caus- 
es of riparian degradation, and synergisms among corrective mea- 
sures. But in a book largely free of typos, the author’s view on 
the holistic policy question of whether correcting secondary caus- 
es should be a priority or the priority was somehow lost in the 
articulation.-David L. Scarnecchia, Washington State 
University, Pullman, Washington. fi 
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