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Viewpoint: 
“Invisible colleges” and 
stocking rate research 
RICHARD H. HART 

citation clusters in 

Author is range scientist, USDA, Agricultural Research Service, High Plains Research Station, 8408 Hildreth 
Road, Cheyenne, Wyo. 82009. 

Abstract 

Research on the response of livestock grin to stocking rate tends 
to cluster into 5 “invisible colleges”, represented by 5 citation 
networks which only occasionally intersect. Each college is built 
around a paradigm of the stocking rate-gain response as developed 
in 2 key papers sharing 1 or more authors. Researchers tend to cite 
the paradigm developed by authors in their field of research or in 
their geographic area. Therefore conficting pardigms have existed 
side-by-side for decades, an unusual occurrence in most fields of 
science. Research is needed to critically evahrate the empirical and 
conceptual soundness of these paradigms. 

Key Words: citation analysis, solidarity groups, sociology of 
science 

Development of Stocking Rate Theory 
Stocking rate theory deals with determining the shape of the 

stocking rate-animal gain response curve and calculating the 
parameters of the curve for various pasture and animal types. The 
theory provides a basis for the design and interpretation of grazing 
studies, and input-output functions for economic analysis. The 
growth of stocking rate theory, as mapped by citations of previous 
publications, is plotted in Figure 1. 

Noy-Mslr 1978 ---------\ 

-1 

The term “invisible college” appears to have been coined by the 
British natural philosopher Robert Boyle. Boorstin (1983) writes 
“...in 1656...Boyle himself had already christened this informal 
companionship of scientific enthusiasts wherever they were as the 
Invisible College.” This invisible college became the nucleus of the 
Royal Society, founded in 1661. 

Later the term “invisible college” came to symbolize divisions 
within science or within a field of science. Crane (1972) revived the 
term “invisible colleges” to define the communications networks 
linking nonintersecting sub-groups, each containing a few very 
productive scientists and many less productive ones. 

Mullins (1968) and Griffith and Mullins (1972) refer to Crane’s 
nonintersecting sub-groups as “solidarity groups,” which they cha- 
racterise as small, coherent, activist, and voluntarily and self- 
consciously organized. They provide loose but effective communi- 
cation networks within a team of students and junior colleagues 
headed by a productive researcher. 

Cairns (1980) agrees that any discipline “is subdivided into loose 
networks of scientists with varying degrees of cohesiveness and 
continuity.” Hagstrom (1965) concluded that strong leaders, 
“whose brilliance and skill lead others to emulate them,” are the 
nucleus around which “monasteries” form. 

In this paper, “invisible colleges” in stocking rate research are 
defined by nonintersecting or seldom-intersecting citation net- 
works (Price 1965 and 1976), each based on 2 key publications by 
an individual or team. These publications in turn define a para- 
digm or hypothesis concerning the relationship between grazing 
animal gains and stocking rate. This central paradigm may be 
derived conceptually as consistent with known theories, or empiri- 
cally as fitting experimental data. Paradigms may be accepted for 
empirical or conceptual reasons, or for other reasons related to 
geography, training, or professional association. 

Manuscript accepted 12 Dec. 1992. 

Fig. 1. Development of stocking rate-animal gain theory; a “citation 
pyramid.” Solid or broken lines and arrow8 point from citing paper to 
cited papers. 

Harlan (1958) plotted “a hodge-podge of (gain per animal) data” 
as a double exponential function of stocking rate. Riewe (1961), 
using much of the same data, concluded that gain per head of cattle 
increased linearly with decreasing stocking rate, except at very low 
stocking rates where it might remain constant or even decline. 
Harlan (1958) and Riewe (1961) were cited by many other 
researchers in stocking rate theory, but were seldom cited by those 
doing stocking rate experiments, so did not found “invisible 
colleges.‘* 

Mott (1960) calculated that the ratio of gain per animal to gain 
per animal at optimum grazing pressure was a power function of 
the ratio (stocking rate)/(stocking rate at optimum grazing pres- 
sure). He did not define optimum grazing pressure, but noted that 
it was between that producing maximum gain per animal and that 
producing maximum gain per unit area. Petersen, Lucas, and Mott 
(1965) concluded that gain per animal was a convex, not a concave, 
function of stocking rate, at rates above a critical stocking rate. 

McMeekan and Walshe (1963) did not attempt to express gain 
or milk production as a function of stocking rate or grazing pres- 
sure, but noted that “increase in stocking rate does not depress 
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production per animal until a certain level of stocking is reached,” 
and defined optimum grazing pressure as that where production 
per animal is lo-12% less than the maximum. Conniffe, Browne, 
and Walshe (1970) concluded production per animal was a sigmoid 
function of stocking rate when stocking rate exceeded that at 
maximum production per animal. 

Owen and Ridgman (1968) accepted the curve of Petersen, 
Lucas, and Mott (1965). Cowlishaw (1969) demonstrated a linear 
decline in gain per animal with increasing stocking rate, but found 
no evidence for a critical stocking rate, or a stocking rate below 
which gain remains constant, in the data sets he examined. Owen 
and Ridgman (1968) and Cowlishaw (1969) were cited by most 
later theoreticians but did not receive enough other citations to 
found “colleges.” Conway (1974) concluded on conceptual and 
mathematical grounds that gain per animal at stocking rates 
greater than the critical stocking rate must be a linear function of 
effective stocking rate or the ratio of actual stocking rate to critical 
stocking rate, but was seldom cited. 

Jones and Sandland (1974) and Sandland and Jones (1975) 
examined data from several grazing trials with cattle on tropical 
pastures and concluded that gain per animal decreased linearly 
with increasing stocking rate over a range of 0.18 to 2.0 times 
optimum stocking rate, or the stocking rate at which gain per unit 
area was maximum. Gain per animal was half of maximum at 
optimum stocking rate, and gains per animal and per area dropped 
to zero at twice the optimum stocking rate. Hart et al. (1988a) 
pointed out that the former was true only if no critical stocking rate 
existed. 

Hart (1972) argued that expressing gains as a function of grazing 
pressure, not stocking rate, allowed researchers to combine data 
from several years differing in the amount of forage produced. 
Unfortunately, he expressed gain per animal as a hyperbolic func- 
tion of the reciprocal of grazing pressure, obscuring the fact that it 
is a linear function of grazing pressure. Hart (1978) clarified this 
point, demonstrated the existence of a critical grazing pressure, 
and showed that a series of instantaneous curves of the form 
proposed by Petersen, Lucas, and Mott (1965) collapse into linear- 
ity when combined over a grazing season. 

Noy-Meir (1975,1978) is somewhat of a special case because he 
did not address the gain-stocking rate relationship directly. But he 
showed how it could be derived from predator-prey graphs and 
cited many of the earlier stocking rate theoreticians. Hart (1989) 
developed SMART from predator-prey graphs and again showed 
how the gain-stocking rate relationship could be derived from it. 

The forms of several stocking rate response curves are shown in 
Figure 2 (Hart 1978). Other curves have been proposed but have 
not yet been widely applied (Willms et al. 1986, Heitschmidt and 
Taylor 1991). 

Methods 
Through the Science Citation Index, 5 “invisible colleges*’ were 

identified. Each was built around 2 key papers which were cited far 
more often than the average paper and which continued to be cited 
for 10 or more years after publication. About 90% of scientific 
papers are never cited at all (Garfield 1983). Of those papers cited 
at least once in the Index from 1961 through 1982, only 10% were 
cited 10 or more times and only 3% were cited 25 or more times 
(Gariield 1985). 

The Mott college was built on citations of papers by Mott (1960) 
and Petersen, Lucas, and Mott (1965). The Walshe college cited 
McMeekan and Walshe (1963) and Conniffe, Browne, and Walshe 
(1970). The Jones college cited Jones and Sandland (1974) and 
Sandland and Jones (1975). The Noy-Meir college cited Noy-Meir 
(1975 and 1978). A smaller group cited Hart (1972 and 1978); a 
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Fig. 2. Proposed relationships between stocking rate and livewe@ht gah~ 
per animal (Hart 1978). 

colleague suggested this should be called the Hart “community 
college.” 

Numerous other publications proposed paradigms for the stock- 
ing rate-gain relationship but, as noted above, they were never 
sufficiently accepted to serve as foundations of colleges. However, 
they were usually cited in the core papers of the colleges. These 
included Harlan (1958), Riewe (1961), Owen and Ridgman (1968), 
Cowlishaw (1969), Conway (1974), and Connolly (1976a, 1976b, 
1976c). 

Citations of each of the key papers were identified from the 
Science Citation Index through 1991, which covers papers pub- 
lished through the first 8 to 9 months of 1991. This procedure 
incompletely identified the impact of a “college.” The Index does 
not include some journals and rarely includes books or conference 
proceedings. Citations of the Hart papers, in which the author 
takes a keen personal interest, include at least 22 such citations in 
addition to the 25 in the Index. MacRoberts and MacRoberts 
(1989) estimated that authors seldom cite more than half the papers 
which support basic assumptions or provide background know- 
ledge, and often cite irrelevant papers. Nor do citation counts 
provide recognition for informal influences, or distinguish between 
affirmative and negative citations. 

To minimize effects of blatant self-promotion (MacRoberts and 
MacRoberts 1989), self-citations (citations in any publication 
authored or co-authored by 1 or more authors of a key paper) were 
excluded. In Hart’s case, this included 13 citations. 

Figures were then constructed to show the frequency of citation 
by years of key papers within each college, number of publications 
citing papers from 1 or more colleges, and the distribution of 
citations among journals. 

Results and Discussion 
The first of the 2 papers forming the nucleus of each college was 

first cited 1 year (Mott 1960, Jones and Sandland 1974), 2 years 
(Hart 1972), or 3 years after publication (McMeekan and Walshe 
1963, Noy-Meir 1975). Most continue to be cited today, 17 to 32 
years after they first appeared (Fig. 3). Neither of the Walshe 
papers was cited in 1990 or 1991, but this may be only a temporary 
lapse. The Jones papers were not cited in 1983 or 1984, but thereaf- 
ter exceeded their previous citation rates. The citation record of 
Hart exhibits several gaps, but these papers were cited at their 
highest rate in 1990, the last year for which a full citation record is 
available. 

The citation network of 4 of the colleges (Fig. 4) shows 241 
citations from 194 papers. Of these, 156 papers cited only a single 
college, 29 cited 2 colleges, and only 9 cited 3 colleges; none cited all 
4 colleges. The most frequently cited combination was that of Mott 
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Fig. 3. Number of citations per year of key papers in 5 “invisible coiicges” 
in stocking rate research. Arrows indicate years in which key papers were 
published. 

and Walshe (11 citations); no other combination of 2 or 3 colleges 
was cited more than 5 times. 

Only 32, 35, and 28% of the papers citing Jones, Walshe, and 
Mott, respectively, cited other colleges. In contrast, 56% of the 
papers citing Hart also cited 1 or 2 other colleges. Jones was cited in 
20% of the papers citing Hart, reflecting the similarity of their 

0 11 

Fig. 4. Citation network of 4 “invbibie coiicges” in stocking rate research. 
Lines connect citing paper8 (Smii circies) with cited coiiegea (iarge 
circles). Numbers in small circles indicate number of papers citing a 
coiiege or group of colleges; numbers in parentheses in large circles 
indicate total p8pers citing a college. 

paradigms. Both propose a linear stocking rate response, but differ 
in that Hart proposes a constant gain at low stocking rates. 

Noy-Meir was almost completely isolated from the other col- 
leges. Only 6 of the 115 papers citing Noy-Meir also cited 1 or more 
of the other colleges. 

Citations by journal or journal category are shown in Figure 5. 
Only journals or categories containing more than 4% of the cit- 
ations from a college are identified. 

Citations of Jones are concentrated in the tropics, Australia, 
New Zealand, and the British Isles. Of all citations, 14% appear in 
Tropical Grasslands and 16% in Australian Journal of Agricultu- 
ral Research or Australian Journal of Experimental Agriculture, 
with an additional 5% in other journals from Australia or New 
Zealand. Journal of Agricultural Science, Grass and Forage 
Science, and Irish Journal of Agricultural Research account for 
14% of Jones citations. 

The Walshe college is even more strongly concentrated in the 
British Isles: 45% of its citations are in Journal of Agricultural 
Science, Grass and Forage Science, or Irish Journal of Agricultu- 
ral Research, and 3% in other Irish and UK journals. Another 13% 
of citations appear in Australian and New Zealand journals. 

Mott also is cited frequently in Grass and Forage Science (15%), 
Journal of Agricultural Science (16%), and other Irish and UK 
journals (7%). Agronomy Journal and Journal of Production 
Agriculture, journals of the American Society of Agronomy, pro- 
vide 9% of Mott’s citations. 

Citations of Jones, Mott, and Walshe are predominantly in 
agricultural journals. Mott has the highest frequency of citation in 
ecology and systems journals with 890 in Agricultural Systems and 
Journal of Applied Ecology. Jones is not often cited in animal and 
dairy science journals but Walshe (18% in Journal of Animal 
Science, Animal Production and others) and Mott (10%) are. 

Hart’s citations also are mainly in agricultural journals, but with 
a much higher percentage of citations in Journal of Range Man- 
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Fig. 5. Journals and groups of journals citing papers from 5 ‘invisible 
colleges” in stocking rate research. JRM = Journal of Runge Munage- 
ment, AgSyst = Agricultural Systems, AJ & JPA = Agronomy Journal 
and Journal of Production Agriculture, AmNat = American Naturalist, 
AnSd J q  animal and dairy science journals, Aust & NZ J = journals from 
Australia and New Zealand, EcolMod = EcologicalModeling, Ecol J = 
ecological journals, GdrFS = Grass andForageS&nce and its predeces- 
sor Journal of the British Grassland Society, JAgSci = Journal of Agri- 
cultural Science, JApEcol = Journal of Applied Ecology, TropGras q  
Tropical Grasslands, and UK & Irish J q  agricultural journals from 
United Kingdom and Ireland. 

agement. 44%, than any other college. Agronomy Journal and 
Journal of Production Agriculture account for another 12% of 
citations, as do journals from Ireland, United Kingdom, Australia, 
and New Zealand. 

Citations of the Noy-Meir college are not concentrated geogra- 
phically, but by discipline. American Naturalist (lo’@ Ecological 
Modeling (8%), Journal of Applied Ecology (953, and “Other 
ecological journals” (42%) account for 69% of his citations. The 
last category includes Ecology, Holarctic Ecology, Journal of 
Animal Ecology, Oecology. Oikos, and i’?teoretical and Popula- 
tion Biology, each with 3 to 4% of total citations, plus several other 
journals citing Noy-Meir less frequently. Noy-Meir is seldom cited 
in agricultural journals, which except for Journal of Range Man- 
agement (5%) are included in “Other.” This category also includes 
Journal of Wildlife Management, accounting for 4% of Noy- 
Meir’s citations but none from the other 4 colleges. 

Omissions in the citation record are revealing. Of the 303 papers 
(109 citing only Noy-Meir and 194 citing 1 or more of the other 
colleges), only 2 are from economics journals. One would expect 
economists to use stocking rate-gain response functions as input- 

output functions in economic analysis of livestock grazing, but 
they rarely do so. 

Only 22 papers citing any college (11% of the total) appeared in 
animal or dairy science journals. Animal and dairy scientists tend 
to publish the results of grazing studies in grasslands, range, agro- 
nomic, or general agricultural journals (Agronomy Journal, Aus- 
tralian Journal of Experimental Agriculture, Grass and Forage 
Science, Journal of Agricultural Research, Journal of Range 
Management, and Tropical Grasslands, for example). 

Kuhn (1970) concludes that new paradigms replace old when the 
new can explain anomalies between observation and the old para- 
digm. But we see conflicting paradigms of the stocking rate-gain 
response co-existing and frequently cited for decades, although 
conflicting paradigms are seldom cited in the same paper except for 
reviews. Citation of a particular paradigm may reflect a congru- 
ence of geographic location and field of research between titer and 
cited rather than the content of the paradigm. 

Noy-Meir is an ecologist, and is cited mostly in ecology journals. 
Founders of the Jones, Mott, and Walshe colleges are agronomists 
and are usually cited in agricultural journals. Hart is a range 
scientist and is cited mostly in Journal of Range Management. 

Jones and Sandland work at St. Lucia, Queensland, Australia, 
Jones in the Division of Tropical Agronomy. They are cited most 
often in Tropical Grasslands and in Australian and New Zealand 
journals. But the British Empire lives; they are also cited frequently 
in journals from the British Isles. Walshe worked in New Zealand 
when McMeekan and Walshe (1963) was published, and in Ireland 
when Conniffe, Browne and Walshe (1970) was published. Most of 
Walshe’s citations are from journals originating in Ireland and the 
UK, with a significant fraction in Australian and New Zealand 
journals. Mott, although an American, is frequently cited in Irish 
and UK as well as American journals, perhaps because Mott (1960) 
was published in International Grassland Congress Proceedings. 

All these paradigms have empirical value. Some framework is 
essential for generalization of the results of grazing trials. Without 
such generalizations, we are left with what Goodall (1960) derided 
as studies “which establish only that in ‘County Cornstalk’in 1957, 
36-inch spacing was better than 42 inches-or vice versa or more or 
less.” Generalizations allow experimental results to be applied to 
situations which do not exactly mimic the situation of the original 
experiment. 

Research is needed to critically evaluate the conceptual value of 
the different paradigms of the stocking rate response. The most 
carefully designed stocking rate/grazing pressure studies may not 
be able to distinguish empirically between concave, convex, and 
linear response curves, because variability may be too great. 
Greater knowledge of the basic biological processes involved in 
grazing may provide a conceptual basis for determining the shape 
of the curve. However, Levins (1966) cautions ‘There is always 
room for doubt as to whether a result depends on the essentials of a 
model or on the details of the simplifying assumptions.” 

Nevertheless, models in conjunction with field research provide 
useful insights into the shape of the response curve and the impact 
of variables other than stocking rate or grazing pressure on the 
parameters of the curve. For example, Hart and Hanson (1993) 
used the SPUR II model to generate grazing pressure response 
curves. They found that the curves followed the form proposed by 
Hart (1978) and that the major factors affecting the parameters of 
the curve were length of grazing season and forage digestibility, 
with initial weight of the grazing animals a minor factor. 
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Abstrrct 

Revegetation of disturbed rangelands in western Canada is 
severely impeded by cattle grazing. Fencing to protect emergent 
vegetation is costly and restricts animal movement. Chemically 
repelling cattle from emergent vegetation may provide a conve- 
nient and economical alternative to fencing. This study determined 
whether certain repellents could reduce grazing intensity on vege 
tation to which they were applied compared to untreated vegeta- 
tion. Canopy measurements were used to compare grazing inten- 
sity. Three trials were conducted on reclaimed land within the 
Aspen Parkland ragion of central Alberta. Time since reclamation 
was over 10 years in Trial A, 2 years in Trial B, and 3 weeks in Trial 
C. Pregnant mares’ urine, Hinder@ (150 mg n& ammonium 
soaps), SkootQ (120 mg rnr’ tetramethylthiuram disulfide), and 
Deer-Away Big Game Repellent@ (37% putrescent egg solids) were 
evaluated. Two concentrations of each repellent were sprayed onto 
1 X 3-m treatment plots randomized within blocks replicated 4 to 6 
times. Plot canopies were measured either by gently resting a sheet 
of plastic laminate over the canopy, or by lowering a sliding bar 
attached perpendicularly to a meter stick until it contacted the 
uppermost leaves of the canopy, and recording the height of the 
sheet or bar above the soil surface. Canopies of plots treated with 
Big Game Repellent@ were taller than control plot canopies on 
each measurement date in ail trials, indicating grazing was 
reduced. Big Game Repellent@ plots were also generally taller than 
plots treated with other repellents. Canopies of plots treated with 
pregnant mares’ urine, Hinder@, and Skoot@ generally did not 
differ from control plots, nor did they differ from each other in any 
trial. Low repellent concentrations did not reduce grazing in any 
trial, but high concentrations reduced grazing in alI trials. Repel- 
lent effectiveness was not permanent since all canopy measure- 
ments became shorter with time. Big Game Repellent@ was effec- 
tive in reducing grazing intensity by cattle, but practical use of 
repellents for grazing management requires further bvestigation. 
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Industrial disturbances such as pipeline and well-site installa- 
tions are common on western Canadian rangelands. New growth, 
particularly of introduced species, on reclaimed pipelines and well- 
sites is a powerful attractant to grazing animals (Hardy Associates 
(1978) Ltd. 1983, Naeth and Bailey 1984, Naeth 1985). Over- 
utilization because of preferential grazing of these areas severely 
impedes revegetation efforts (Naeth 1985). Commonly, access by 
grazing animals to areas where grazing is undesired is restricted by 
exclosure fences. Fencing of pipelines is costly. The temporary 
requirement for protection necessitates dismantling the fences 
once permanent vegetation is re-established. Fencing of pipelines is 
inconvenient to livestock producers because they restrict animal 
movement to point resources such as water. An economical alter- 
native to fencing which restricts utilization but not access, would 
be desirable. 

Disturbances could be reseeded with mixtures containing unpala- 
table species (Naeth 1985). This would discourage utilization and 
establish permanent cover more rapidly. However, this option 
reduces available forage for grazing. Further reductions in avail- 
able forage will occur should the new vegetation invade non- 
disturbed areas. A temporary solution, which may achieve the 
desired goal of protection from grazing, would be to apply unpal- 
atable substances or repellents to reseeded vegetation. 

Unpleasant tastes are associated with odors very rapidly by 
grazing animals (Miiller-Schwarze 199 1). Malodorous compounds 
derived from anti-feedants of plants might make useful repellents. 
Compounds derived from predator odors could potentially be used 
for repellants (Miiller-Schwarze 1991) as could animal excreta or 
leachates of excreta. Marten (1978) reported that grazing dairy 
cattle refused brome (Bromus spp.) and reed canary grass (Pholu- 
ris arundinacea L.) growing over areas dressed with cow, sheep, or 
turkey manures, but readily consumed the same vegetation when it 
was harvested and offered fresh in bunks. When fresh dung was 
placed beneath mesh-bottomed bunks, dairy heifers spent signifi- 
cantly less time at these bunks and consumed less forage from 
them. Engle and Schimmel(l984) attempted to discourage cattle 
use of subirrigated lowlands using Deer-Away Big Game Repel- 
lent@ (37% putrescent egg solids). These authors were unable to 
show that cow chip counts differed on treated sites from counts on 
control sites. However, cow chip counts merely indicate occupa- 
tion by cattle (Engle and Schimmel 1984), not necessarily the 
intensity of grazing associated with that occupation. 

The objective of our study was to determine whether application 
of repellents to pasture vegetation would reduce grazing intensity 
by cattle relative to similar vegetation not treated with repellents 
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Table 1. Summary of attributes of reclaimed areas, treatments, and measurements within study sites for Tri&, A, B, and C. 

Attribute 

Area, ha 
Total (Reclaimed) 
Topography 
(Ag Canada 1987) 

Site A Site B 

73 (20) 58 (6) 
Level to Undulating Hummocky 

Site C 

66 (0.25) 
Hummocky 

Time Since Reclaimed 10 years 2 years 3 weeks 
Vegetation on Reclaimed Area Poa prarensis L. 

Trifolium repens I.. 
Phleum pratense L. 
Trifolium hybridum L. 

Agropyron pectiniforme R. & S. 
A. rrachvcaulum (Link) Malte 

Tillers mm2 
Trial Duration, days 

Date Repellents Applied 
No. of Treatment Blocks 

Grazing Began 

4900 

73 
30 May 

6 

31 May 

1050 
33 
9 Jun 
6 

10 Jun 

Bromusinermis &yss. ‘ 
Dactylk glomerata L. 
Lolium perenne L. 
Medicago spp. 
Phleum pratense L. 
Trifolium repens L. 

172 
40 

19 Jul 
4 

19 Jul 
Stocking Rate, AUM ha-’ 
Recommended (Actual) 

0.74 (0.90) 0.71 (0.76) 0.74 (1.21) 

Measurement Dates 
(Precip., mm, in interval) 

15 Jun (15.7) 19 Jun (28.0) 11 Aug (57.0) 
29 Jun (57.7) 28 Jun (45.2) 21 Aug (38.8) 
27 Jul(62.5) 12 Jul(58.8) 28 Aug (17.6) 
10 Aug (28.8) 

using comparisons of canopy measurements among treatments as 
indicators of grazing intensity. 

Materials and Methods 

Study Area 
Three trials (A, B, and C) were completed between 30 May and 

28 August 1989 on 3 sites within the Aspen Parkland region 
(Strong and Leggat 1981) of central Alberta. The Aspen Parkland 
region is an ecotone between the Boreal Forest to the north and the 
Northern Mixed Prairie to the south. Mean annual precipitation in 
the region is 450 mm, 40% of which falls in the winter as snow 
(Strong and Leggat 1981). 

All 3 trials were conducted on rangelands consisting of small 
natural openings of 5 ha or less within groves dominated by aspen 
poplar (Pop&s tremuloides Michx.). Various grasses including 
slender wheatgrass (Agropyron truchycuulum (Link) Malte), 
western wheatgrass (Agropyron smithii Rydb.), western porcupine 
grass (Stipo curtiseta (Hitchc.) Barkworth), awned wheatgrass 
(Agropyron subsecundum (Link.) Michx.), Junegrass (Koeleria 
macruntha (Ledeb.) Schult.), and plains rough fescue (Festucu 
ha&i (Vasey) Piper.) occupied these openings. Shrubs such as 
western snowberry (Symphoricarpos occidentalis Hook.), shrubby 
cinquefoil (Potentilla fnrticosa L.), and willows (Sulix spp.) were 
also present, as were forbs such as fringed pasture sage (Artemisia 
frigida Willd.), prairie sage (Artemisia ludoviciana Nutt.), and 
common yarrow (Achilles millefolium L.). Wild rose (Rosa spp.), 
willows, saskatoon (Amelunchier alnifolia (Nutt.) (Nutt), Cana- 
dian buffaloberry (Shepherdia cunudensis (L.) Nutt.), northern 
bedstraw (Galium boreale L.), marsh reed grass (Calamagrostis 
canadensis (Michx) Beauv.), and hairy wild rye (Elymus innovatus 
Beal) made up the understory in the aspen groves. Attributes of 
reclaimed areas-dates of spraying, grazing, and canopy measure- 
ments-and other study details are summarized in Table 1. 

Repellents 
Four potential cattle repellents were selected based upon their 

availability. Pregnant mares’ urine, which is collected commer- 
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cially to extract hormones for manufacturing of oral contracep- 
tives, was evaluated because grazing animals are known to avoid 
areas of pasture soiled with animal excreta (Marten 1978) and 
because large volumes are available. No analysis of pregnant 
mares’ urine was conducted and no information was available on 
its use as a repellent. Hinder@ (150 mg ml-’ ammonium soaps), 
Skoot@ (120 mg ml-’ tetramethylthiuram disufide), and Big Game 
Pellentm, were registered under the Canadian Pest Control Pro- 
ducts Act for use in repelling wildlife species (Alberta Environment 
1990). 

Manufacturers of Hinder@ recommended spraying a 7.5 mg ai 
ml“ solution of Hinder@ and water every 4 weeks for protecting 
forage crops from deer. More frequent applications were recom- 
mended in the event of precipitation between applications. Manu- 
facturers of Skoot@ claimed that 1 application of a 50% dilution of 
Skoot@ with water in the late fall would protect trees and shrubs 
from browsing deer for the entire dormant season. Manufacturers 
of Big Game Repellent@ recommended spraying a 47.1 mg ai ml-’ 
solution of the repellent and water every 6 to 8 weeks to protect 
conifer seedlings and ornamental shrubs from browsing deer. 
Applications under wet conditions were not recommended. 

Treatments 
Repellent effectiveness in reducing grazing intensity was inferred 

from estimates of canopy height, assuming plots grazed most 
intensively would have the shortest canopies. In Trials A and B, 
canopy height was estimated by gently resting a 61 X 61cm X 
3-plot. Plots were randomized within blocks and spaced l-m apart. 
Blocks were replicated 6 times in Trials A and B, but only 4 times in 
Trial C because of size constraints of the reclaimed area within 
which blocks were located. Blocks were arranged within each 
pasture to maximize homogeneity of vegetation and micro-relief 
within them. Minimum distances between blocks were at least 10 m 
in all trials. The manufacturers of Hinder@ recommended spraying 
the repellent at a volume of 450-950 liters ha“. Neither of the other 
registered repellents gave recommended spray volumes. Therefore, 
each solution was applied to its respective plot at a volume of 1,000 
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Table 2. Comparison of means of canopy height estimates for controls and repellents by date within 3 trials. Time since reclamation and reseeding prior to 
treatment applications were 10 years in Trial A, 2 years in Trial B, and 3 weeks in Trial C. 

Prennant mares’ 
Repellents 

Big Game 
Days since application Control urine Hinder@ Skoot@ - Repellent@ 

Trial A 
____________________________________-___ mm _ ________________________-_________- 

17 76” 8Zab (82”6 ---- 79” 91b 
31 89” 96eb 1oP 95ab 122’ 
59 f& 7oab 81bc 69”b 94” 

Trial B 

Trial C 

5; 4+ 50" 53” 48” 69b 

SEM canlm~=2.13, n=24, SEM,,ll,t~5.48, n=12. 
10 86” 80” 92” 96” 140b 
19 68” 648 72” 74a 1 lob 
33 52” 478 55” 53” 69b 

SEM f,ti~=2.60, n=24; SEM,,~.,ti=5.53, n=12. 
23 67” 66” 64” 72” 117b 
33 61’ 62” 61” 62” 82b 
40 66” 65”b 63” 7oab 78b 

SEM,ti~=2.15, n=16; SEM,,ll,,=5.98, n=8. 

Values followed with the same superscript within dates do not differ (P<O.OS%). 

liters ha“ in order to ensure adequate wetting of plant material. chemical X concentration interactions. Block X treatment was 
Solutions were applied using hand held, l-liter capacity, pressur- used as the error term to test differences among these main effects 
ized sprayers. Separate sprayers were used for each repellent and and their interactions at the 0.05% level of probability. Serial 
for water controls to avoid cross contamination. Areas adjacent to measurements over time were analyzed as repeated measures (Mil- 
each plot were protected from drifting spray by sheets of polyethy- liken and Johnson 1984) using the residual error term to test date 
lene film. Repellents were applied at the beginning of each trial and and treatment X date interactions. All analyses were completed 
were not reapplied in order to assess how long differences in using the general linear models procedure of the Statistical Analy- 
canopy measurements remained as a result of a single application. sis System (SAS 1989). 

Measurements Results and Discussion 
Repellent effectiveness in reducing grazing intensity was inferred 

from estimates of canopy height, assuming plots grazed most 
intensively would have the shortest canopies. In Trials A and B, 
canopy height was estimated by gently resting a 61 X 61 cm X 
l-mm sheet of plastic laminate, weighing 567 g, on the plant 
canopy over the center of each quadrant of each plot. The height of 
the sheet above the soil surface was measured at the mid-point of 
each side of the sheet (McNaughton 1984). Low stature and spar- 
seness of new vegetation in Trial C necessitated an alternative 
measurement system. Measurements were obtained using a sliding 
cross-bar ruler. The device consisted of a 46 X 5 X l-cm bar, cut 
from oriented paper-strand board, fastened perpendicularly to a 
meter stick to form a cross. The bar was attached loosely so that the 
height of the bar could be adjusted by sliding it along the meter 
stick, which was inserted vertically into the grass sward. The bar 
was lowered until the uppermost leaves in the canopy touched the 
bottom of the bar. Leaf height was read directly from the meter 
stick. Sixteen measurements were taken at 33-cm intervals along a 
grid within each plot. Because canopy measurements were used to 
compare relative differences within trials only, it was not necessary 
for the 2 techniques to be compared. 

Significant differences among chemicals were observed in all 3 
trials. Levels differed in Trials B and C, but not in A. There were no 
significant chemical X level interactions. The effect of measure- 
ment date was significant in all 3 trials, as were chemical X date 
interactions. Concentration X date interactions were not signifi- 
cant in any of the trials. 

Statistical Analysis 
All comparisons were made within trials only. The model was a 4 

X 2 factorial with a single control (Winer 1962) arranged in ran- 
domized blocks. Four zero level treatments within a given block 
were pooled to estimate a single control for that block. The 4 X 2 
factorial model was used instead of a4 X 3 model because inclusion 
of zero chemical treatments in the factorial would reduce apparent 
differences among chemicals since no differences would be expected 
among zero chemical treatments. 

Canopies of plots treated with Big Game Repellents were taller 
than control plot canopies on each measurement date in all 3 trials 
(Table 2). Canopy height of plots treated with pregnant mares’ 
urine, Hinder@, and Skoot@ did not differ from control plot 
heights in Trials B and C. Canopies of Hinder@ treated plots were 
taller than control plot canopies on 2 occasions in Trial A (Table 
2). Canopies of plots treated with Big Game Repellent@’ were 
generally taller than canopies of plots treated with pregnant mares’ 
urine, Hinders, and Skooto in all trials. Measurements of preg- 
nant mares’ urine, Hinder@‘, and Skoot@ in all trials. Measure- 
ments of pregnant mares’urine, Hinder@, and Skoot@ treated plots 
did not differ from each other in any trial (Table 2). Except for an 
increase between the first and second measurement dates in Trial 
A, all canopies became shorter with time in each of the trials (Table 
2). Canopy heights on low concentration treatments did not differ 
from heights on control treatments in any trial (Table 3), but 
canopy heights on high concentration treatments were taller than 
on controls in all 3 trials. Canopies on high concentration treat- 
ments were taller than canopies on low concentration treatments in 
Trials B and C, but did not differ in Trial A (Table 3). 

Orthogonal contrasts were used to evaluate differences among 
chemicals, between individual chemicals and controls, between 
repellent concentrations, and between these concentrations and 
controls. Contrasts were also used to determine the significance of 

Big Game Repellent@ was apparently effective in reducing graz- 
ing by cattle in all 3 trials and would therefore be expected to 
reduce grazing of treated vegetation under a variety of site condi- 
tions. The experiments were not designed to allow comparisons 
among trials, therefore it is unknown whether any interactions 
occurred between the repellents and specific site conditions which 
may have affected repellent performance. Because repellents were 
similarly ranked in all trials, site differences in species composition, 
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Table 3. Comparisons of means of canopy height estimates for 2 repellent 
concentrations1 within 3 trials. Time since reciamation and reseeding 
prior to treatment applications were 10 years in Trial A, 2 years in Trial 
B, and 3 weeks in Trial C. 

Control 
Repellent concentration 

Low High SEM 

Trial A 
Trial B 69’ 14” 8Sb 3.69 
Trial C 64L 65” 79s 3.99 

IRFpellent concentrations were: 35% and IOO%, 7.5 and 30 mg ai ml-‘, IS and 60 mg ai 
ml , and 9.8 and 39.3 mg ai ml , respectively, for pregnant mares’ mine, Hinder@, 
Skoot@, and Big Game Repellen@. 
Values followed by the same superscript within dates do not differ (P<O.O5%); n ~96, 
72, and 48 for Trials A, B, and C, respectively. 

tiller density, ambient air temperature, and precipitation did not 
appear to affect relative repellent performance in this study. 

It is uncertain how long Big Game Repellent@ actively repelled 
cattle from treated vegetation, but since canopies of plots treated 
with it were always taller than control plot canopies, cattle were 
directly averted by the chemical at least initially. Vegetation within 
Big Game Repellent@ treated plots was tall and senescent at the end 
of Trial A, whereas plants within other treatment plots were shor- 
ter and still vegetative. Repellent effectiveness was apparently not 
permanent because canopies within Big Game Repellent@ treated 
plots became shorter with time. This may affect when repellents 
should be applied for maximum benefit. Areas to be protected 
should be treated before cattle are released onto pasture and anim- 
als should be exposed to these areas as soon after treatment as 
possible in order to facilitate the establishment of desired grazing 
patterns. It may be more difficult to change grazing patterns of 
cattle with repellents once such patterns have been established, as 
Engle and Schimmel(l984) had previously noted. 

Big Game Repellent@ reduced grazing intensity but did not 
eliminate grazing entirely. Therefore, Big Game Repellent@ appears 
to be less effective than exclusion by fencing in protecting vegeta- 
tion from grazing. Nevertheless, increases in residual biomass 
caused by reduced grazing of treated plots may sufficiently 
improve photosynthetic capacity such that adequate root and 
crown reserves are accumulated for winter survival (Parsons 1988). 
Reestablishment of new vegetation could thereby be facilitated 
with applications of Big Game Repellent@ to emergent vegetation. 

The expression of selection behavior is contingent upon the 
availability of choices (Heady 1964, Skiles 1984, Bush 1989). The 
key to reducing forage consumption using chemical stimuli 
depends on the capacity of a repellent to reduce the acceptability of 
treated forage relative to available alternatives. It may be relatively 
easy to avert animals from small patches using repellents because 
there are abundant alternative patches available within a commun- 
ity. Aversion from an entire community may be much more diffi- 
cult since the number of alternative communities within a land- 
scape would be far fewer. In other words, the apparent homogeneity 
of very large treatment areas and possible odor habituation within 
them (Miiller-Schwarze 1991) may reduce repellent effectiveness. 

Investigation of the mechanisms by which repellents work may 
provide clues for the development of more effective repellents. 
Suitably effective repellents could potentially be used for training 
animals to avoid geographical locations within pastures. Aversion 

learning has proven successful in training grazing animals to avoid 
certain foods (Provenza and Balph 1987; Burrit and Provenza 
1989a, 1989b, 1990). Since cattle have accurate spatial memory 
regarding locations of food abundance (Bailey et al. 1989), perhaps 
aversion to specific areas can be learned if cattle can associate 
geographical locations with unpalatable forage. Big Game Repel- 
lent@ was effective in reducing grazing intensity by cattle in this 
study, however practical use of repellents for grazing management 
requires further investigation. 
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Abstract 

This study was conducted in a sagebrush-bitterbrush vegetation 
type in southcentrrl Wyoming to compare the effects of mowing 
and 2,4-D application on shrub cover and bitterbrush (Purshicr 
tridentutu Pursh) use, preference values, browse values, and resid- 
ual twig weight after summer/fall browsing by cattle and winter big 
game use. Areas 3 to 6 ha in size were mowed, sprayed with 2,4-D, 
or left untreated on 4 different sites. Total shrub cover was reduced 
from 38% (53% mountain big sagebrush (Artemisiu tridentatu spp. 
vuseyuna), 37% bitterbrush) to 23% (38% sagebrush, 52% bitter- 
brush) by mowing, and to 17% (18% sagebrush, 64% bitterbrush) 
by herbicide application. Twig weight use was greater on mowed 
areas, on the more productive sites, and during summer cattle 
browsing when leaves were present than during winter browsing by 
big game. Frequency of use was inversely related to bitterbrush 
availability, although the relationship was confounded by different 
snow depths on different sites. Utilizdion values based on basal 
diameter were more sensitive to site and treatment effects than 
length and weight utilization values, but were influenced by differ- 
ences in twig morphology and did not reflect differences in twig 
use, preference values, browse values, or browsing residual weights. 
Mowing produced the greatest preference values and browsing 
residual weights for cattle browsing and the greatest browse values 
for both cattle and big game. Preference values, browse values, and 
browsing residual weight appear to be useful indicators of site, 
treatment, and browsing effects. 

Key Words: habitat improvement, range improvements, shrub 
management, use 

Antelope bitterbrush (Purshiu trident&a Pursh) is widespread 
in the western United States, occurring in numerous habitat types 
over about 140 million ha (Hormay 1943). It is preferred by mule 
deer (Odocoileus hemionus) in the fall and winter and by cattle and 
domestic sheep in late summer. It is the most important browse 
plant for mule deer, pronghorn (Antilocarpa americana)and cattle 
in the mountain brush vegetation type in southcentral Wyoming 
because of its widespread abundance and forage value (Kituku et 
al. 1992, Ngugi et al. 1992). 

Sheep and big game generally browse only current annual 
growth. However, cattle browsing can be detrimental to bitter- 
brush because they consume woody branches up to 6 mm in 
diameter as well as current annual growth (Hormay 1943). Serious 
bitterbrush deterioration can occur when it is utilized during 
summer by livestock and again in the winter by big game. Conse- 
quently, proper utilization and maximum productivity of bitter- 
brush are major concerns of habitat managers. 

Actual utilization of bitterbrush is frequently determined by (1) 
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measuring the length of tagged twigs before and after browsing in 
the dormant period as first suggested by Nelson (1930) and later 
modified by Aldous (1945), or (2) using regression equations com- 
paring twig length, basal diameter, and tip diameter at the point of 
browsing (Jensen and Urness 1981). Percent utilization can be 
determined by measuring either twig length or weight after brows- 
ing and using regression equations to compare length or weight to 
unbrowsed leaders (Basile and Hutchings 1966). 

Estimated utilization of bitterbrush and other shrubs may vary 
with site (Ferguson and Marsden 1977, Jensen and Urness 1981); 
years (Medin and Anderson 1966); overstory canopy (Peek et al. 
1978); browsing pressure (Austin et al. 1984, Jensen and &otter 
1977, Roundy et al. 1989); availability (Burrell 1982, Griffith and 
Peek 1989); fertilization (Bayoumi and Smith 1976, George and 
Powell 1977); plant species and size (Lyon 1970, Peek et al. 1971, 
Provenza and Urness 1981); presence of leaves (Ruyle et al. 1983); 
and twig location on the plant (Basile and Hutchings 1966). 

One additional factor not discussed in the literature is the effects 
of shrub manipulation practices, such as mowing or herbicide 
application, on bitterbrush utilization. These practices are fre- 
quently used to increase bitterbrush vigor and/ or accessibility in 
stands of bitterbrush with low productivity or in plant communi- 
ties dominated by big sagebrush (Ferguson and Basile 1966, Hyder 
and Sneva 1962, Schneegas and Zufelt 1965). 

Various range improvement practices offer opportunities to 
improve forage quality for wildlife and livestock on summer and 
fall ranges. Selective control of species with herbicides allows the 
manager to maintain vegetation in almost any seral stage. Mixed 
stands of big sagebrush (Artemisiu tridentata Nutt.) and bitter- 
brush may be sprayed with 2,4-D without excessive bitterbrush 
loss if sprayed before or during bitterbrush bloom (Hyder and 
Sneva 1962). 

Mowing bitterbrush results in extensive root and leaf regenera- 
tion with subsequently greater utilization of rejuvenated browse. 
Rotocutting bitterbrush in early spring resulted in a 47% increase 
in leader growth during the first growing season (Schneegas and 
Zufelt 1965). In Texas, both protein content and herbivore utiliza- 
tion were greater on treated mixed shrub plant communities com- 
pared to untreated areas (Box and Powell 1965, Everitt 1983, 
Powell and Box 1966). 

The objective of this study was to determine the effects of mow- 
ing and 2,4-D herbicide application on utilization of bitterbrush 
twigs on different sites following summer livestock browsing and 
winter big game use in the mountain brush vegetation type of 
southcentral Wyoming. 

Study Area 

This study was conducted on the Cedar Creek Ranch, 20 km east 
of Saratoga, Wyo., on the western edge of the Medicine Bow 



Mountain Range. Elevation ranges from 2,100 to 2,600 m. Soils 
are North Park Formation brown sandy loams developed on loess, 
limestone, sandstone, and tuff (Dunnewald 1957). 

Dominant plant species include bitterbrush, mountain big sage- 
brush (Artemisia tridentata ssp. vaseyana Nutt.), Idaho fescue 
(Festuca idahoensis Elmer), sandberg bluegrass (Poa secunda 
Presl.), canby bluegrass [P. canbyi (Scribn.) Howell], western 
wheatgrass [Pascopyrum smithii (Rydb.) A. Love], bluebunch 
wheatgrass [Pseudoroegneria spicata (Pursh) Love], and thick- 
spike wheatgrass [Elymus lanceolatus (Scriber and J.G. Smith) 
Gould]. 

Precipitation at the Saratoga weather station (lower and drier 
than the study site) ranges from 380 to 480 mm, falling mostly as 
snow. Annual depth and extent of snow coverage is highly varia- 
ble. Elk and mule deer utilize the area during fall and some winters 
depending on snow depth and duration. Cattle graze the area from 
early June to mid-October. 

elliptical butt shape (Basile and Hutchings 1966) and placed in bags 
of either browsed or unbrowsed composite samples. During the 
late fall collection it was relatively easy to determine a browsed, 
current growth twig. Most of the browsing by fall was assumed to 
have been by cattle. During the late winter collection, only those 
twigs browsed during dormancy by big game were counted as 
browsed. This approach biased sampling against current growth 
twigs previously browsed during the growing season; however, (1) 
it was assumed that once a twig had been browsed in the summer, it 
would not be browsed again in the winter, and (2) the primary 
emphasis in this study was to compare the relative effects of sites 
and treatments on preference by the 2 classes of animals (livestock 
vs. big game) during the seasons in which they normally browsed 
bitterbrush. 

Four different sites, all facing south to southwest, were selected 
within the general study area. Site 1 is a valley bottom (l-5% slope) 
with the highest percentage of rock (lo-60%) in the soil profile and 
greatest snow cover. Site 2 is on the upper slope (IO-30%) of an 
east-west ridge with generally sandy-loam soils. Site 3 is a moun- 
tain terrace (l-S% slope) with relatively deep, gravelly-loam, or 
loam soils. Site 4 is on the toe slope of a broad, uniform slope 
(3-10%) with relatively deep, sandy-loam to gravelly-loam soils, 
and occasional additional moisture from runoff. In general, site 
productivity increased from site 1 to site 4 because of a combina- 
tion of deeper soils and/or less rock where soil textures allowed 
greater moisture-holding capacity. 

All twigs were refrigerated at loo C before measuring diameter 
(mm), tip diameter (mm), and length (mm) of unbrowsed and 
browsed twigs using the procedures of Jensen and Umess (1981). 

Composite samples were dried at 40” C to a constant weight. 
Average net weights for unbrowsed and browsed twigs were calcu- 
lated by dividing weights of composite samples by the number of 
twigs in each sample. 

Twig actual use was calculated as the actual amount of twig 
length (mm) and weight (mg) removed and reflected effects of sites 
and treatments on the amount consumed by animals. Twig length 
use and weight use were calculated as the difference in length and 
weight between unbrowsed and browsed twigs. 

Methods 

Experimental Design 
Twelve relatively homogenous plots of 3 to 6 ha in size were 

allocated to 4 replications (sites) of 3 treatments in a completely 
randomized block design. Sampling the same plots during 2 sea- 
sons resulted in a split-plot in time (Steel and Torrie 1980). 

Browse utilization (9%) was calculated for twig numbers, length, 
basal diameter, and weight and reflected potential effects of sites, 
treatments, animal preference, and browsing pressure on the plant. 
Browsing frequency (%) was the utilization based on numbers of 
browsed twigs per transect (Stickney 1966) and was determined by 
dividing the number of browsed twigs per transect by 50 (i.e., total 
possible). Length utilization was determined by dividing actual 
length use by length of unbrowsed twigs. Basal diameter utilization 
was determined by the procedures of Jensen and Urness (198 1). 
Weight utilization was determined by dividing the actual weight 
use by weight of unbrowsed twigs. 

Treatments Two additional sets of factors were calculated because of effects 
Treatments included untreated, mowing, and 2,4-D herbicide 

application. Areas were mowed to a 20 to 30-cm stubble height 
with a rotary blade shredder in late May 1986 as soil moisture 
conditions permitted. Butyl-amine of 2,4-D at 1 kg acid equiva- 
lent/ ha in water without surfactant at a total volume of 20 liters/ ha 
was aerially applied in mid-May 1986. 

Data Collection 

Table 1. Mean bitterbrush canopy cover (%), total shrub cover (Z), and 
percentage of total cover comprised of bitterbrush on 4 sites and 3 
treatments in southcentral Wyoming, late fall, 1986. Those means for 
different sites, different treatments, or different treatments within a site 
followed by a different letter are statistically different at P<O.OS. 

Three permanent line transects, each 100-m long, were estab- 
lished in each of the 12 units after treatment. Total shrub canopy 
cover and bitterbrush canopy cover were determined in the fall, 
1987, using the line intercept method (Cardield 1941). 

Along each 100-m transect, the nearest bitterbrush plant corres- 
ponding to multiples of 10 m on the tape (i.e., IO-, 20-, 30-, . ..) was 
sampled in late October and early November, 1986 (late fall) before 
all leaves dropped, but after cattle grazing and before elk and deer 
use. The same plants were sampled again in early April, 1987 
before bud swell (late winter). A metric rule was placed across the 
top of each plant, and the crown diameter divided into 5 equidist- 
ant points across the crown. An imaginary line was dropped from 
each point to the highest and nearest unbranched, current annual 
growth twig for a total of 5 selected twigs from each of 30 plants or 
150 twigs per plot season. Although bitterbrush twig length- 
diameter relations differ with position on the plant (Basile and 
Hutchings 1966, Jensen and Umess 1981), selecting the highest and 
nearest twig across the crown dense, hedge plants most closely 
approximated accessibility to grazing ungulates. 

Each twig was 1 cm from the base to eliminate the swell and 

Site 

I 
2 
3 
4 
Mean 

1 

: 
4 
Mean 

: 

3 
4 
Mean 

Treatment Site 
Control 2,4-D Mowing mean 
_-- ____ _--(BitterbmshCover)-___ _______ _ 

4 7 10 7b 
21 I3 I6 l7a 
17 I2 I2 I4 a 
15 I6 9 13 a 
14 12 i2 - 

__ ____ __--(TotalShrubCover)___ _____ ____ 
26 a I9 a 21 a 22 c 

41 42 a a ISb l4b 32 l7b a 24 30 a bc 
45 a 18 b 22 b 28 ab 
38 17 c 23 

-------(BitterbrushComposition)-------- -- 
51 16 b b 31 89 ab a 49 49 a a 63 32 ab c 

41 b 89 a 71 ab 67 a 
32 b 86 a 44b 54 b 
35 c 74 a 53 - 
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of browse availability on preference values and browse values 
(Powell and Box 1966). Preference values for bitterbrush on each 
site X treatment combination based on length and weight were 
calculated by multiplying actual length use and weight use each by 
browsing frequency. Browse values for each site X treatment com- 
bination were calculated by multiplying actual length use and 
weight use each by browsing frequency and bitterbrush canopy 
cover. The same browsing frequency values and bitterbrush can- 
opy cover values per plot were used to calculate both length browse 
values and weight browse values. 

Average twig browsing residue was also calculated because the 
capacity of a bitterbrush plant to remain vigorous is more depend- 
ent on growing conditions (Garrison 1953b) and the absolute 
amount of current growth residue than on the degree of utilization 
(the relative amount of current growth removed). Twig browsing 
residue weight was calculated as the weighted average of unbrowsed 
and browsed twig weights per transect. 

Statistical Analyses 
Statistical differences in all twig parameters among the 3,600 

twigs and among the 72 composite transect samples due to 4 sites, 3 
treatments, and 2 seasons were determined using the GLM 
(General Linear Model) procedure of SAS (1985). Relations 
among twig parameters for different sites, treatments, and seasons 
were determined by first plotting scatter diagrams of raw data and 
of residuals from linear regression models (Draper and Smith 
198 1). If curvilinearity was not evident, linear relations were quan- 
tified using the REG procedure of SAS (1985). All differences 
discussed in this paper are significant at the 5% level of confidence 
unless otherwise indicated. 

Results and Discussion 

Precipitation (1986/ Long-term mean) at the USFS Brush Creek 
Ranger Station, located 10 km southeast of the study area, was 
above average in June (69/37 mm) and July (73/40 mm), below 
average in August (14/ 34 mm), and average in September (44/44 
mm). In general, growing conditions from date of treatment 

through the period of last bitterbrush measurements were above 
average. 

Shrub Cover 
Bitterbrush canopy cover, averaging about 12-14% on all areas, 

was not reduced by either spraying or mowing (Table 1). Bitter- 
brush cover, however, was much lower on site 1 than on the other 3 
sites. Bitterbrush grows best on well-drained, moderately deep and 
fine or coarse textured soils and on more isolated southerly and 
southeasterly slopes (Driscoll 1963). Bitterbrush yields increase 
with increasing annual precipitation (Garrison 1953a, Kindschy 
1982, Nord 1965), and the amount of new leader growth and seed 
production increases with increasing soil water availability 
McKean 1964). Site 1 soils were extremely rocky and had low 
effective rooting depth and available soil water. 

Total shrub cover was reduced to the target levels of about 20% 
on sprayed, and mowed areas. Differences in total cover among 
sites were significant, but not large. Within the different sites, 
treatments had the lowest relative effect on site 1. Across sites 
within the same treatment, total shrub cover was relatively low on 
the untreated area on site 1, similar on all sprayed areas, and higher 
on site 2 mowed area than on mowed areas of other sites. In 
general, bitterbrush was more accessible to grazing animals on all 
treated areas because of the 11 to 22% reduction in sagebrush foliar 
cover. 

The effects of treatments and sites also affected the percentage of 
bitterbrush within total shrub cover. Bitterbrush composition was 
greatest on sites 2 and 3 and about half that on site 1. Bitterbrush 
composition was greatest on sprayed plots and least on untreated 
plots. Although the 2,4-D herbicide “burned” the tops off some 
bitterbrush plants, they had recovered by the end of the growing 
season. The significant site X treatment interaction resulted from 
bitterbrush composition on sprayed areas being lower than on 
mowed areas on site 1, but higher on all other sites. 

Actual Use 
Twig Length 

Neither bitterbrush twig actual length use or twig length utiliza- 

Table 2. Mean bitterbrush twig weight use (mg) and frequency of use (%) on 4 sites and 3 treatments in south-central Wyoming, iate fail and iate winter, 
198687. These means for different sites, different treatments or different treatments within a site followed by a different letter and comparable means in 
different seasons followed by an U*n are statisticaiiy different at P<O.OS. 

Site Control 

Weight Use 
Treatment 

24-D Mowing 
Site 

mean Control 

Frequency of Use 
Treatment Site 

2,4-D Mowing mean 

Mean 

1 
2 
3 
4 

Mean 

Mean 

_______________(mg)______________ ____---__------ ____--_______- (%) - 
-----------__-______________________________(~teFall)__--___------___------__~~~~~~~____~~~~~~~~~~ 

23 28 15 * 22 c 55 a* 49 a 44aa 50 a* 
34 43 70 49 bc 42 a 33 a 35 a 37 b 
41 57 126 l 75 ab 16 b 42 a 56 a 38 b 
58 63 * 169 * 97 a 14 b 21 a* 33 a 23 c* 
39 b 48 b 95* 61 * 32 37 * 42 37 

----------------___________________________(~teWinter)---___------___---------~~~~~~~~~~~~~~~~~~~~~ 
37 a 29 a 77 a+ 47 21 * 54 44 40* 
39 a 17 a 30 a 29 31 52 47 43 
56 a 33 a 50 a 46 35 42 41 39 
35 b 113a* 22 b 57 25 56 * 51 44; 

42 48 45* 45 l 28 51 a* 46a 42 

__ _____ __________________________Mean(LateFall+~teWinter)_________ ______________ _ __________ 
30 29 46 35 c 38 52 44 45 a 
37 30 50 39 bc 37 43 41 40 ab 
48 45 88 60 ab 25 42 49 39 ab 
47 88 96 77 a 19 39 42 33 b 

4Ob 48 b 70 30 e4a 44a 
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tion differences due to sites, treatments, seasons, or any interaction 
were statistically significant at P<O.OS. For the 12 areas samples, 
twig length use over both seasons averaged 33.3+/-15.6 mm and 
ranged from 23 to 44 mm. Twig length utilization over both sea- 
sons averaged 32.2+/-12.4% and ranged from 29 to 39%. The 
actual length difference consumed was 36 mm for big game and 31 
mm for cattle (P<O. 12). 

The coefficients of variation (CV) for twig length use (47%) and 
utilization (39%) were consistently lower than CV’s for use and 
utilization for basal diameter and weight, and the relative differen- 
ces due to sites, treatments, and/or seasons were smaller than for 
other parameters. Therefore twig length use and utilization were 
not sensitive parameters for reflecting differences in browsing due 
to environmental conditions (sites and treatments) or animal pref- 
erence (seasons) in this study. 

Twig Weight 
The average weight (mg) of twig consumed for both seasons 

combined was much greater on the more productive sites 3 and 4 
than on the less productive sites 3 and 4 than on the less productive 
sites 1 and 2 (Table 2). Most of this difference was because of 
differential consumption by cattle resulting in a significant site X 
season interaction. Assuming that the average weight removed was 
a bite, the weight of a bite on the most productive site was about 4.5 
times that on the least productive site. Bite size was highly corre- 
lated to unbrowsed twig weight (r = 0.81, summer; r = 0.70, winter). 
Increasing bite size from site 1 to site 4 was consistent across all 
treatments during the summer. 

In eastern Oregon and Washington, clipping 75% of annual 
leader growth resulted in the greatest productivity in bitterbrush. 
Removal of 50% annual leader growth on poor sites and 60 to 65% 
on good sites permitted sustained production (Garrison 1953b). In 
California, approximately 40% utilization of current annual leader 
growth is recommended to maintain plant vigor and to ensure 
adequate seed production (Hormay 1943). 

The difference due to seasons probably reflects differences in 
animal feeding behavior (bite size of cattle and big game), succu- 

Table 3. Mean bitterbrusb browsed twig tip:basai dfsmeter ratios on Qsites 
and 3 treatments in soutbcentrai Wyoming, late fail and late winter, 
1986-U. Those means for different sites, different treatments, or differ- 
ent treatments within a site followed by a different letter and comparable 
means in different seasons followed by an U*“are statisticaiiy different at 
P<O.O5. 

Site 

1 
2 
3 
4 
Mean 

1 
2 
3 
4 
Mean 

1 
2 
3 
4 
Mean 

Treatment Site 
Control 2,4-D Mowing mean 

(Tip:Basal D. Ratio) 
____ ______ (LateFall)-_---_- ____ _ 

22 a 16a 18 a 19 b 
22 a i7a 20 a 20 ab 
30 a* lb i2b 16b 
27 ab 36 a* 14 b 26 a 
25 19 16 2P 
-__-____--(LateWinter)_-____-_-_-- 

16 8 ii i2b 
13 6 11 10 b 
13 l 10 8 10 b 
32 13 * 18 21 a 
18a 9b 12ab 13 

----------(Mean)(LateFail+LateWinter)----- 
______ 

19 a i2a i4a 15 b 
17 a ila 15 a 15 b 
22 a 9b 10 b 13 b 
29 a 25 a 16 a 23 a 
22 14b 14 - 

lence and palatability, and presence of leaves during the summer. 
The nutrient quality and palatability of bitterbrush varies among 
plant parts, with age, season, or phenology, and habitat improve- 
ment practices, and often influences utilization (Giunta et al. 1978, 
Jensen et al. 1972, Kituku et al. 1992, Tueller 1979). 

Cattle also consumed greater amounts per twig on mowed areas 
than on untreated or sprayed areas. This was especially true on 
mowed areas on sites 3 and 4. A significant treatment X season 

Table 4. Mean bitterbrush twig length (mm) and weight (mg) preference values’ on 4 sites and 3 treatments in southcentral Wyoming, late fail and late 
winter, 1986-87. Those means for different sites, different treatments or different treatments witbin a site followed by a different letter and comparable 
means in different seasons followed by an U*” are statistically different at P<O.O5. 

Site 

Length Preference Value Weight Preference Value 

Treatment Site Treatment Site J 
Control 2,4-D Mowing mean Control 2,4-D Mowing mean 

Mean 

1 
2 
3 
4 

Mean 

Mean 

_______________(mm)_____:___-__ __-__----------(mg)--------_--__-- 
____________________________________________(~teFal])____________________-___-____________________ ’ 

8a i5a 7 a* 10 13 a 15 a 8a i2b 
13 a I1 a 9 a* ii 15 a i4a 27 a 19 ab 
4b 9b 27 a* 13 7b 24 b 73 a+ 34 a 
4b 7 b* 18 a 9 8b 15 b* 55 a* 26 ab 
7b 10 i5a II Ii b 17 b+ 4-G 23 

_---__--__-___-_____________________________(~teWinter)_------------------------;;a---~---~~---~--~~ 
7 18 21 * 15 i0a 16 a 20 

10 16 21 * 16 14 a 9a 14a 12 
16 10 14 * 13 19 a i6a 19 a* 18 
8 24 * 17 16 9b 63 a* ii b* 28 

10 17 a 19a 15 * 13 b 26 20 ab* 19 
~~-~~~-~~_~~~_________________________Mean(~te~all+~ateW~nter)--~-----------------------~~~~--~~---~ 

8 17 14 13 iia 15 a 21 a 16 b 
12 13 15 13 14 a iia 21 a i5b 
10 10 20 13 13 b 20 b 46 a 26 a 

6 15 18 13 9b 39 a 33 a 27 a 

9b 14 a 17 12 c 21b 30 a 

‘Length use X Frequency of use; Weight use X Frequency of use. 
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resulted because cattle bite size on mowed areas was greater than 
on other treatments. However, big game bite size during the winter 
was more consistent across all treatments. The exception to this 
was the relatively large bite size of big game on the site 4, sprayed 
area. Big game also tended to increase bite size with increasing 
weight of the available twig (r = 0.70). 

Utilization 
Browsing Frequency 

Frequency of use varied from 45% on site 1 (probably because of 
the low bitterbrush availability) to 33% on site 4 and from 30% on 
untreated areas to 44% on sprayed and mowed areas (Table 2). 
This was not true for both collection periods. A significant site X 
treatment X season interaction resulted from browsing frequency 
being 34% greater on the site 1, untreated area in late fall after 
cattle browsing than in late winter after big game browsing. 

Frequency of use was also 35% lower on the site 4, sprayed area 
in late fall after cattle browsing than in late winter after big game 
browsing. By late fall, cattle browsing frequency on site 3 was 
relatively low on the untreated area as compared to that on treated 
areas. In general, the lower the bitterbrush cover and more accessi- 
ble to browsing, the higher the percentage of browsed available 
twigs (r q  -0.43). 

Cattle had equal access to bitterbrush plants on all sites during 
the summer, but apparently browsed a greater percentage of twigs 
on the site 1, untreated area due to a lower number of available 
plants. However, snow cover was deeper on the site 1, untreated 
area than on other areas during the winter (personal observations). 
During winter, big game may have displayed the same tendency to 
browse a higher number of twigs on a limited number of plants, but 
because of deeper snow cover, fewer of the bitterbrush plants 
normally available to the cattle were exposed to big game. 

Browsing frequency differed due to the site X treatment X 
season interaction was because of relatively low browsing fre- 
quency on 3 areas by cattle during the summer and fall. Big game 
tended to prefer treated areas across all sites more than cattle. 

Basal Diameter 
The basal diameter of browsed twigs was consistently greater 

than that of unbrowsed twigs regardless of site, treatment, or 
season. The difference in basal diameter for all sites, treatments, 
and seasons averaged 0.19+/-0.12 mm. The only difference 
(P<O.O5) due to any main effect or interaction was because of 
treatments. The difference between browsed and unbrowsed twig 
basal diameter was 0.25 mm for untreated, 0.19 mm for mowed, 
and 0.14 mm for sprayed plants. 

The difference (0.08 mm) between basal diameter of untreated, 
unbrowsed twigs (1.37 mm) and sprayed, unbrowsed twigs (1.29 
mm) was much smaller than the difference (0.20 mm) between 
basal diameter of untreated, browsed twigs (1.63 mm) and sprayed, 
browsed twigs (1.43 mm). The basal diameter of mowed, unbrowsed 
twigs was 1.39 mm, and the basal diameter of mowed, browsed 
twigs was 1.58 mm. The relative increase in basal diameter due to 
browsing compared to the basal diameter of unbrowsed twigs was 
18% for untreated, 14% for mowed, and 11% for sprayed twigs. 
Apparently, spraying retarded twig growth on unbrowsed twigs 
(Kituku et al. 1992) both before and after browsing. 

The ratio of the tip diameter and basal diameter of browsed 
twigs is sometimes used as a measure of the degree of utilization 
such that the greater the ratio, the greater the degree of utilization, 
Jensen and Urness (1981) recommend that the tip diameter of 
unbrowsed twigs be subtracted from both tip and basal diameters 
of browsed twigs as a correction factor. When using this method, 
differences in tip:basal diameter ratios for browsed twigs were 
significant for sites, treatments, seasons, and the site X treatment X 

season interaction (Table 3). 
Browsed twig tip:basal diameter ratios were much higher on site 

4 than on other sites. This was generally consistent for summer 
cattle and winter big game browsing. The major exception 
occurred on site 4, where ratios for sprayed plants were much 
greater than those for mowed plants after cattle browsing but 
relatively low for sprayed plants after big game browsing. 

The degree of browsing based on tip:basal diameter ratios was 
also greater on untreated plants than on treated plants during both 
seasons, but consistently greater across all treatments for cattle 
browsing in summer than for big game browsing in winter. This 
seasonal difference in degree of browsing implies that cattle browse 
thicker twigs than big game. 

A comparison of tip and basal diameters for unbrowsed and 
browsed twigs on different plots showed significant differences, 
whereas there were no differences in basal diameters for either 
unbrowsed or browsed site 4, sprayed twigs. The tip diameters of 
unbrowsed twigs on site 4, sprayed plants were generally the smal- 
lest of twigs on all plots during late fall and late winter. Although 
the unbrowsed twig tip diameter is subtracted from both the 
numerator and denominator in this ratio, mathematically, the 
ratio increases as the unbrowsed twig tip diameter decreases. 

Therefore, the degree of browsing will appear to be greater for 
twigs with relatively small tip diameters. Correlation coefficients 
between the degree of browsing based on tip:basal diameter ratios 
and browsing frequency (r = -0.47), length utilization (r = -0.15), 
and weight utilization (r = -0.15) were relatively low and negative. 

Weight 
Differences in utilization based on weight due to sites, treat- 

ments, or seasons were not significant. Weight utilization by cattle 
averaged 29+/ -19% and ranged from 17 to 55%. Weight utilization 
by big game averaged 24+/-16% and ranged from 7 to 52%. Differ- 
ences among sites ranged from 22 to 31% and differences among 
treatments ranged from 22 to 28%. 

Utilization by weight was relatively similar on all areas. The only 
significant interaction was site X treatment X season. Weight 
utilization by big game on site 4, sprayed areas (52%) was much 
higher than on other treatments on this site during late winter and 
much higher than that by cattle (28%) on the same area during 
summer. This is consistent with the higher browsing frequency and 
weight use shown by big game on this particular area. 

Preference Values 
Length 

Combining browsing frequency and length difference to pro- 
duce preference values based on length (Table 4) did tend to 
accentuate the differences between treatments. Mowing and spray- 
ing increased preference values based on length for both cattle and 
big game. In addition, preference values for big game were greater 
than those for cattle. Cattle in this study may have had adequate 
herbaceous material available and exercised more selectivity by 
consuming fewer twigs and less length, but more weight (Table 2) 
because of the presence of leaves than big game with only other 
shrubs to select. 

The site X treatment X season interaction for length preference 
values also involves the sprayed area on site 4 and mowed areas on 
sites 1,2, and 3. Differences between big game and cattle browsing 
on these areas for length differences (P<O. 11) accentuated those 
for browsing frequency (P<O.O5) resulting in significant (P<O.Ol) 
differences for length preference values. Apparently the combina- 
tion of site geographic location and vegetation structure resulting 
from treatment and site conditions produced certain areas pre- 
ferred by cattle and other areas preferred by big game. Managers 
can treat areas differently within a large area used by both cattle 
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and big game at different seasons and still be confident that and browsing frequencies. Both spraying and mowing increased 
increased browse intended for one animal species will not be explo- bitterbrush browse values for both cattle and big game regardless 
ited by other species, of length or weight criteria. 

Weight 
In contrast to the minimal effects of sites, treatments, or season 

on utilization by weight, these main effects and all interactions 
were significant for weight preference values (Table 4). Browsing 
frequency and weight use were not highly correlated (I q  0.09), and 
browsing frequency tended to negate large differences in weight use 
across sites but accentuated the differences in weight use across 
treatments. 

Length browse values are less expensive to obtain in terms of 
time; however, weight values provide more distinctive differences. 
Weight browse values appear to be more sensitive to differences in 
environmental conditions and animal preference. However, the 
relative difference in sensitivity may not be worth the additional 
time necessary to collect and weigh twigs if the habitat manager 
needs to collect numerous samples under a variety of site, treat- 
ment, or browsing conditions. 

Preference values based on weight were highest on the 2 most 
productive sites, primarily because of cattle preference in the 
summer. Weight preference values were lowest on untreated areas 
for both cattle and big game, but cattle preferred mowed areas over 
sprayed areas. Big game also tended to prefer mowed areas except 
for an exceptionally high preference value on the site 4, sprayed 
area. Cattle preferred the mowed areas on site 3 and 4; big game 
preferred the site 4, sprayed area. 

Browsing Residue 

Comparing differences in preference values based on length and 
weight indicates that weight preference values are probably more 
accurate than when leaves are present. However, length preference 
values may be acceptable as indicators of preference among differ- 
ent areas when the costs of measuring length and weight are 
considered. Correlation coefficients for length preference values 
and weight preference values were slightly higher for cattle brows- 
ing (r = 0.76) than for big game browsing (r = 0.70). 

The average browsing residues for both cattle browsing in 
summer and fall and big game browsing in winter were higher on 
the more productive sites (Table 6) even though weight use (Table 
2) and weight preference values (Table 4) were also higher on these 
sites. Browsing residue differences among sites were relatively 
greater (site X season; P<O.O5) for summer cattle browsing than 
for winter big game browsing because of an apparent differential 
weight loss of leaves among sites and the increase in twig weight on 
the least productive site from late fall to late winter (Kituku et al. 
1992). 

Browse Values 

Table 6. Mean bitterbrush twig residual* weights (mg) after browsing on 4 
sites and 3 treatments in southeentral Wyoming, late fall and late winter, 
1986-87. Those means for different sites, different treatments, or differ- 
ent treatments within a site followed by a different letter and comparable 
means in different seasons followed by an u*n are statistically different at 
P<O.OS. 

Browse values based on length and weight are shown in Table 5 

Table 5. Mean bitterbrush twig browse values based on twig length (mm) 
and twig weight (mg) on 4 sites and 3 treatments in southcentrrl Wyom- 
ing, late fall and late winter, 1986-87. Those means for different sites, 
treatments, or treatments within a site followed by a different letter are 
statistically different at P<O.O5. 

Site 

1 
2 
3 
4 
Mean 

I 
2 
3 
4 
Mean 

Treatment Site 
Control 24-D Mowing mean 

------(LengthBrowseValuesl)(mm)------ 
0.31 b 0.98 ab 1.43 a 0.91 b 
2.46 a 1.78 a 2.38 a 2.21 a 
1.73 a 1.26 a 2.22 a l.74a 
0.88 b 2.35 a 1.80 ab 1.68 a 
1.34 1.59b I.96 

-----(WeightBrowseValue@)(mg)----- 
0.44 a 0.83 a 2.38 a 1.22 b 
2.82 a l.46a 2.88 a 2.39 ab 
2.17a 2.48 a 5.06 a 3.21 a 
1.33 b 5.98 a 3.24 ab 3.51 a 
I.69 2.67b 3.39 

‘Length preference value X Canopy cover 
2Wcight preference value X Canopy cover 

only for the average of summer cattle browsing and winter big 
game browsing because bitterbrush canopy cover was determined 
only once (late fall) during the study. Length use and length browse 
values were not closely correlated (r = 0.67) with weight use or 
weight browse values for either cattle or big game browsing. The 
weight:length ratio varies depending on the amount of leaves and 
diameter of the twig part consumed. 

Length and weight browse values were lowest on site 1 because 
of the much lower bitterbrush canopy cover and lowest on 
untreated areas because of relatively lower length use, weight use, 

Site 

1 
2 
3 
4 
Mean 

I 
2 
3 
4 
Mean 

1 
2 
3 
4 

MGY 

Treatment Site 
Control 24-D Mowing mean 

__________(m8)___________- 
__--___---(LateFall)___ ____ _ ____ 

I14 96 I41 117b 
152 123 147 I41 b 
158 I68 262 * 196 a 

203 207 * 249 * 219 a - - - 
157 b l49b 200 a* I68 l 
________ --(LateWinter) _______ --___ 

162 100 169 l44b 
141 124 147 137b 
185 136 172 * 164a 
175 155 * 191 * 173a 
I65 a l29b 170 a* 155 * 
-----(Mean)LateFall+LateWinter) ----- 
138 98 155 l30b 
147 123 147 139b 
171 152 217 180a 
189 181 220 197 a _ 
I61 b l39c l85a 

‘(Weight of unbrowscd twigs X percentage of unbrowsed twigs) + (Weight of browsed 
twigs X percentage of browsed twigs) 

In late fall, browsing residue was greater on mowed areas than 
on untreated or sprayed areas; however, these differences were not 
as large in late winter (treatment X season; P<O.O5) because brows- 
ing residue values increased slightly on untreated areas and 
decreased on mowed and sprayed areas. The site X treatment X 
season interaction (P<O.OS) appeared to be a function of slower, 
more prolonged growth on the less productive sites and a greater 
weight loss between late fall and late winter on the more productive 
sites. 
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Management Implications 
Ferguson, R.B., and J.V. Basiie. 1966.Topping stimulates bitterbrush twig 

srowth. J. Ranae Manaee. 30:839-841. 
The rektive success of shrub habitat improvement practices 

depends not only on the site and vegetation conditions under which 
different treatments are applied, but also on the management 
objectives, the criteria for measuring success, seasons, and factors 
affecting site preference by different kinds of animals. Both spray- 
ing and mowing reduced sagebrush cover to the target level with- 
out reducing bitterbrush cover, but the relative impact increased 
with increasing site productivity. If treatment location is not a 
factor, economics dictate treating the most productive sites first. 

Spraying greatly increased bitterbrush composition, which will 
favor cattle, sheep, and big game. Mowing, however, produces 
larger twigs in the year of treatment and foraging efficiency in 
terms of bite size per twig. 

Browse values based on both twig length and weight were also 
greater on mowed areas. Because the longevity of the mowing 
treatment with greater residual sagebrush cover will, no doubt, be 
less than that of the spraying treatment, browse values may even- 
tually be greater over the life of the treatment on sprayed areas. 
Therefore, mowing is best as a short-term management practice to 
attract animals into an area and/ or provide maximum browse for a 
short period of time. 

Utilization values based on twig numbers, length, basal diame- 
ter, and weight were relatively low compared to maximum, sustain- 
able values recommended by the literature. Frequency of use and 
basal diameter utilization were more sensitive to site and treatment 
effects than length and weight utilization. Frequency of use was 
influenced by bitterbrush availability, and basal diameter utiliza- 
tion appeared to be affected by differences in unbrowsed twig tip 
diameter on different areas. 

Because bitterbrush growth and maximum recommended utili- 
zation values vary with growing conditions, such as seasonal pre- 
cipitation and effective soil-water capacity, bitterbrush browsing 
residual weight or length may be a more useful and accurate 
measure of optimum use for a particular site. Measuring residual 
length or weight against long-term standards will always be much 
easier and more straightforward than trying to estimate how much 
twig length, diameter, or weight has been removed. 
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Abstract 

Ponderosa pine (Pinurpondcroso Lawson) needles cause rbor- 
tions in pregnant cows. We examined pine needle consumption by 
cattle in 2 trlnls in eastern Montana. Trial 1 compared pregnant 
and open cows (n=4) from January to March 1989; trial 2 com- 
pared pregnant cattle (n=4) that received either 9 kg alfalfa hay 
head” day-’ or 1.4 kg alfalfa pellets head” day” from December 
1989 to February 1990. Diets were estimated using both bite counts 
and fecal analysis. During trial 1, bite counts revealed pregnant 
and open cows consumed 45 and 42% of their grazing diets as pine 
needles (-0.1). Fecal analysis showed that pregnant cows con- 
sumed more pine needles than did open cows (36% vs. 27%, respec- 
tively) (P<O.OS). During trial 2, cattle consumed < 1% of their 
diets as pine needles. In trial 1 cattle consumed less pine litter and 
consumed more needles from trees as snow depth increased. Con- 
sumption of needles from trees increased as ambient temperature 
declined; no needles were consumed from trees when the minimum 
daily temperature exceeded -5” C. During both trials, grazing 
times decreased as temperatures declined, and increased as snow 
depth and wind speed decreased. We conclude that weather is a 
major factor influencing needle consumption; other interrelated 
factors may be forage availability, snow cover, and grazing time. 
Plne needle consumption, and the risk of abortion, in pregnant 
cattle appears to be greatly dlminlshed during mild winter weather. 

Key Words: Pinusponderosa, cattle diets, poisonous plants, graz- 
ing behavior, abortion 

Ponderosa pine (Pinus ponderosa Lawson) trees occupy about 
17 million ha of rangeland in western North America (Gartner et 
al. 1988). Abortion or premature birth can result when pregnant 
cattle ingest needles (James et al. 1989). The risk of abortion 
increases as pregnancy advances and is highest during the last 
trimester of gestation (Short et al. 1989). In addition to abortion, 
losses attributed to ingestion of pine needles include dead or weak 
calves at birth, retained placentas and endometritis in parturient 
cows, poor reproductive performance following abortion, and the 
cost of keeping cattle out of pine-tree infested areas and providing 
alternative forages (Lacey et al. 1988). 

Several pen&studies have conclusively shown that pine needles 
cause abortion in cattle and that penned cattle will eat the needles 
(MacDonald 1952, James et al. 1977, James et al. 1989). Penned 
cows given hay and needles free choice consumed up to 20% of 
their diet as fresh pine needles (MacDonald 1952). 

There is little information about the consumption of pine nee- 
dles by grazing animals, particularly during winter when abortions 
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USDA-ARS Range and Livestock Exp. Sta., Miles City, Mont. for willing assistance. 

Manuscript accepted 27 Jan. 1993. 

394 

typically occur. In western Australia grating sheep consumed sub- 
stantial amounts of pinus radiata needles (Anderson et al. 1985). 
Diets of grazing cattle consisted of 4 to 9% pine needles from June 
to September in the Black Hills of South Dakota (Uresk and 
Paintner 1985). On ponderosa-pine ranges in Colorado, deer con- 
sumed large amounts of needles from May to November, but cattle 
consumed none (Currie et al. 1977). 

The objectives of these studies were to (1) determine the amount 
of pine needles consumed by pregnant and open cows, and to relate 
consumption patterns to environmental conditions; and (2) to 
determine if supplementation affects pine needle consumption. We 
initially compared pregnant and open cows to determine if it was 
necessary to use pregnant cows (with subsequent risk of abortion) 
in future studies. We hypothesized that cattle would eat more 
needles during severe winter weather, and that supplementation 
would attenuate needle consumption. 

Materials and Methods 

Trial 1 
Trial 1 was conducted from 25 Jan. to 15 Mar. 1989 in a 16-ha 

pasture located 24 km east of Miles City, Mont. Ponderosa pine 
trees were abundant on the pasture; topography varied from hilly 
to very steep breaks. Other readily available browse included yucca 
(Yucca glauca Nutt.), skunkbrush (Rhus trilobata (Nutt.) Gray), 
and sagebrush (Artemisia tridentata Nutt.). There was very little 
carryover dormant grasses or forbs due to the limited production 
during the previous summer’s severe drought. 

Density of pine trees was estimated by counting the number of 
pine trees inside 10 randomly located 20 X 20-m plots. Trees were 
arbitrarily divided into 3 height classes: Cl m (small), 1 to 2 m 
(medium), and >2 m (large). On 19 Jan. 1989, twenty 0.25-m* 
quadrats were randomly placed on ground blown free of snow to 
estimate the amount of available pine needle litter. Needles within 
the quadrat were collected, dried, and weighed. This placement 
was necessary because much of the pasture was snow covered. The 
amount of pine litter exposed for grazing varied throughout the 
study because of shifting wind patterns. Amount of needles avail- 
able was estimated by harvesting all needles from 20 randomly 
selected pine trees < 2-m tall. Needles were subsequently dried at 
50° C for 48 hours and weighed. Height was recorded of these 20 
trees, plus an additional 10 trees in the same height class. A 
regression equation was developed to relate the height above the 
snow of the first 20 trees to amount of needles on the trees: 
Y=-47.5+1.71X (r*=.90, Sy.==7.1, n=20), where Y is grams of pine 
needles per tree, and X is visible tree height in centimeters. Since 
there was about.200 mm of snow on the level, and more in drifts, 
virtually all trees used to develop this equation were > 280-mm tall; 
few trees smaller than this were visible. An additional 10 pine trees 
> 2-m tall were also randomly selected, and all needles up to a 
browsing height of 2 m were stripped, dried, and weighed. We 
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assumed that needles above 2 m were unavailable for browsing 
cows. 

Four pregnant and 4 open Hereford X Angus mature (about 7-8 
years old) cows weighing about 500 kg were used in the study. 
These cows were native to the ranch where the study was conducted 
and were grazing a pasture adjacent to the study area at the start of 
the study. The cows were offered about 7 kg of alfalfa-grass hay/- 
head at 0830 hours; actual consumption after trampling is 
unknown. The cows generally finished consuming the hay near 
1100 hours, and would begin grazing from 1200 to 1500 hours. 
Cows never began grazing before 1200 hours. Pine tree cover was 
available about 75 m from the feeding ground. 

Angus cows (520 f 65 kg) were randomly divided into 2 treatment 
groups (n = 4): one group was individually fed 9 kg head-’ of alfalfa 
hay, and the other group was individually fed 1.4 kg of alfalfa cubes 
head-’ day-‘. The amount of hay fed was slightly above mainte- 
nance dry matter intake requirements for pregnant cows (NRC 
1984). Cubes were fed at a rate of 1 kg per 150 kg of body weight, 
which was estimated as providing about 50% of NRC (1984) pro- 
tein requirements. Initially, cows were supplemented daily, but 
because this was found to be disruptive of grazing behavior, we 
began feeding supplement every other day on 8 Jan. Grass was 
abundant in the pasture, and the cows frequently did not consume 
the supplemental feed. 

Two pregnant and 2 open cows were fitted with 8day vibra- 
corders to record grazing time. Total minutes grazed during 2 time 
periods (1200 to 1759 hours, 1800 to 0800 hours) were calculated 
from vibracorder charts, Hourly weather information was taken 
about 20 km from the study site at an automated weather station 
operated by the USDA-ARS; these data were summarized to 
provide daily average, maxima, and minima for temperature and 
wind speed. 

Diets were quantified using bite counts as the principal tech- 
nique. Beginning on 31 Jan., each cow was focally sampled (Alt- 
mann 1974) for several 5-min periods each day, and bites (i.e., a 
head pull associated with severing herbage) recorded for 3 catego- 
ries of pine needles (tree >I-m tall; tree< l-m tall; and litter), 
yucca, other browse, and other plants (grass, forbs). The observer 
made continuous, sequential observations of the cows during diur- 
nal grazing periods. Snow depth was measured at the cow’s posi- 
tion when the 5-min bite count was finished; we also calculated the 
average daily snow depth associated with each cow. 

Herbage standing crop was determined by clipping thirty0.5-mr 
randomly placed plots. Pine trees occurred as dense, scattered 
stands of juvenile and adult trees. Within stand densities were 
measured using fifteen 10 X 20-m plots for the size classes described 
previously. Pine needle litter biomass was determined in these pine 
tree areas using thirty 0.25-mr plots. A regression approach similar 
to the 1989 trial was used to determine needle biomass up to 2 m in 
height with 10 randomly selected trees > 2 m in height measured 
and stripped of needles (Y=-30.7 + 1.78X, r2=0.80, S,..=ll.O, n=30, 
where Y is the predicted needle weight (g) per tree, and X is height 
in cm). An additional 30 trees were measured for height, and the 
equation used to determine needle biomass on trees I 2 m tall. 

Grazing time was again quantified using vibracorders on 3 
animals per treatment. However, data during all hours in this trial 
were analyzed by time period: 1800 to 0559,060O to 1159 and 1200 
to 1759 hours. 

To estimate the average daily needle consumption, bite rate 
(bites mm“) and size of pine needle bites (g/bite) were estimated. 
Bite weights were estimated by weighing amount of needles in 20 
hand-plucked “average” bites. Needle weights (oven-dry) ranged 
from 1 to 3 g/bite; we used 2 g/bite in all calculations. Daily bite 
rate was calculated as bites mine’ for each animal using total bites 
and total observation time. Grazing time during daylight (1200 to 
1800 hours) was taken from vibracorders. Pine needle bite rate X 
grazing time X bite size was used to estimate needle consumption 
day-‘. 

Bite counts were used as in the previous trial to determine 
consumption of pine needles. We also used fecal samples taken 2 to 
3 times weekly as an alternative method to determine diets. 
Methods for the fecal analysis were identical to those previously 
described. Weather variables were measured as in the previous 
study. 

Statistical Procedures 

Fecal samples were examined as a secondary source of diet 
information because we were concerned that cattle may consume 
pine needles at night. Fecal samples were collected from each cow 
twice weekly beginning on 25 Jan. 1989. A small amount of feces 
was collected from freshly deposited dung piles, mixed 1:l with 
salt, and refrigerated. The microhistological technique (Sparks 
and Malechek 1968) was used to quantify diets based on fecal 
analysis. Four microscope slides were made from each sample, and 
25 fields (100x magnification) were read on each slide. Generally 
there were at least 4 identifiable particles/field. The observer was 
trained on mixtures of plants from the pasture; in blind tests 
observer accuracy was f 2% for pine needles. Because passage of 
pine needles through the rumen is variable (Pfister et al. 1992), we 
did not believe that fecal pine needle levels could be related to 
specific dates, climatic variables (e.g., MDT), or snow depth. In 
calculating grazing diets using fecal values, we eliminated alfalfa 
hay and assumed that 15% of the grass in fecal material was from 
the mixed alfalfa/grass hay fed to cows, since inspection of the hay 
indicated about 15% grass. 

Grazing time data was analyzed using analysis of variance 
procedures (SAS 1987). The model followed that of Adams et al. 
(1986), and included as main effects pregnant vs. open cows and 
snow depth (<25, 25-150, >150 mm), with minimum daily 
temperature (MDT) and average wind speed (AWS) as covariates. 
The same model was used to test for differences in diets as deter- 
mined by bite counts. A f-test was used to compare the composi-, 
tion of fecal material in both trials. 

Results 

Trial 1 
Fecal analysis indicated that alfalfa hay comprised about 

55-60% of cattle diets, and there was no difference (mO.1) in 
alfalfa hay consumption due to pregnancy. Cattle grazing bites 
consisted of > 40% pine needle (Table 1). Physiological status had 
no influence (DO.05) on total pine needle bites or on bites of 
needles from trees or litter. Pregnant cattle had a greater percen- 
tage of pine needles in fecal material than did open cattle (Table 1). 
Cattle consumed about 2,500 to 3,000 g of pine needles during a 
typical daytime grazing period (Table 1). Pregnant cows consumed 
261 g/day of pine needles from saplings (<l-m tall) compared to 
only 12 g for open cows (P<O.O5). 

Trial 2 
Trial 2 began on 27 December 1989 and was completed on 15 

February 1990. Study area was a 50-ha pasture located adjacent to 
the Trial 1 pasture; topography was hilly, with several large open 
areas contained within the pasture. Eight pregnant Hereford X 

Bites of yucca and amounts of yucca in feces were influenced by 
pregnancy (Table l), with open cows consuming >200% more 
yucca. Bites of browse (other than pine needles) did not differ 
because of physiological status, but percentage of browse in feces 
was greater for pregnant than for open cows. Grass consumption 
was similar in both pregnant and open cows. 
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Table 1. Grazing dietss (% of bites, % of fecal material, and g/day) of pregnant and open cows in Trial 1 during January to March 1989, in eastern 
Montana. 

Pregb Open MSE’ 

Cow physiological status 
Pregb Open SE’ Pregb Open MSE’ 

Pine needle litter ‘ii’.. 
. . (% of bites) . . . . . . . . . . . . . . (Yo in feces) . . . . . 

37 39 - - - 2864’ ’ ’ 
. . gyj. . . . . . . . 

4053 
Pine needles- from 

trees < 1 m 8 1 14 - - - 261 12+ 618 
Pine needles- from 

trees > 1 m 5 4 12 - - 
2; 31:: 

167 316 
Total pine needles 45 42 41 36* 27 2441 4169 
Browse 35 20 23 45* 37 2.3 - - - 
Yucca 7 26 22 7+ 20 1.5 - - - 
Grasses 14 12 IO 13 16 3.3 - - - 
Pine needle bite rate 

(bites/min) 16 14 

‘Does not include hay intake-see methods. 
bPreg=pregnant, open=not pregnant. 
‘MS&root MSE, n=195 for all dietary items for bite counts; SE=standard error, n=60 for fecal analysis; n=87 for g/day of pine needles. 
‘P<O. 1 ‘P<O.OS. 

As snow depth increased, cattle consumed less pine litter, and 
more needles from trees and other browse (Table 2). Minimum 
daily temperature affected the amount of needles consumed from 
trees (fiO.08). At minimum daily temperatures greater than -5” C, 
cattle consumed no needles from trees; at -25” C cattle consumed 
over 300 g/day of needles from trees. 

Table 2. Effect of snow depth on cattle grazing bites (% of bites) during 
winter, 1989, in eastern Montana. 

Item 
Snow depth (mm) 

<25 25-150 >I50 MSE” Pb 

Pine needle litter 
. .j, . . (% of bites). . . . . . 

42 25 
Needles on trees 0 6 14 
Other browse 0 16 45 

‘MSE=root mean square error 
bP=probability of a greater F value 

39 0.03 
19 0.04 
28 0.01 

There was a quadratic relationship between physiological status 
and total and daylight grazing time. Pregnant cows grazed more 
during daylight than did open cows at colder temperatures, and 
this difference increased as temperatures warmed to above freezing 
(Fig. 1). Cows decreased grazing time as snow depth increased 
(Table 3). Minimum and maximum time spent grazing was 34 and 
552 min/day, respectively. These grazing times were consistent 
among cows wearing vibracorders. Partial regressions of total 
grazing time and grazing during daylight (1200 to 1800 hours) on 
minimum daily temperature linear and average wind speed linear 
were significant (X0.01). 

600. 0 
Open Cows --- y=296.5+1 2.56x+0.22x2 

” Pregnont Cows 
500 -- 

- y=379.5+17.09x+0.32x2 
., R = .60 / 

0 
2 0 

-2 400-- / 
/ 

/ 
E . 0’ 
*Z 
.$ 300-- 

/ 

0 
& 

,a,,.oJ” 

200 -- 
‘. :> 

/;,- O 

l -a-OH .<:/ ’ 
~o-‘o- _o’ -o* 

100-l : : : : : : : : : : : 1 
-45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 

Minimum temperature (C) 

Fig. 1. Daily grazing time (min) from 1200 to 0800 for cows grazing 
ponderosa pine ranges at different air temperatures in Montana. 

Temperatures were extremely variable during the study, with a 
low minimum daily temperature of -37’ C and a high maximum 
temperature of 13O C. Average daily wind speed ranged from a low 
of < 1 to a high of 24 km/ hour. 

Estimated pine tree densities were 140, 12, and 332 trees/ ha for 
the small, medium, and large size classes, respectively. There were 
10 kg/ ha of needles available on trees C 2-m tall, and 17 kg/ ha of 
needles available up to a 2-m browsing height on the large trees. In 
windswept areas with no snow cover, there were an estimated 180-g 
pine litter/m2 on the ground in late January. 

Table 3. Time spent grazing (min/dny) by pregnant and open cows, and influence of snow depth on grazing time during Jpnunry to March, 1989 in eastern 
Montana. 

Cow status 
Grazing period Pregnant Open 

. .iij. (min/day) . . . . . 
Total grazing time 164 
1200 to l7598 162 106 
1800 to 0800 53 58 

Tows were fed daily at about 0830 and did not graze before 1200 
‘P=probability of greater F value; m-nonsignificant 

Pb 

0.02 
0.002 
0.98 ns 

Snow depth (mm) 

<25 25-150 >150 P 

. . . . . . . . . . . . . . (mini day) . . . . . . . . . . . 
331 207 I55 0.60 ns 
199 148 118 0.01 
132 59 37 0.03 
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Table 4. -Grazing diets (% of bites or % in fecal samples) of cattle grazing in 
pine tree infested pasture during winter, 1990 in Montana’. 

Item % of bites % in fecal sample 

Pine needle litter 0 _b 
Pine needles from trees < 2 m <I - 
Pine needles from trees > 2 m <I -’ 
Total pine needles <I 1 
Yucca 4 7 
Other browse <l 6 
Grasses 95 86 

‘No treatment differences in any item were noted, therefore only overall means are 
aiven. 
‘Cattle were fed alfalfa which was determined in fecal samples, but calculations of 
grazing diets excluded alfalfa. Fecal analysis can not distinguish various classes of pine 
needles, therefore only a total in feces is shown. 

Trial 2 
Cattle ate few pine needles during Trial 2 (Table 4). Grass made 

up most of the diets with some yucca. Cattle often did not consume 
all or even a part of the supplemental alfalfa hay or cubes (data not 
shown). 

Grazing times (total or partial) did not differ between the 2 
treatment groups (data not shown). Grazing time from 0600 to 
1159 hours was negatively influenced by average wind speed. Graz- 
ing time from 1200 to 1759 hours and total grazing time were 
negatively influenced by snow depth. 

Ambient temperature was extremely variable during the study 
period. During a storm in late December 1989, temperatures fell to 
-52O C. Generally, after this December storm period, the winter 
was relatively mild, as the maximum daily high temperatures 
exceeded 0’ C every day except 8 days from 1 Jan. to 15 Feb. 1990. 
Average daily wind speed varied from near 0 to about 16-km hour-’ 
during Trial 2. 

Dense stands of pine trees covered about 15% of the pasture. 
Densities were 600,150, and 200 trees/ ha for the small (<l-m tall), 
medium (l-2-m tall), and large (>2 m) size classes, respectively. 
Pine needle litter accumulations were 675 kg/ha in the pine tree 
areas, where essentially all pine litter was concentrated. There were 
86 g of needles/ tree within the 2-m browsing zone on trees > 2 m in 
height. Needle biomass was 110 g/tree for trees < 2-m tall. Stand- 
ing crop of dormant forage in the pasture was 655 kg/ ha in early 
January 1990. 

Discussion 
The abortifacient compound(s) in pine needles is unknown. 

Recent evidence indicates that abortions are related to reductions 
in blood flow to the fetus (Christenson et al. 1992a,b), or to 
abnormal serum hormone levels (Short et al. 1989). During the 
1989 study, 1 pregnant cow aborted a dead fetus, and another cow 
had a weak, but viable full-term calf near the end of the study 
period. Both cows had been eating substantial quantities of nee- 
dles. One cow aborted in early January 1990. Although we did not 
observe this cow eating pine needles, fecal analysis showed that 
pine needles made up I-6% of the recent diet. Several recent studies 
have shown that about 600-g pine needles day-’ for 21 days will 
generally cause abortions in cows in late gestation with no previous 
exposure to needles (Short et al. 1989). More needles are often 
required to abort cows when cows have been exposed to small 
doses of pine needles (Short et al. 1992). Susceptible late-pregnant 
cows can abort from a single dose of about 200 g of needles (Pfister, 
unpublished data). 

Pine needles can cause COWS to abort within 24 hours or as late as 
3 weeks after consumption. Cows in the 1989 study ate 2.4 to 3.1 kg 
of pine needles day-‘, but day-to-day variability was high. James et 
al. (1989) fed 1.8 to 5.0 kg of needles to numerous pregnant cows . 
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over a lo-year period, and found that the incidence of abortion or 
premature parturition varied from 0 to 100% (mean 57%) each 
year, even though needles were collected from similar sites over 
time. Short et al. (1989) also noted that the abortion response (i.e., 
proportion of cows aborting) was not directly related to pine 
needle dose (from 0.7 to 2.7 kg/day), but that the interval from 
initiation of feed to abortion was increased by feeding a smaller 
amount of pine needles. 

Winter temperatures and snow depth had a major impact on 
grazing time of cows during both trials. In grazing trials near Miles 
City, Adams et al. (1986) found that cattle grazed less at colder 
temperatures, as did Malechek and Smith (1976) in Utah. Senft 
and Rittenhouse (1985) modelled cattle response to short-term 
thermal stress, and indicated that cattle generally reduce feeding 
activity in response to cold stress. In trial 1, pregnant cows grazed 
longer at colder and warmer temperatures than did open cows. 
These cows were in the third trimester of gestation, and we specu- 
late that this was the result of fetal effects on feed requirements 
and/ or ability to tolerate cold. Increased grazing time may have 
resulted in more pine needle consumption, especially at night as 
indicated by fecal analysis. Future studies on pine needle abortion 
should use pregnant cows even though the health risk is high from 
abortion and retained placentas. 

In agreement with Adams et al. (1986), we found that deeper 
snow depth reduced grazing time, and also altered consumption of 
pine litter and needles from trees (Trial 1). Deeper snow had the 
obvious effect of reducing consumption of pine litter. Consump- 
tion of needles from trees increased as snow depth increased and as 
minimum daily temperature declined; cows ate no needles from 
trees when minimum daily temperatures were near freezing. Cattle 
may have been switching to a more accessible feed, or needle 
chemistry may have changed in response to weather. Secondary 
plant compounds, such as phenolics and terpenes found in needles, 
deter herbivory (Palo and Robbins 1991). Concentrations of vola- 
tile secondary compounds may decrease at the needle surface at 
lower temperatures. To our knowledge, there are no reports in the 
literature relating pine needle chemistry to changes in ambient 
temperature. Concentrations of terpenes in wood oleoresin from 
pine trees are only slightly affected by season of year (Hanover 
1966). 

Carbohydrate concentrations may also play a role in consump- 
tion (Jones and Roberts 1991). In fall and winter, foliar raffinose 
and sucrose concentrations increase in conifers (Little 1970, Mar- 
tin 1987, Hinesley et al. 1992). Further, Hinesley et al. (1992) found 
that maximal raffinose and sucrose concentrations in pinus stro- 
bus L. and Pinus virginiana L. were related to daily minimal 
temperatures in the preceding 30 days. It is not known ifaccumula- 
tion and maintenance of high carbohydrate concentrations in 
conifers is a short-term response to 1 or more cold events, or a 
cumulative response from long-term exposure to cold tempera- 
tures (Hinesley et al. 1992). 

Trial 1 had vastly different results compared to Trial 2. The 
major observable differences were the amount of standing dead 
forage (primarily grasses), and the weather. Cattle in Trial l 
entered the study from the drought of 1988. There was little dor- 
mant forage present, compared to abundant forage during Trial 2. 
The 1988-1989 winter was very cold (average daily minimum and 
maximum temperatures -17O C and -5O C, respectively), whereas 
the 1989-1990 winter was relatively mild (average daily minimum 
and maximum temperatures -12” C and 0’ C, respectively), except 
for the severe cold period in December, 1989. 

Our results indicate that weather, especially ambient tempera- 
ture, is a major factor in cattle consumption of pine needles. Other 
related factors may be forage availability, snow cover, and grazing 
time, especially during periods of low winter temperatures. Our 
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results suggest that producers should prevent pregnant cattle from 
having access to pine needles during cold winter periods, and that 
pine needle consumption, hence abortion risk, is greatly reduced 
during periods of mild winter weather. 
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Abstract 
We evaluated seasonal changes in browse quality 5-6 years after 

experimental manipulations to control unwanted woody vegeta- 
tion using combinations of herbicide and fue on cross timbers 
rangeland in central Oklahoma. The study area consisted of two 
32-ha replications of untreated controls and 4 brush treatments 
(tebuthhtron and triclopyr used singly or in combination with 
periodic prescribed burning); herbicides were applied in 1983 and 
fires initiated in 1985. Nutritional quality of blackberry (Rubus 
spp.), coralberry, (Symphoricarpos orbicadatus Moench), rough- 
leaf dogwood (Cornus drummondii Meyer), elm (Ulmus spp.), 
geenbrier (Smihzx spp.), hackberry (Celtis spp.), and smooth 
sumac (Rhusglabra L.) were assessed by measuring crude protein, 
in vitro dry matter digestibility, neutral detergent fiber, acid deter- 
gent fiber, and moisture content. Crude protein concentrations of 
browse were 14% higher on herbicide-treated areas compared to 
untreated controls and 11% higher on triclopyr treatments com- 
pared to tebuthiuron treatments. In vitro dry matter digestibility 
was 9% higher on herbicide-treated areas compared to untreated 
controls. Fiber constituents and moisture content were not htflu- 
enced by brush treatments. Prescribed burning combined with 
herbicide applications did not improve the quality of browse. Our 
results indicate that browse quality can be improved for white- 
tailed deer by applications of tebuthiuron or triclopyr and 
improvements persist for up to 6 years post treatment. 

Key Words: browse quality, brush management, cross timbers, 
habitat, nutrition, Odocoileus virginianus, Oklahoma, protein, 
white-tailed deer 

Woody browse comprises a significant proportion of the diet of 
many species of wildlife, including white-tailed deer (Odocoileus 
virginianus). In addition, to phenology, the nutritional quality of 
browse is influenced by species (Cowan et al. 1970), soil type 
(Hundley 1959) rainfall (Laycock and Price 1970), tire (Dewitt 
and Derby 1955), amount of canopy cover (Halls and Epps 1969), 
and a variety of other environmental factors (Robbins and Moen 
1975, Van Soest 1982). Woody vegetation is also frequently man- 
aged by mechanical, chemical, and burning techniques on range- 
land to increase herbaceous forage production for both livestock 
and wildlife (Scifres 1980). Management techniques that alter 
environmental factors can frequently be used to alter the nutri- 
tional quality of woody and herbaceous vegetation (Eve&t 1983, 
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Rasmussen et al. 1983, Masters and Scifres 1984). 
The cross timbers land resource area is a western extension of the 

Ozark Plateau oak-hickory ecosystem and accounts for approxi- 
mately 19 million ha of rangeland in Oklahoma (Garrison et al. 
1977, SCS 1981). Livestock stocking rates are relatively low in the 
cross timbers region due to low herbaceous forage production. As 
a result, mechanical and chemical (with and without fire) treat- 
ments are routinely used to remove unwanted brush species and 
increase forage production for livestock (Scifres and Mutz 1978, 
Scifres et al. 1979, Scifres 1980, Scifres et al. 1981, Scifres et al. 
1983, Ivey and Causey 1984, Wood 1988). 

Although many landowners are interested in managing white- 
tailed deer in conjunction with livestock operations, little is known 
of the effects of range improvement practices used in the cross 
timbers relative to the nutritional quality of forages important to 
deer. Our objective was to determine the effects of applications of a 
systemic herbicide, tebuthiuron (N_15-(1,l-dimethylethyl)-1,3,4- 
thiadiazol-2-yl]-N,N’-dimethylurea), and a contact herbicide, tric- 
lopyr ([3,5,6,-trichlor-2-pyridinyl)oxy]acetic acid), used in con- 
junction with and without an annual spring burn 5-6 years post 
treatment on the seasonal nutritional quality of 7 woody browse 
species. Prescribed fire was used to control secondary regrowth on 
herbicide-treated areas. 

Methods 

Study Area 
The Cross Timbers Experimental Range, located 13 km south- 

west of Stillwater, Okla., is a 640-ha research area that was estab- 
lished in 1983 to compare responses of vegetation, livestock, and 
wildlife to management of woody vegetation. The Experimental 
Range was divided into 20 adjacent and fenced 32-ha pastures of 4 
replications (only 2 replications were sampled) of 4 randomly 
applied brush treatments and untreated control. The 4 brush 
treatments included: (1) tebuthiuron; (2) tebuthiuron with annual 
spring burn; (3) triclopyr; (4) triclopyr with an annual spring burn. 
A more detailed description of treatments and study area was in 
Lochmiller et al. (1991). Each herbicide was applied aerially at a 
rate of 2.2 kg ha-’ (tebuthiuron, March 1983; triclopyr, June 1983) 
and annual prescribed burning was applied in April 1985-1987. 
Description of pre-treatment vegetation (Ewing et al. 1984) and 
soils (Gray and Stanke 1970) have been published. 

Upland hardwood forest, dominated by blackjack oak (Quercus 
marilandica Muenchh.) and post oak (Q. stellata Wang.), is the 
primary vegetation type in the area on coarse-textured soils; tall- 
grass prairie is interspersed on tine-textured soils (Ewing et al. 
1984). The upland forest, before treatment, varied from open 
hardwood overstory with a productive herbaceous understory to 
completely closed overstory canopy with negligible understory 
production. Bottomland forest occupies a rather restricted posi- 
tion along drainages. Understory species were dominated by 
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coralberry (Symphoricarpos orbiculatus Moench), eastern red- 
cedar (Juniperus virginiana L.), poison ivy (Rhus radicans L.), 
roughleaf dogwood (Cornus drummondii Meyer), redbud (Cercis 
canadensis L.), and American elm (Ulmus americana L.). Domi- 
nant herbaceous species include little bluestem (Andropogon sco- 
parius Michx.), Indiangrass (Sorghastrum nutans (L.) Nash), 
western ragweed (Ambrosiapsilostachya DC.), and rosette panic- 
grass (Panicum oligosanthes Schult.) (Ewing et al. 1984). 

Changes in the botanical composition of vegetation following 
tebuthiuron and triclopyr applications, with and without pres- 
cribed burning, on the Experimental Range were reported pre- 
viously (Engle et al. 1991, Stritzke et al. 1991). Briefly, tebuthiuron 
greatly reduced the hardwood understory and overstory, and 
increased herbaceous forage production. Triclopyr also reduced 
the hardwood overstory and moderately increased herbaceous 
forage production, but a dense overstory of resprouting woody 
species resulted. Untreated habitats were characterized by a dense 
woody canopy with little herbaceous cover and moderate amounts 
of woody understory (Engle et al. 1991, Stritzke et al. 1991). 
Prescribed burning did not greatly alter the woody vegetation 
except that it reduced the cover of eastern redcedar (Stritzke et al. 
1991), improved gains of stocker cattle (McCollum et al. 1987), and 
improved the nutritional quality of selected herbaceous forages 
(Bogle et al. 1989). 

Browse Sampling 
We sampled 7 species of browse commonly consumed by white- 

tailed deer in Oklahoma (Deliberto 1987, Van Vreede 1987, Jenks 
1991, Gee et al. 1991): blackberry (Rubus spp.), coralberry (Sym- 
phorcarpus orbiculatus Moench), roughleaf dogwood (Cornus 
drummondii Meyer), elm ( Ulmus spp.), greenbrier (Smilax spp.), 
hackberry (Celtis spp.), and smooth sumac (Rhus glabra L.). 
Browse was sampled from 2 replications of each experimental 
treatment in winter (Jan.), spring (Apr.), summer (Jul.), and fall 
(Oct.) from winter 1988 to spring 1989. Within each treatment 
replication, browse was sampled on upland (shallow Savannah 
soils) and bottomland (deep sandy hardwood soils) habitat sites. 
Five cm of current annual growth of both leaf and stem were 
randomly collected from 10 locations on 10 individual plants 
within each habitat site. Samples were cornposited by habitat site, 
placed in sample bags, and dried at 52°C to a constant weight. 
Dried samples were ground in a Wiley mill through a l-mm mesh 
screen before chemical analyses. 

Nutrient Analyses 
Browse samples from each habitat site and treatment replication 

were analyzed for percentage of crude protein, neutral detergent 
fiber, acid detergent fiber, in vitro dry matter digestibility, and 
moisture content. Crude protein was calculated by determining 
nitrogen concentration of 0.25 g samples on a rapid Kjeldhal 
system and multiplying by the correction factor 6.25 (Williams 
1984). Concentrations of neutral detergent fiber and acid detergent 
fiber were estimated as described by Goering and Van Soest (1970). 
Concentration of hemicellulose was calculated as the difference 
between acid detergent fiber and neutral detergent fiber. Percent in 
vitro dry matter digestibility was determined using the acid-pepsin 
enzymatic digestion procedures as described by Choo et al. (1981). 
Percent moisture was determined as the proportion of weight lost 
after oven-drying (52” C). All values are expressed on a percent dry 
matter basis with the exception of moisture which we expressed on 
a live tissue basis. 

Statistical Analyses 
Preliminary statistical analyses indicated nutrient levels of 

browse did not differ between upland and bottomland habitat 
sites. Subsequently, main and interactive effects of treatment (n = 
4; 2 habitat sites per replication and 2 replications per treatment) 

4cm 

and season on the nutritional quality of each browse species were 
examined with a 2-way analysis of variance (ANOVA). When 
statistical interactions were significant, differences among treat- 
ments were examined within a season using l-way ANOVA. Pro- 
tected multiple comparisons (LSD) were used to separate treat- 
ment differences when ANOVA rejected the null hypothesis that 
treatments were similar. Specific contrasts were used to compare 
variation in nutritional quality of browse within brush treatment 
categories (treated vs. untreated, burned herbicide-treated vs. 
unburned herbicide-treated, tebuthiuron-treated vs. triclopyr- 
treated). The Statistical Analysis System (SAS 1985) was used for 
all statistical procedures. Means were considered statistically dif- 
ferent at P<O.O5. 

Results 

Significant seasonal fluctuations in measures of browse quality 
were evident for all species across the entire study. Crude protein, 
in vitro dry matter digestibility, and moisture were highest in 
spring and lowest in winter (Figs. 1 through 7) Conversely, neutral 
detergent fiber and acid detergent fiber were lowest in spring and 
highest in winter. Among species, all forage quality indices except 
in vitro dry matter digestibility were highest for greenbrier; coral- 
berry had the highest in vitro dry matter digestibility. 

Crude Protein 
Throughout the study, treatment differences were most appar- 

ent for crude protein. Crude protein varied significantly among the 
5 treatments for 5 (blackberry, coralberry, elm, greenbrier, and 
hackberry) of 7 browse species examined. Season X treatment 
interactions were significant for crude protein concentrations in 
coralberry, blackberry, elm, and hackberry. Crude protein concen- 
trations were significantly higher on the 2 triclopyr-treated areas 
compared to untreated areas compared to untreated controls for 
blackberry (winter and spring 1989), elm (spring 1988, 1989), and 
hackberry (spring 1988, 1989, and fall 1988); other comparisons 
were not significant. 

Concentrations of crude protein were significantly higher on 
herbicide-treated areas compared to untreated controls for 5 
(coralberry, blackberry, dogwood, elm, and hackberry) of 7 
browse species (Table 1). On average, browse species contained 
14% more crude protein on herbicide-treated areas than controls; 
differences were most pronounced for elm, which contained 25% 
more crude protein on treated areas. Crude protein concentrations 
were also higher on areas treated with triclopyr compared to 
tebuthiuron for 6 (coralberry, blackberry, dogwood, elm hack- 
berry, and greenbrier) of 7 browse species (Table 1). Browse from 
triclopyr-treated areas contained an average of 11% more crude 
protein than tebuthiuron-treated areas; differences were most pro- 
nounced for greenbrier, which contained about 18% more protein. 
Burning influences were limited to crude protein concentrations 
for elm, which were 6% higher on burned than unburned areas. 

Digestibility 
Percent in vitro dry matter digestibility resembled seasonal and 

treatment differences for crude protein; however, the main effect of 
treatment was only significant for blackberry and there was a 
season X treatment interaction. Percent in vitro dry matter digesti- 
bility of blackberry was higher on the 2 triclopyr-treated areas than 
the 2 tebuthiuron treatments in winter 1988 and spring 1989. 

Percent in vitro dry matter digestibility was higher for 5 (black- 
berry, dogwood, hackberry, greenbrier, and smooth sumac) of 7 
species on herbicide-treated areas compared to untreated controls. 
In vitro dry matter digestibility was 9% higher on average for 
browse from treated areas compared to untreated controls; differ- 
ences were most pronounced for blackberry, which contained 
about 15% more protein. Burning had no influence on in vitro dry 
matter digestibility. 
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Table 1. Nutrient quality indices for 7 common browse ape&s on the Croea Timbers Experimental Range in 1988-89. Specific contra& made from 4 
brush tre8tments (tebutbiuron end triclopyr witb and with out fire) end an untreated control. Data are means loom 6 sampling periods (all seasona in 
1988, spring and winter 1989). 

Specific contrasts1 (x f SE) 
Species Nutrient* Treated vs Untreated Tebuthiuron vs Triclopyr 

__________________________%--__-_____________________ 
Coralberry Crude protein 9.9 f 0.41 9.2 f 0.69 9.1 f 0.47 10.6 f 0.65 
Blackberry Crude protein 12.1 f 0.49 11.4 f 1.08 11.6 f 0.67 12.8 f 0.70 

IVDMDr 42.4 f 1.04 36.9 f 2.45 
Neutral detergent fiber 38.6 f 1.17 44.7 f 3.62 
Acid detergent fiber 22.2 f 1.10 28.4 f 3.39 
Moisture content 58.8 f 2.12 63.4 f 2.13 

Dogwood Crude protein 10.2 f 0.50 9.0 f 0.82 9.9 f 0.66 10.6 f 0.75 
IVDMD 43.8 f 1.29 40.8 f 2.67 

Elm Crude protein 12.4 f 0.68 9.9 f 0.88 11.6 f 0.86 13.1 f 1.04 
Hackberry Crude protein 13.6 f 0.75 11.3 f 1.21 12.5 f 0.90 14.8 f 1.19 

IVDMD 38.4 f 1.48 35.8 f 2.68 
Greenbriar Crude protein 16.5 f 1.51 17.7 f 1.67 

IVDMD 36.6 f 1.43 33.7 f 2.54 
Moisture content 67.1 f 1.84 70.1 f 3.60 

Smooth sumac IVDMD 44.0 f 1.58 40.9 f 3.41 

‘Bach pair of means for a species and nutrient combination is significantly different (P<O.OS). 
‘Nutrient values exuressed as % drv matter: moisture content exurcsscd as % fresh tissue. 
IIn vitro dry matte; digestibility. * 

._ 

Differences in fiber constituents (neutral and acid detergent 
fibers) of blackberry were significant among treatments. Specific 
contrasts showed both neutral detergent fiber (on average 16% 
lower) and acid detergent fiber (17% lower) levels were signifi- 
cantly lower on herbicide-treated areas than untreated controls 
(Table 1). Fiber concentrations of browse were not infhtenced by 
type of herbicide applied or prescribed burning. Treatment differ- 
ences in moisture content were confined to greenbrier where levels 
were significantly higher on untreated controls compared to 
herbicide-treated areas. 

Discussion 
Alterations in the nutritional quality of white-tailed deer browse 

were apparent 5-6 years after experimental herbicide and fire 
applications to control woody vegetation on the Experimental 
Range. Crude protein, with concomitant changes in the in vitro dry 
matter digestibility, were the attributes of browse quality most 
sensitive to brush management. Although season modified the 
amplitude of differences among treatments, browse quality was 
consistently better on herbicide-treated and triclopyr-treated areas 
compared to untreated controls and tebuthiuron treatments, 
respectively. Significant interactions between season and treat- 
ment for crude protein may reflect changing rainfall patterns where 
differences were least during periods of water stress (summer). 
Several researchers have indicated that forage quality increases 
shortly after initial application of herbicide (Powell and Box 1966, 
Kirby and Stuth 1982, Masters and Scifres 1984). However, infor- 
mation on long-term effects (Sears et al. 1986) of herbicide treat- 
ments on nutritional attributes of browse and other forages used by 
white-tailed deer are extremely limited and nonexistent for the 
cross timbers land resource area. 

Elucidation of the mechanisms responsible for the observed 
nutritional benefits of brush management on the Experimental 
Range are hampered by this information void. However, several 
factors such as removal of canopy cover (Blair et al. 1983), changes 
in soil moisture (Laycock and Price 1970), and nutrient release 
(Sears et al. 1986) could act singly or in concert to maintain 
post-treatment differences in nutritional quality of browse. Sears 
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et al. (1986) noted that soil nitrogen concentrations and soil 
organic matter increased on tebuthiuron-treated areas 6 years 
post-treatment in the sand shinnery oak communities of northern 
Texas. They attributed the nitrogen increase to the increase in forb 
production, decaying litter, and oak death/decomposition. Sim- 
ilarly, persistent elevations of crude protein in browse on the 
Experimental Range may reflect a slow release of nitrogen into the 
soil from decaying overstory biomass on treated areas. 

In vitro dry matter digestibility resembled changes in crude 
protein on the Experimental Range in response to herbicide appli- 
cations. Although not as evident, a similar trend was apparent for 
browse collected from triclopyr-treated areas compared to 
tebuthiuron-treated areas. Van Soest (1982) indicated that protein 
is positively associated with digestibility. Although not as sensitive 
to treatment, fiber constituents (neutral and acid detergent fibers) 
of a limited number of browse species were lower on herbicide- 
treated areas as one would expect with an increase of crude protein 
and in vitro dry matter digestibility (Van Soest 1982). 

Burning had little impact on browse quality on the Experimental 
Range and was limited to increased crude protein for elm. Insuffi- 
cient fuel loads on the Experimental Range made burning of 
limited use for secondary brush control on triclopyr treatments, 
but was more effective on tebuthiuron treatments (Engle et al. 
1991). Previous researchers have shown that nutritional responses 
of browse to periodic burning are variable and depend on fire 
intensity, ranging from relatively minor and short-lived increases 
(Wood 1988) to more substantial and persistent improvements in 
quality following high-intensity bums (Dewitt and Derby 1955). 

Seasonal fluctuations in crude protein values have been well 
documented on undisturbed sites (Short et al. 1975, Blair et al. 
1980, Happe et al. 1990). Seasonal crude protein, in vitro dry 
matter digestibility, and moisture content values were highest in 
spring and summer but declined as plants matured in fall and 
winter. Conversely, fiber constituents increased as plants matured. 
Ever&t (1983) documented that seasonal nutrient rhythms asso- 
ciated with plant development did not differ between shredded 
(mechanical brush control) and nonshredded woody browse in 
south Texas. Our results, as evidenced by a small number of 
significant season X treatment statistical interactions, indicated 
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that seasonal cycles of browse quality were also not affected appre- 
ciably by brush management practices on the Experimental Range. 
When significant interactions were present, treatment differences 
appeared to be more prevalent in winter and spring during the early 
phenological stages of development. All treated areas on the 
Experimental Range had seasonal crude protein values above the 
estimated 6 to 7% maintenance levels required for white-tailed deer 
(French et al. 1965). 

Thill and Morris (1980) noted that deer in southern upland 
forests generally are limited by forage quality and not forage 
quantity. Our results indicate that nutritional quality of common 
white-tailed deer browse in the cross timbers of central Oklahoma 
can benefit over the long-term (6 years post-treatment) from range 
improvement practices incorporating the use of triclopyr or tebu- 
thiuron. Overall crude protein values (data pooled across species, 
seasons, and years) averaged 5% greater on tebuthiuron and 10% 
greater on triclopyr treatments compared to untreated controls. 
These results do not reflect production of woody browse, which 
was also influenced by management techniques-increased on tric- 
lopyr treatments and decreased on tebuthiuron treatments, relative 
to controls. 

Although triclopyr provided better long-term nutritional benef- 
its than tebuthiuron, limited improvements in herbaceous forage 
production (mostly forbs and browse) following triclopyr applica- 
tion would make this a less attractive alternative than tebuthiuron 
(greater grass production) for most livestock producers (Engle et 
al. 1991). Economic models incorporating lease hunting of deer 
and multiple livestock enterprises indicate tebuthiuron, triclopyr, 
and prescribed burning in combination will optimize returns in the 
cross timbers (Bernard0 et al. 1992). Landowners wishing to 
improve quality of rangeland for both livestock and deer may wish 
to consider the application of both herbicides (variable herbicide 
patterning) to create a mosaic of habitat types (Scifres and Koerth 
1986, Bernard0 et al. 1992, Soper et al. 1992). 
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Abstract 

The nutritional value of Leucaena Ieucocephala (Lam.) de Wit 
was compared with that of 3 browse species native to western 
Tanzania: Antidesma venosum Mey. & Tui., Margaritaria dis- 
coides Baiii., and Phylhmthus reticulatus Lodd. Foliage samples 
were collected monthly throughout the dry season from replicated 
sites on 3 different soil types and analyzed for crude protein, total 
ash, and in vitro dry matter digestibility. The crude protein content 
ofL. Zeucocephala(17.60-29.69%) wps higher (P<.O5) than that of 
the native species (8.51-16.33%) throughout the study. Phylkm- 
thus reticulatus had the highest crude protein of the native species. 
Abscised leaves had only half the crude protein of green leaves of 
the same species. All species showed a significant increase in crude 
protein when new leaves appeared. L. leucocephala had as much or 
more ash (6.96-9.77%) than the native species. 

k@@taria discoides was more (P<.OS) digestible (56.75- 
74.06%) than all other species on ail dates but one. The in vitro dry 
matter digestibility of green and abscised leaves of the same species 
did not differ (P<.O5) until July when green leaves ofikf. discoides, 
were more digestible. Soil type affected the in vitro dry matter 
digestibility of ail species except A. venosum (P<.OS), but did not 
affect crude protein values. Both the native species and L. leucoce- 
phaIa can contribute significantly to meeting animal nutrient 
demands in the dry season. 

Key Words: Miombo, silvopastorai, Leucaena, Antidesma, Mar- 
garitaria, PhyIlanthus 

Major constraints to increased livestock production in Tanzania 
include seasonal feed shortages, excessive stocking rates, and dis- 
ease. The semiarid regions are important for livestock production 
because they are relatively disease free, although they suffer acute 
seasonal shortages of forage. 
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Poor animal performance in the dry season is due to lack of 
protein, energy, minerals, carotene, and phosphorus (Le Houerou 
1980a, McDowell et al. 1983). The crude protein of mature grasses 
declines to i-2% during the dry season; digestible protein and 
phosphorus are often less than 1 g/kg dry matter (DM), calcium 
1.5 to 3.Og/ kg DM, and carotene less than 1 mg/ kg DM (Crowder 
and Chheda 1982, Le Houerou 1980b). Low levels of crude protein 
depress microbial activity in the rumen, reducing digestibility and 
intake (Minson and Milford 1967). 

During the dry months, native browse plants have been reported 
to have 56-300, I S-2.5, and 2.5-20 g/kg DM of digestible protein, 
phosphorus, and calcium, respectively (Le Houerou 1980b). In 
central Tanzania, crude protein and P in g/kg DM were found to 
be 23.89 and 0.24 in Baphia massaiensis, 22.06 and 0.29 in Combre- 
turn obvatum, 16.75 and .26 in Brachystegiaspiciformis, and 18.63 
and 0.30 in Afzelia quanzensis, respectively. High carotene con- 
tents were also noted in Albizia amara (189 t.~ g/g DM), Afzelia 
quanzensis (186 t.~ g/g DM), and Baphia massaiensis (79 p g/g 
DM) (Lawton 1982). Species of Bascia, Cadaba and Maerua have 
on average 25% more protein than legumes, twice as high a silica- 
free mineral content, and nearly as much energy as legumes (Le 
Houerou 1980~). 

There has been increasing interest in exotic browse species. 
Leucaena leucocephala is one of the most promising. However, the 
value of introduced species for animal production may be limited 
for many years due to lack of seeds and technical skills for estab- 
lishment. Native trees and shrubs will continue to be an important 
source of browse for livestock, and one which is less subject to the 
potential ecological hazards of introduced species. 

The objectives of this study were to: (1) identify important native 
browse species used by goats during the dry season in the wood- 
lands of Western Tanzania; (2) compare the nutritive value of 
leaves of the 3 most important native browse species and leucaena 
during the dry season as an indicator of their relative potential 
feeding value for goats during the dry season; and (3) determine if 
soil type influences the nutritional value of any of the species 
studied. 
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Materials-and Methods 

Study Area 
This study was conducted at the Agricultural Research Institute 

in Tabora, located in the semiarid northcentral region of Tanzania. 
This region has an unimodal rainfall regime with a long, hot, dry 
season. During 1991, the study site received 1,019 mm of rain 
compared to a IO-year mean of 883 mm. Temperatures ranged 
from a mean minimum of 17.8O C to a mean maximum of 28.8’ C. 
The 3 main soils are red sand on the upper slopes of the undulating 
plains, grey sand on the lower slopes, and black to grey clay 
(mbuga) in the lowlands. Published descriptions of these soils are 
not available. Soil types are recognizable by soil surface character- 
istics, topographic position, and the density and appearance of the 
vegetation. 

All 3 sites support vegetation typical of the deciduous Miombo 
woodlands occurring throughout the southern interior of Africa. 
Dominant woody plants include species of Bruchystegiu, Julber- 
nardia, and Isoberlina. Hyparrhenia dissoluta Nees ex Steud. is the 
dominant grass species. 

Selection of Native Browse Species 
Information from an ethnobotanical survey of multipurpose 

trees in the Tabora region (Karachi et al. 1991) was supplemented 
by observing 35 goats grazing the 1,858 ha study area and record- 
ing the frequency of selection of each species browsed. Every 
browse species was collected and identified at the herbarium at 
Kongwa Pasture Research Center. Antidesma venosum Mey. & 
Tul., Margaritaria discoides Baill., and Phyllanthus reticulatus 
Lodd. were selected for further study based on their reported 
(Karachi et al. 1991) and observed importance as browse, and their 
widespread availability in the study area. 

Nutritive Value 
Samples of green and abscised foliage of each species were 

collected at monthly intervals during the dry season of 1991 from 3 
replicated sites on each of 3 major soil types. Samples representing 
ingested forage were obtained by observing goats and harvesting 
material comparable to that being browsed. The same animals 
were used at each sampling date, and they continued to feed in the 
study area between sampling dates. At least 6 plants of each species 
in each replicate were sampled. Plant material was dried at 50’ C, 
ground in a Wiley mill to pass a l-mm screen, and stored in sealed 

bags. Leucaena was collected from established plots on each soil 
type at the same time and in the same manner as the native species. 

Laboratory analyses were performed in duplicate. Crude protein 
was determined using a macro-Kjeldahl apparatus and total ash 
was estimated by burning samples in an ashing oven at 600° C for 2 
hours. The in vitro dry matter digestibility analysis used the modi- 
fied (Goering and Van Soest 1970) method of Tilley and Terry 
(1963). Four blanks served as controls. A forage of known in vitro 
value was included in duplicate with each of the 4 digestion runs to 
standardize results. No correction was needed as differences 
between the standards were extremely small. Rumen fluid was 
collected from a cow fed 6.8 kg of alfalfa (Medicago sativa L.) hay 
and 1 kg of concentrate daily. Rumen fluid was transported in a 
vacuum bottle for 10 minutes, filtered through cheesecloth, and 
distributed immediately to the prepared samples. 

Presence of Selected Browse Species in Goat Diets 
The presence of each species in goat diets during the study was 

determined using microhistological analysis of fecal samples. 
Sampling occurred at 2-month intervals from June through 
October of 199 1. Feces were collected on 3 consecutive days from 7 
animals browsing in the study area. Fecal samples were compos- 
ited by animals and dates, mixed, sub-sampled to lo’?& and oven 
dried at 50” C. In the laboratory, feces were broken down by 
agitation in a household type blender, washed in a 200-mesh 
screen, stained, and mounted on microscope slides (Davitt and 
Nelson 1980). Reference slides were prepared from fresh leaves of 
each species in the same manner as the feces. 

A gridded lens eyepiece in the microscope was used to estimate 
the surface covered by each identifiable fragment. On each of the 4 
slides prepared for each date, 25 fields/ slide were located using a 
random table of coordinates, and the number of squares covered at 
100x magnification was recorded for each plant species. Diet com- 
position was expressed as the percentage that each species com- 
prised of the total surface for all species recorded. 

Prior to fecal collection, the availability of each species on each 
site was determined using 3 availability classes (abundant green 
forage within reach, present only in leaf litter, and not easily 
located as either green forage or litter). Leaf litter was collected 
from 3 quadrats of 0.5mZ, randomly located on each site at each 
date, and sorted to determine species composition. 

Statistical Methods 
Cochran’s test was used to test the homogeneity of variances of 

Table 1. Availability of forage from native browse species and Leucoeno feucocephulu in Miombo woodland in the study area during the dry season of 
1991, including dry season phenology and growth form. 

Species Phenologyl 
Growth 
form2 Jun. Jul. 

1991 

Aug. Sep. Oct. 

Antidesma venosum 
_____________ -------Availabilityclass3-- ______ ____________ 

E T + + + + + 
Brachystegia spiciformis D T + * * + + 
Dichrostachys cinerea E T + + + + + 
Friesodielsia obovata D S + * * * + 
Hymenocardia acida E s + + - + 
Julbernardia globiflora D T + * * + + 
Leucaena leucocephala E T + + + + + 
Margaritaria discoides E S + + - + + 
Phyllanthus reticulatus E S + + + + + 
Sclerocarya bierrea D T + + * * + 
Strynchnos coculoides D S + + - + 
Terminalia sericea D T + + - + 
Vitex mombassae D T + + + 
‘D-Deciduous, E-Evergreen 
2T-Tree, S-Shrub 
)+Abundant green foliage available, *Available only as litter, -Scarce as either green foliage or litter. 
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means to be compared by analysis of variance (Guenther 1964). A 2 
factor experiment with repeated measures of time was used to 
compare means of chemical composition, total amount of leaf 
litter, and species composition of leaf litter (Freund and Littell 
1981). Lacking replicates of leucaena, replication was excluded 
when leucaena was compared with the native species. A complete 
randomized block design was used to evaluate species frequency in 
fecal samples. The relationship between crude protein and in vitro 
dry matter digestibility of each species was established by regres- 
sion. Significance was established by LSD at 5%. 

to the goats’ diets. These species lose their leaves early in the dry 
season and are often out of reach of the animals when green. Goats 
consumed almost constant small amounts of Hymenocardia acida 
Tul. and Strynchnos coculoides Baker. 

Browse consumption increased as grass consumption decreased 
in August when green grass was not available (Fig. I). Other 
researchers have reported that grass use by goats increased with 

70 - Total Grass 

Results and Discussion + Total Browse 
Throughout this section, only differences significant at M.05 

are discussed. Thirteen major browse species provided forage for 
goats during this study (Table 1). By the middle of the dry season 
(August), herbaceous forage was only available as dry, cured mate- 
rial. Phyllanthus reticulatus, Dichrostachys cinerea Wight & Am. 
and M. discoides produced new leaves in late September, appar- 
ently stimulated by increasing temperatures. Rain in October 
stimulated new growth of woody plants and grasses, improving 
forage availability. 

60 

Goats were frequently observed eating leaf litter, particularly in 
the mid-dry season. The amount of litter available was relatively 
constant throughout the study, with a season-long mean of 1.37 
metric tons/ ha. None of the species studied contributed substan- 
tially to the leaf litter, but M. discoides and A. venosum were 
present in the leaf litter throughout the study. 

Diet Composition 
Antidesma venosum, Margaritaria discoides, and Phyllanthus 

reticulatus consistently provided the bulk of the browse in goats’ 
diets during the dry season (Table 2). Phyllanthus reticulatus was 

Table 2. Percent contribution of individual browse species by date’, and by 
species and forage class at each date, to goat diets during the dry season. 

Species 
1991 Sampling periods Standard 

June Aug. Oct. error (date) 

Antidesma venosum 
Brachystegia spici- 

formis 
Dichrostachys cinerea 
Grewia bieolor 
Hymenocardia acida 
Julbernardia globiflora 
Margaritaria discoides 
Vitex mombassae 
Phyllanthus reticulatus 
Strynchnos coculoides 
Unidentified shrubs 
Total browse 
Total grass 
Unknown tricome 
Unknown voucher 
Standard error 

(species) 

__-_____ 
3.07cbds 

(% of diet) - 
10.13”bA 

O.OOdA 1.9Pe* 

1 HdA 
0.00” 
4.51=b* 
4.92cbA 
6.1Sbn 
0.00” 

26.23* 
2.87cWA 
5.74=b*B 

55.13 
33.60 
5.33cb* 
5.94bB 
0.18 

o.77”* 
1.9PA 
4.59cMA 
1.53d’A 

1 I .850bA 
0.00” 

14.53* 
2.10*“* 

1 2.24sbA 
61.56 
24.67 

;:;!$I:: 

0.17 

________ 
9.90abA 
3.43&e* 

1.52** 
2.67*” 
3.43*e* 
4.57- 
3.43deB 
0.38” 

20.95”* 
1.14d’A 
o.OOe* 

51.42 
30.10 
6. IOcbA 

12.3gabA 
0.16 

1.73 
0.97 

0.63 
1.05 
2.04 
2.34 
0.81 
0.22 
6.14 
1.38 
2.35 
- 
- 

1.78 
3.33 

Means in the same column followed by same lowercase superscri ts (a,b) or in same 
row followed by same uppercase superscripts (A,B) are not sign1 scantly different at ,% 
P<.OS. 
‘Analysis performed on log transformed data. 

the most frequent browse plant in diets throughout the study and 
goats consumed relatively constant amounts of it (Table 2). Con- 
sumption of A. venosum increased during the latter half of the dry 
season while M. discoides consumption was highest in August. 

Brachystegia spiciformis and Julbernardia globtjlora formed a 
major component of the vegetation but contributed relatively little 

I 

‘June 
I I 

Aw Ott 

Month 
Fig. 1. Percent of total browse and total grass in the diet of goats grazing 

Miombo woodlands during the dry season of 1991 (does not total to 100 
because of unknowns). 

availability (Bryant et al. 1979). Our results are consistent with 
studies in semiarid regions of Kenya and Australia (Wilson 1957, 
Wilson et al. 1975, Wilson et al. 1976). 

Crude Protein 
Leucaena consistently had higher crude protein values than the 

native species (Table 3). Among native species, P. reticulatus had 
the highest crude protein values. The crude protein levels of all 
species except M. discoides increased following the October rain. 
Margaritaria discoides showed an earlier increase in crude protein 
that persisted into October (Table 3). 

Changes in crude protein appeared to be related to the phenolog- 
ical stage of the plant. Phyllanthus reticulatus and M. discoides 
initiated growth in late September at which time crude protein 
concentrations increased. The crude protein concentration of A. 
venosum increased consistently from June through August, de- 
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Table 3. Percent crude protein, ash content and in-vitro dry matter digestibility of green leaves of 3 native Miombo species andL.eucaena leucocephula, by 
date and species at each date. 

1991 Sampling periods Standard error 
Species June 

Crude protein 
Antiaksma venosuml 
Margoritaria discoides 
Phyllonthus reticulotus 
Leucaena leucocephola 
Standard error (species) 

Ash content 
Antidesma venosum 
Margaritario discoides 
Phyllonthus reticulatus 
Leucaeno leucocepholo 

Standard error (species) 
In-vitro dry matter digestibility 

Antidesma venosum 
Margaritario discoides 
Phyllanthus reticulatus 

Leucoena leucocephola 
Standard error (species) 

July Aug. Sep. Oct. 
_ ,_ ,_ ______________________________(%DM)_________________________ 

(date) 

9.38& 9 9TbCB 
8:51bC 

10.77bC 9.24& 14.04’C 
9.17bC 8.53bC 13.96”’ 14.59”c 

12.19dB 13.45cB 14.27cbB 15.07bAB 16.33”’ 
21.34bA 20.92bA 17.60bA 18.01bA 29.69* 
0.01 1.22 0.81 1.16 0.37 

0.41 
0.28 
0.60 
1.26 

7.44”bB 7.71”* 6.83bB 6.77bB 7.59”A 
6.96” 7.54”* 7.00’B 6.57”’ 6.90’* 
7.05”bB 6.89”bA 7. 18”B 6.25bB 7.10”bA 
9.63* 8.68’* 9.77** 8.98* 6.96bA 
0.28 0.52 0.52 0.50 0.27 

0.19 
0.36 
0.32 
0.13 

21.09=c 20.43CB 22.51cw: 24.49bC 28.37’D 
58.92”* 54.35’* 49.24cbe 52.60abc 0.77 
48.02cB 54.35”* 49.24cbB 52.60abB 52.00*bc 
52.93bB 56.56bA 54.09bB 55.86bB 64.77aa 

1.49 1.67 1.48 1.60 1.32 

0.87 

0.77 
1.91 

Means in the same row followed by same lowercase superscripts (a,b), or in the same column followed by same uppercase superscript (A,B) are not significantly different at 
P<.O5. 
In = 9 and 3 for native species and leucaena, respectively. 

creased in September and increased in October. The low levels of 
crude protein during the early part of the dry season were probably 
due to high proportions of mature leaves in the samples. As the 
plants mature, crude protein concentration declines due to increases 
in structural carbohydrates (Van Soest 1982). 

Our crude protein data are similar to those for Miombo species 
in Zambia and Tanzania (Rees 1974, Lawton 1982). The crude 
protein values for leucaena compared fairly well with the results of 
other studies in similar environments (Jones 1979, Keogham 1980, 
NRC 1984, Skerman 1977). In Kenya, Child et al. (1982) found 
that new leucaena leaves had higher crude protein than mature 
leaves. Leucaena’s higher crude protein values may be due, at least 
in part, to fact that none of the native species studied are legumes. 

The crude protein concentrations of abscised leaves of A. veno- 
sum and M. discoides in leaf litter remained constant and equal 
throughout the study (Table 4). Green leaves had approximately 
twice as much crude protein as abscised leaves of the same species. 

Nitrogen loss through leaching and decomposition may con- 
tribute to the low level of crude protein observed in abscised leaves 
(Tukey 1970). In addition, foliar nitrogen declines prior to leaf 
abscission when protein in older leaves is hydrolyzed and its 
breakdown products are translocated to the other plant parts 
(Grigal et al. 1976, Mayer and Splittstoesser 1969). 

Soil type did not affect the crude protein concentration of any of 
the 4 species. 

TohI Ash Content 

The ash content of leucaena was equal to or exceeded that of the 
native species on all dates (Table 3). Ash content varied with date 
and soil type for all species except A. venosum. (Tables 3 and 5). 

Our data are consistent with values reported by McLeod (1973) 
in Australia, and unpublished Tanzanian data. However, Dougal 
et al. (1964) reported a considerably higher average, 11.73% for 
nonleguminous browse species in East Africa. The ash content of 
leucaena in this study is comparable with some other studies (Hill 
1971, Singh and Mudgal 1967, Upadhyaya et al. 1974), but sub- 
stantially lower than the 11% reported by Thomas and Addy (1977) 
in Malawi and the NRC (1984). Differences in ash content may 

Table 4. Percent crude protein, ash content, and in-vitro dry matter diges- 
tibility of green and abscised leaves ofAntidesma venosum and Mar&- 
tario discoides at each date. 

Material June 
1991 Collection periods 

Jul. Aug. Sep. 
_____________(%DM)____--------. 

Crude protein 
Antidesmo venosum 

Green leaves 9.38’ 
Abscised leaves 5.23b 
Standard error 0.23 

Margaritario discoides 
Green leaves 9.17” 
Abscised leaves 5.72b 
Standard error 0.12 

Ash Content 
Antidesma venosum 

Green leaves 7.43b 
Abscised leaves 12.65” 
Standard error 0.28 

Margaritario discoides 
Green leaves 6.96” 
Abscised leaves 7.26” 
Standard error 0.37 

In-vitro dry matter digestibility 
Antidesma venosum 

Green leaves 21.69” 
Abscised leaves 21.57” 
Standard error 1.40 

Morgoritoria discoides 
Green leaves 58.92” 
Abscised leaves 48.92” 
Standard error 2.52 

9.92” 10.77” 9.24” 
5.17b 5.13b 5.22b 
0.39 0.27 0.27 

8.51” 8.53” 13.96’ 
5.49b 5.40b 5.43b 
0.07 0.12 0.40 

7.71b 6.83b 6.77b 
13.19” 13.16’ 14.80” 
0.24 0.74 0.16 

7.54’ 7.00” 6.57b 
8.18” 8.10’ 7.61” 
0.37 0.33 0.11 

20.43” 22.51” 24.49” 
20.83” 21.18’ 23.30” 

1.39 1.55 1.11 

56.75” 64.17” 65.92’ 
49.13” 41.22b 48.11b 

1.37 2.24 1.01 

Means in the same column for each species followed by same superscript (a,b) are not 
significantly different at P<.O5. 

relate to differences in stage of maturity, and soil chemistry 
(McDowell et al. 1983, Reid and Horvath 1980). 

The higher ash content of abscised leaves (Table 4) is an anomaly 
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because as leaves mature, their mineral content generally declines 
due to dilution and translocation (McDowell et al. 1983). These 
values probably reflect soil or dust contamination of leaf litter. 

In vitro Dry Matter Digestibility 
Margaritaria discoides was more digestible than the other 3 

species at all dates except July, when it was similar to P. reticulatus 
and leucaena (Table 3). From June through September, P. reticu- 
latus and leucaena were equally digestible, but by October, leu- 
caena was more digestible. All species except P. reticula&s showed 
an increase in digestibility following the October rain. 

In Australia, McLeod (1973) found that 68% of the browse 
species studied throughout the year had digestibilities less than 
50%. The digestibility of cattle browse in Ghana varied from 54 to 
70% (Rose-Innes and Mabey 1964). In the present study, the 
digestibility of leucaena leaves varied from 53 to 65%, consistent 
with most values reported in the literature (Hill 1971, Jones 1979, 
NRC 1984), but lower than the 65 to 87% reported by Skerman 
(1977). Studies that compare the feeding values of leucaena with 
native species are limited. Contrary to our results, Bamualim et al. 
(1980) found that the digestibility of leucaena was generally higher 
than that of a number of other species. 

The digestibility of abscised leaves of A. venosum did not differ 
across sampling periods. During June and July the in vitro dry 
matter digestibility of abscised leaves of M. discoides was higher 
than in August and September. Abscised leaves of M. discoides 
were consistently more digestible than A. venosum at each sam- 
pling date. 

No differences in digestibility were observed between green and 
abscised leaves of A. venosum at any date (Table 4). The digestibil- 
ity of green and abscised leaves of M. discoides did not differ 
except in August and September, when green leaves were more 
digestible. This is not unexpected because with advancing maturity 
the proportion of structural carbohydrates in the plant increases, 
while nutrient concentration and digestibility decrease (Kilcher 
1981, Minson 1971, Van Soest 1982). Furthermore, abscised leaves 
typically had crude protein concentrations below 6%, while crude 
protein levels below 7% depress digestbility due to lack of nitrogen 
(Milford and Minson 1966). A significant linear relationship 
(r*>.60) between crude protein and in vitro dry matter digestibility 
existed for all species except P. reticulatus (r*=O.21). 

Soil type affected the digestibility of all the materials examined 
except green P. reticulatus and leucaena (Table 5). The digestibility 
of A. venosum was lower on grey soils while M. discoides from red 
soil sites was most digestible. 

Our digestibility values are probably affected by use of rumen 
liquor from a cow maintained on alfalfa. In vitro procedures tend 
to underestimate the digestibility of browse when donor animal 
rations do not contain browse (Sidahmed et al. 198 1). Further, the 
in vitro digestibility of browse approximates in vivo digestibility 
more closely when a deer (browser) rather than a cow (grazer) is fed 
alfalfa (Robbins et al. 1975). In an earlier analysis using rumen 
liquor from goats maintained on browse in Tanzania, we found 
that dry matter digestibility was as much as 26%, 24%, 16%, and 
18% greater than when cow rumen liquor was used for A. venosum. 
P. reticulatus, M. discoides and leucaena, respectively. 

Conclusions 

Browse, particularly the 3 native species selected for study, was 
the most important component of goats’diets throughout the dry 
season. Browse and grass were complementary, with browse con- 
sumption increasing as grass consumption decreased in the middle 
of the dry season. It appeared that crude protein content and 
availability of individual species influenced selection by goats. 

Leucaena was superior to the native browse species in crude 

Table 5. Ash content and in-vitro dry matter digestibility of native 
Miombo browse species andLeucuena leucocephula from 3 soil types (all 
dates averaged). 

Species 
Soil type Standard 

Red Mbuga Grey error 
____________(%)___________ 
__- 

Ash content 
Antidesma venosum 7.22” 
Margaritaria discoides 6.41 b 
Phyllanthus reticulatus 6.30b 
Leucaena leucocephala 9.52” 

In-vitro dry matter digestibility 
Antidesma venosum 23.51” 
Margaritaria discoides 65.53” 
Phyllanthus reticulatus 50.41” 
Leucaena leucocephala 57.57” 

7.11” 7.45” 0.38 
7.24” 7.35” 1.16 
7.12” 7.26” 1.15 
8.15b 8.74”b 0.89 

24.87” 21 .77b 3.46 
63Mb 62.92b 1.73 
51.w 52.28’ 2.12 
55.00” 57.95a 2.07 

Means in the same row followed by same superscript (a,b) are not signihcantly 
different at P<.O5. 

protein content. Green leaves of all 4 species nonetheless main- 
tained crude protein levels in excess of the 8.4% goats need for 
maintenance and production (NRC 198 1). This may be misleading, 
however, because not all protein is digestible and antiquality fac- 
tors may further reduce available protein below what crude protein 
concentration imply. 

The dry matter digestibility of leucaena was significantly lower 
than that of M. discoides and usually similar to that of P. reticula- 
tus, suggesting these species may have similar potential as feed 
sources during the dry season. However, more research needs to be 
conducted to better understand seasonal variations in the nutri- 
tional value of various browse species and the potential effects of 
any antiquality factors on dry matter intake and digestibility. The 
influence of soil type on nutritional properties should also be 
considered. 

Native browse species in the Miombo woodlands are most 
important to livestock just prior to the onset of the first rains. At 
this time most woody species produce very digestible young leaves 
high in crude protein while herbaceous vegetation is scarce and of 
poor quality. To insure adequate dry season nutrition, leucaena or 
other native or introduced evergreen trees and shrubs might be 
planted and used as a fodder bank earlier in the dry season. 
Alternatively, leaves of native browse species might be harvested 
and stored before reaching maturity. 

Currently, adequate animal nutrition during the dry season 
depends upon including native browse species in the grazing man- 
agement system. Long term strategies for establishment of L. \ 
leucocephala and/ or other improved species should be formulated 
in association with proper management of the native species. 
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Abstract 
Locoweed poisoning generally occurs in early spring. We evrlu- 

ated cattle grazing of woolly locoweed (As&a&s moUissimus 
var. molllssimus Torr.) at Gladstone, N.M., and of white locoweed 
(Oxytropiz sericea Nutt. ex T&G) at Capulin, N.M., through the 
spring and into early summer as the phenological development of 
warm-season grasses progressed from dormancy to rapid growth. 
Diets of 8 mature cows were quantified by bite count at each 
location. Cattle initially rejected woolly locoweed at Gladstone, 
even though it was the only green forage available in late March 
and early April. Gladstone cattle were then restricted to a small 
7-ha pasture where high grazing pressure and limited feed forced 
them to graze woolly locoweed (41% of bites). When these cows 
returned to a larger pasture of unlimited forage availability, they 
continued eating woolly locoweed (23% of bites). At Capulin, 
cattle with a history of eating locoweed (loco-eaters) consumed 
more white locoweed (23% of bites) than cattle without a history of 
eathrg locoweed (6% of bites) during the April grazing period. 
When warm-season grasses started rapid growth and locoweed 
matured in June, cattle ceased grazing both locoweed species. 

Key Words: poisonous plants, woolly locoweed, Astragahs mol- 
hhimus var mollissimus, white locoweed, Oxytropis sericea 

Locoweed poisoning of livestock is the most widespread poison- 
ous plant problem in the western US. In northeastern New Mexico, 
locoweed poisoning is the greatest economic loss to the livestock 
industry, amounting to over $2 million annually (Graham et al. 
1991, mimeo report, Union Co. Extension). Locoweed poisoning 
‘:auses neurological disturbances affecting disposition, locomo- 
tion, vision, and appetite, resulting in weight loss and emaciation. 
Locoweed toxicity also causes reproductive problems such as 
abortion, infertility, and hydrops amnii (James et al. 1981). 

Locoism is a chronic poisoning and livestock must graze loco- 
weed for several weeks before symptoms appear. Poisoning gener- 
ally occurs in the winter and early spring when locoweed either 
remains green over mild winters, or is the first species to start rapid 
growth in the early spring (Marsh 1909; Peters and Sturdevent 
1908; James et al. 1968, 1969; Patterson 1982). 

Two major species of locoweed overlap in the high plains region 
of northeastern New Mexico, southwest Colorado, northwest 
Kansas, and the Texas and Oklahoma panhandles. Woolly or 
purple locoweed (Astrugalus mollissimus var. mollissimus Torr.) is 

The authors thank Sharla Hennigan for assistance in collecting the data and 
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a short-lived perennial whose population increases in wet years and 
dies in drought or from insect predation. White locoweed (Oxy- 
tropis sericea Nutt. ex T&G) is a persistent, fairly long-lived peren- 
nial that is locally abundant on coarse soils that have a high 
percentage of rock (Payne 1957). 

We hypothesized that livestock eat the green-growing locoweed 
in spring when warm-season grasses and other forage are dormant 
or in limited supply; and further, that animals will cease grazing 
locoweeds when green grass becomes abundant in the early 
summer. The overall objective of this study was to determine the 
amount of woolly and white locoweed consumed by cattle through 
the spring and into the early summer, as the phenological stage and 
nutrient quality of grasses and other forage progressed from dor- 
mancy to rapid growth. 

Our second objective was to compare locoweed consumption 
between cows with a history of eating locoweed (loco-eaters) and 
cows not observed to have consumed locoweed (non-eaters). We 
naturally anticipated that loco-eaters would consume more loco- 
weed than non-eaters, but the research question was to determine if 
loco-eaters would continue to graze locoweed as green grass 
became available into the early summer. 

Methods 

The study was conducted in western Union County in northeast- 
em New Mexico. Cattle consumption of woolly locoweed was 
evaluated near Gladstone, and consumption of white locoweed 
was evaluated near Capulin. 

Locoweed Consumption as Influenced by Previous History 
Cattle differ in their propensity to graze locoweed. Some cows 

acquire a preference for locoweed, leading to the common observa- 
tion of “habituated” or “addicted” cattle. Ranchers often separate 
these cows (loco-eaters) and place them in locoweed-free pastures 
to prevent them from becoming poisoned. Sixteen mature cows 
(Hereford, Angus, Charolais, and their crosses, 360 to 500 kg) were 
purchased from a ranch with a history of locoweed problems. 
White locoweed was the predominant locoweed species on this 
ranch. Eight cows had been observed by the owner to readily graze 
locoweed (loco-eaters). The other 8 cows had not been observed to 
eat locoweed (non-eaters). We recognize that this distinction was 
based totally on unquantified observations of the rancher. How- 
ever, dietary differences between these 2 groups (see below) bear 
out the validity of the selection. Four cows from each of loco-eater 
and non-eater groups were randomly allocated to graze woolly 
locoweed at Gladstone (n=8) or white locoweed at Capulin (n=8). 
All cows calved during the experiment. 

Cows were gentled and diets quantified by bite count (Lehner 
1987). Each animal was observed for 2 to 4,5-min periods during 
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Table 1. Standing crop of forage classes at tbe 2 experiment locations during the grazing trials (kg dry matter per ba). 

Warm- Cool- 
Grazing Pasture season season Snake- 

Location period Date size grass grass Forb Clover Locoweed weed Total 

ha ____________________------- ___kg/ba_____________________________- 
Gladstone I 3129 50 545 f 61 62f 20 0 13* 5 125 f 53 64f 13 809 rt 71 

GP” 4117 7 252 f 17 9Of26 0 27 f 14 198 f 93 103 f 32 670 f 113 
4126 182 f 29 64f23 0 5f 2 183 f 136 153 f 56 592 f 144 

3 6123 16 317 f 45 58 f 16 75 f 30 56 f 22 211 It 114 137 f 36 854 f 118 
Capulin 1 416 30 264f22 107 f 33 141 zt 28 0 45f 15 16f 6 573 f 45 

2 6119 30 405*40 139 f 48 319f43 0 352 f 79 62 * 33 1277 f 131 

‘GP = Grazing pressure trial. 

major feeding periods each morning and evening. Number of bites 
taken of each plant species was counted. Species were grouped into 
major forage classes (warm-season grasses, cool-season grasses, 
clover, forbs, and the respective locoweed) and the percentage of 
each class in the diets was calculated. 

Standing crop of forage classes was sampled at each location at 
the beginning and end of the study. Ten, 0.25 by l-m quadrats were 
systematically located at 20 step intervals along each of the 3 
transects bisecting the pastures. Forage classes (warm-seasons 
grasses, cool-season grasses, forb, clover, locoweed, snakeweed) 
were clipped, dried in a forced air dryer at 60° C for 48 hours, and 
weighed. Mean standing crop and standard errors are presented in 
Table 1. 

The 2 locoweed species were collected at 3 growth stages (vegeta- 
tive, flower, and pod) to determine the levels of the toxic alkaloid 
swainsonine. Leaves, flowers, and pods of 20 to 30 plants were 
collected and cornposited into a single bulk sample. Swainsonine 
was measured by gas chromatography (Molyneux et al. 1989) and 
expressed as percentage of dry matter. Moisture and crude protein 
content of locoweed species and major forage species were also 
determined (Table 2). Plant samples were clipped, cornposited into 

Table 2. Moisture and crude protein content (I of dry matter) of dominant 
species in cattle diets during 3 growth stages of locoweed. 

Location I suecies 
Moisture Crude Protein 

Vee Flower Pod Vee Flower Pod 

Dates 
_____%‘oater_____ ___ - __%______ 
3129 4124 5126 3129 4124 5126 

Gladstone 
Woolly locoweed 
Clover 
Squirreltail 
Blue grama 
Sideoats grama 
3-Awns 
Snakeweed 

64 
71 
16 
9 

11 
9 

27 
Dates 419 
Capulin 

White locoweed 
Forbs 
Western wheat 
Blue grama 
Sideoats grama 
3-Awns 
Snakeweed 

63 66 66 12.8 20.1 16.1 
47 58 62 6.9 16.0 14.0 
41 48 49 2.5 10.1 11.1 
10 41 34 3.5 6.7 9.7 
14 36 48 2.4 8.6 11.1 
16 40 36 4.4 1.5 8.0 
50 43 40 1.4 12.3 9.0 

73 
70 
67 
30 
30 
27 
39 

5/ 18 

64 26.6 
56 25.2 
56 3.9 
64 3.2 
49 4.8 
31 3.4 
44 7.9 

6115 419 

21.1 18.1 
19.3 20.5 
5.9 9.1 
5.0 11.0 
5.1 14.6 
4.9 5.4 
8.0 9.0 

5118 6/ 15 

a single bulk sample, weighed on site, then dried at 60“ C for 48 
hours to determine moisture content. Crude protein was deter- 
mined by a micro-kjeldahl tecator digestion system and expressed 
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on a dry matter basis. 

Woolly Locoweed 
The study was conducted at Gladstone, N.M., on a 50-ha field 

that had been farmed until 1963, then seeded to blue grama [Boute- 
loua grucilis (H.B.K.) Lag. ex Steudel], sideoats grama [B. curti- 
pendula (Michx. Torr.], and yellow sweet clover [ Melilotus offici- 
nalis (L.) Pallas]. Some squirreltail [Elymus elymoides (Raf.) 
Swezey], three.-awns [Aristida spp.], and broom snakeweed [ Gutier- 
reziu sarothrue (Pursh) Britt. & Rusby] came back naturally. A 
population outbreak of woolly locoweed occurred throughout this 
area in the fall, 1989, and a dense infestation remained in the 
spring, 1991. 

Woolly locoweed consumption was evaluated in 3 grazing peri- 
ods corresponding to the vegetative, flower, and pod stage of 
development. Treatment groups consisted of loco-eaters and non- 
eaters described above. Diets were determined using bite counts as 
previously described. 

Period 1-28 March to 2 April 
Woolly locoweed was green and rapidly growing, but all other 

vegetation was dormant. Cows were allowed to graze freely in the 
50-ha pasture with unlimited forage availability. A blizzard 
occurred during this period and we were able to measure selection 
patterns under extreme weather conditions. 

Period 2-27 April to 5 May 
Woolly locoweed was in the flower stage and the cool-season 

grasses and clover were growing rapidly. Warm-season grasses 
were starting to show green leaves, but there was little active 
growth. 

Period 3-31 May to 23 June 
Woolly locoweed was in the pod stage and warm-season grasses 

were beginning to grow rapidly. Cows were restricted to a 16-ha 
pasture to allow sufficient feed for the trial but not present an 
unlimited supply. Diets were sampled on alternate days. 

Grazing Pressure Trial-l 7 to 26 April. 
The cows did not graze woolly locoweed in Period 1, even 

though it was the only green forage available, and the only feed 
protruding above the snow for a period of time. We initiated a 
grazing pressure trial between periods 1 and 2 to restrict forage 
availability and determine if the cows would start grazing woolly 
locoweed as other forage became limited. Vegetation standing crop 
was sampled at the beginning and end of this trial. Based on the 
initial standing crop, a T-ha pasture was fenced with enough feed to 
last for only 10 days. Grazing pressure would increase as forage 
declined over time. Diets were quantified by bite count as described 
above. 

White Locoweed 
This study was conducted 3 km north of Capulin. The site was on 



a section of the ranch from which the cattle were purchased, so the 
cows were familiar with the site. The 30-ha site was a combination 
of abandoned farmland that had been reseeded, and native range 
among volcanic basalt rock outcroppings. Soils were silty clay 
loam. Major warm-season grasses consisted of blue grama, side- 
oats grama and little bluestem [ Schizuchyrium scoparium (Michx.) 
Nash]. Western wheatgrass [Elymus smithii (Rybd.) Gould] was 
the dominant cool-season grass. White locoweed was the dominant 
forb. 

Cattle consumption of white locoweed and associated forage 
classes were quantified on 2 periods. Treatment groups consisted 
of loco-eaters and non-eaters described above. Diets were quanti- 
fled by bite count as described above and were sampled on alter- 
nate days. 

Period I-10 to 29 April. 
White locoweed was actively growing in the vegetative stage. 

Warm-season grasses were dormant, and cool-season grasses were 
green and beginning to grow. 

Period 2-30 May to 23 June. 
White locoweed was in the pod stage. Cool-season grasses were 

starting to form heads, and warm-season grasses and forbs were 
beginning rapid growth. 

Data Analysis 
Data from the 2 trials were analyzed separately. There was no 

attempt to compare consumption of the 2 locoweed species. Data 
from each of the 2 trials were analyzed by analysis of variance 
(ANOVA) in a split-plot repeated measures design (Gill 1978). 
Treatment group (loco-eaters vs. non-eaters) was the main plot and 
period was the split plot in time. Each cow was considered an 
experimental unit. The population in these trials was limited to the 
experimental animals at each location, and the conclusions are not 
extrapolated beyond this study. The percentage data of forage 
classes in diets were transformed by arcsin for the analysis, but the 
nontransformed means are presented in the tables. Where differen- 
ces occurred, means were separated by LSD (P<O.OS). 

The grazing pressure trial at Gladstone was also analyzed by a 
split-plot repeated measures model. Treatment group (loco-eaters 
vs. non-eaters) was the main plot and days of the trial was the 
split-plot in time. Days of the lo-day trial represented increasing 
grazing pressure as the availability of forage declined. Orthoginal 
contrasts were used to describe woolly locoweed consumption as 
grazing pressure increased over the days of the trial. 

Results and Discussion 

Woolly Locoweed-Gladstone 
There was no difference in woolly locoweed consumption 

between loco-eaters and non-eaters at Gladstone in any of the 
periods or grazing pressure trial (DO.05). The propensity to eat 
white locoweed, which was the basis for designating loco-eaters, 
did not generalize to woolly locoweed. Woolly locoweed consump- 
tion differed between the 3 grazing periods (P<O.Ol). 

Period 1. 
Woolly locoweed was not consumed in the first period when 

forage was not limited. It was 10 to 15-cm high and comprised 15% 
of the standing crop (Table 1). It was the only green feed available 
at the beginning of the trial. It was highly succulent (64% moisture) 
and contained 26% crude protein (Table 2). Warm-season grasses 
(blue and sideoats grama and three-awns) dominated the diets 
(Table 3), although they were dormant, dry, and very low in crude 
protein. 

Table 3. Forage classes in cattle diets (percent of bites) at Gladstone during 
grazing periods (means f standard error, n= 8). 

Graz- 
ing 
period Dates 

Woolly Cool- Warm- 
loco- season season 
weed Clover grass grass 
_______________%______________- 

1 3128 to 412 Ob 24b f 0.9 18” k 1.6 56’ f I.5 
2 4121 to 515 23” f 3.2 39a f 3.0 sb * 0.9 30’ f 2.2 
3 5131 to6123 Sb f 2.6 44” f 5.6 0” 41b f 2.9 

‘“Means within forage classed not followed by the same letter differ significantly 
(PS.05). 

The first 2 days of the period were mild and cattle selected mostly 
dry, warm-season grasses. A blizzard started on the morning of day 
3, but cleared up by afternoon. As the weather moderated, snow 
melted first around the taller growing woolly locoweed plants. It 
was the only feed available above the snow for 1.5 days. Neverthe- 
less, cattle continued to reject woolly locoweed and dug through 
the snow to select dry grasses. By the end of the period, the 
cool-season grasses (predominately squirreltail) and clover were 
growing rapidly. Although they were limited in quantity, these 
cool-season species comprised 18 and 24% of cattle diets, respec- 
tively (Table 3). Although diet sampling ended on 2 April, the COWS 
grazed in this pasture until the grazing pressure trial began on 27 
April, and were still not eating woolly locoweed at the beginning of 
the grazing pressure trial. 

Cattle rejected woolly locoweed under extreme conditions when 
it was the only green feed, and when it was the only forage above 
the snow. This finding agrees with the assessment by Marsh (1909) 
that cattle will not readily graze woolly locoweed. 

Grazing Pressure Trial 
Woolly locoweed was not consumed in the first grazing period, 

even under extreme grazing conditions discussed below. There- 
fore, we initiated a grazing pressure trial between periods 1 and 2 to 
determine if increasing grazing pressure on diminishing forage 
supply would force cattle to start grazing woolly locoweed. The 
results of this trial influenced subsequent consumption of woolly 
locoweed in the remaining grazing periods. 

There was a difference in diets over the days of the trial as 
grazing pressure increased (P<O.Ol). Woolly locoweed was not 
consumed during the first 3 days of the trial (Fig. 1). Clover 
comprised 25 to 30% of diets and warm-season grasses averaged 
60% at the beginning. As feed became limited and cattle ran out of 

Table 4. Forage classes in cattle diets (percent of bites) at Capulin during 2 grazing periods (means f standard error, n= 4). 

Cool-season Warm-season 
Grazing period Dates Group White locoweed Forbs grass grass 

____________________---- 
I 41 IO to 29 Loco-eaters 23” k 3.4 6” k 0.6 ___c&________________44”;_3_;__ 26’ k 3.4 

Non-eaters 6b f I.4 8” f I.1 27” f 3.0 57b k 3:2 
2 5130 to 6123 Loco-eaters 2” i I.4 40” f 2.8 l38 f 3.1 44a f 3.9 

Non-eaters 0” f 0.2 44’ I? 2.5 13” k 2.7 42” f 3.2 

“bMeans within grazing periods and forage classes not followed by the same letter differ significantly (PC.05). 
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Fig. 1. Forage classes in diets of Gladstone cattle during the grazing 
pressure trial. C8ttle were pl8ced in 0 sm8ll,7418 pasture where forage 
became inadequate by the end of the trial. Error bars are standard errors. 

Swainsonine content of woolly locoweed was 0.5 to 9 times 
higher than in white locoweed (Table 5). The higher concentration 
of swainsonine in woolly locoweed may have contributed to its 
initial rejection. Ralphs and Molyneux (1989) concluded that 

clover, they switched to locoweed. Orthoginal contrasts showed 
that locoweed consumption followed a cubic response (P<O.Ol). 
Woolly locoweed was not consumed at the beginning of the trial; it 
increased to 85% of the diets at mid trial, and then leveled off at 
about 55%. 

Table 5. Swainsonine concentration in locoweed species and plant parts 
(percent of dry matter). 

Grazing pressure was totally confounded with days in this trial. 
Over time, there may have been chemical changes in woolly loco- 
weed that increased its acceptability. However, swainsonine con- 
tent of woolly locoweed reached its peak during this period (see 
discussion below), and crude protein levels were declining (Table 
2). High alkaloid levels have a negative relationship with palatabil- 
ity (reviewed by Ralphs and Olson 1987). Therefore, we interpret 
this data to indicate that as cattle ran short of other feed, they 
started grazing woolly locoweed. 

Period 2. 

Growth stage 
Species Plant part Vegetative Flower Pod 

____________%____________ 
Woolly Leaf .09 .I8 .19 
locoweed Flower .28 

Pod - .I5 
White Leaf .Ol .08 .I1 
locoweed Flower - .09 - 

Pod - .I0 

Once cattle were forced to start eating woolly locoweed in the 
grazing pressure trial, they continued to eat it in period 2, even 
though clover and cool-season grasses were abundant in the large 
50-ha pasture. Locoweed consumption during this period was 
highest in the study, averaging 23% of bites (Table 3). The cows 
were selective in the woolly locoweed plants they chose to eat. They 
would sniff and reject some plants, but would completely devour 
others. Clover was selected for 38% of diets and warm season 
grasses for 31%. 

Period 3 
Cows reduced woolly locoweed consumption over time, and 

ceased eating it entirely by the end of this trial in June. Warm- 
season grasses were growing rapidly and woolly locoweed was 
mature. Patches of woolly locoweed also were beginning to die 
from insect predation. Clover and warm-season grasses dominated 
diets, comprising 45 and 440/o, respectively (Table 3). 

swainsonine concentration in white locoweed and spotted loco- 
weed (A. lentiginosus var. wahweapensis) (0.02 to 0.1% of dry 
weight) did not affect acceptability of locoweeds. However, quinol- 
izidine alkaloids of Lupinus and indolizidine alkaloids of Phalaris 
have strong negative correlations with palatability; as the alkaloid 
concentration of these plants increase, palatability declines (re- 
viewed by Ralphs and Olsen 1987). The higher concentration of 
swainsonine in woolly locoweed from our study (0.09 to 0.28%) 
may be detectable by cattle and may have contributed to its initial 
rejection. Another possible explanation for the initial rejection of 
woolly locoweed could be its dense pubescence. Once cattle started 
grazing woolly locoweed, it was accepted readily. 

Cattle consumption of forage apparently kept up with new 
growth during this period. Standing crop did not increase during 
this period of rapid growth at Gladstone as it did at Capulin (Table 
1). This was due to the reduced pasture size (16 ha). Even though 
grazing pressure was a factor in this period at Gladstone, cattle did 

Conclusions and Recommendations 

Gladstone cattle initially rejected woolly locoweed even under 
extreme grazing conditions. However, once they were forced to 
start eating it, due to increasing grazing pressure on other forage, 
they continued to consume woolly locoweed, even though green 
feed was plentiful. Marsh (1909) reported that woolly locoweed 
was less palatable than white locoweed, and cattle generally 
refused it. 
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not graze very much woolly locoweed. 

White Locoweed 
There was a period-by-group interaction (P<O.O5) in consump- 

tion of white locoweed and warm-season grasses. In period 1, 
loco-eaters consumed white locoweed for 23% of their diets, com- 
pared to only 6% of the non-eaters (Table 4). Locoweed was green 
and actively growing, having a crude protein content of 13% (Table 
2). Cool-season grasses, predominantly western wheatgrass, com- 
prised 26% of the diets, and dormant warm-season grasses com- 
prised 44-57% of the diets (Table 4). 

There was very little white locoweed consumption in June dur- 
ing Period 2 (Table 4). There was no difference between loco-eaters 
and non-eaters in any forage class consumed in this period. Cattle 
with a propensity to graze white locoweed (the basis of the loco- 
eater designation) did not continue to select white locoweed when 
warm-season grasses became plentiful. Warm-season grasses and 
forbs dominated cattle diets. 

Standing crop of all forage classes increased by the end of the 
trial (Table l), suggesting that increased availability and improved 
nutrient quality of grasses and forbs influenced cattle to stop 
grazing white locoweed. Maturity of locoweed also may have 
contributed to cessation of grazing white locoweed. 

Swainsonine in Locoweeds 



Cattle may be able to graze range infested with woolly locoweed 
in the spring if other forage is abundant. They should be watched 
closely to see if any start eating woolly locoweed, and those 
removed that do. Shortage of feed with its attendant high grazing 
pressure, social facilitation (Ralphs et al. 1993), or supplementing 
with alfalfa hay or cubes (David Graham, personal observations) 
may compel cattle to start grazing woolly locoweed. 

Capulin cattle grazed white locoweed in the spring when it was 
green and succulent and the warm-season grasses were dormant. 
Cows having a history of eating locoweed (loco-eaters) consumed 
more white locoweed at Capulin than did non-eaters in the April 
grazing period. The practice of ranchers watching for loco-eaters 
and removing them from locoweed pastures is a practical means of 
reducing locoweed poisoning. 

All cows in this study grazed the respective locoweed species to 
greater or lesser extent during the April and May grazing periods. 
All cows showed varying signs of locoism (i.e., depression and 
solitary behavior). Once growth of warm-season grasses started 
and green grass became abundant, all cattle, including the loco- 
eaters, ceased grazing both white and woolly locoweed. 

Results from this study agree with others (Marsh 1909; Peters 
and Sturdevent 1908; James et al. 1968,1969; Patterson 1982) that 
spring is a critical time for locoweed consumption and subsequent 
poisoning. We speculate that this is because locoweed is green and 
actively growing and warm-season grasses and other forage is still 
dormant. Once green grass becomes abundant, locoweed con- 
sumption is no longer a problem. 

The surest means to prevent locoweed poisoning is to create or 
maintain a locoweed-free pasture for spring grazing. Many loco- 
weed species are locally endemic or restricted to certain soils or 
habitats. Sites with no or light locoweed infestations could be 
reserved for spring grazing. Locoweeds can also be controlled by 
rangeland herbicides (Ralphs and Ueckert 1988), but periodic 
spraying may be necessary because of the large number of viable 
seeds that remain in the soil. 
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Abstract 

Old World bluestem (Bo~~&c~&xI ischaemum L.) is being 
extensively established on marginal farmiand in the Southern 
Plains. This 4-year field study in western Oklahoma developed 
guideiines for burning and N fertilization of Old World bluestem 
on calcareous and noncalcareous soils. Plots were on ‘Iron Master’ 
Old World bluestem on a calcareous soil (Quinlan loam, shallow 
Typic Ustochrepts) and a noncalcareous soil (Carey loam, Typic 
Argiustolls). On each soil 4 blocks were split (spring burned, 
unburned) and N treatments (none, urea, ammonium nitrate) and 
time of N application (early, late) were randomly assigned within 
each bum treatment. Burning decreased (P<O.Ol) herbage yields 
by 6 to 30% per year. Nitrogen fertilizer broadcast at the rate of 50 
kg N ha” increased herbage production about threefold. Ammo- 
nium nitrate fertilization resulted in 20% more herbage production 
than urea fertilization 1 year, and in equal production 2 years. The 
4th year, application of ammonium nitrate in early April increased 
production by 20% compared to early April application of urea, 
urea was as effective as ammonium nitrate when either was applied 
in late April. Burning or calcareous soil had no adverse influence 
on the effectiveness of urea as compared to ammonium nitrate. 
Management implications for western Oklahoma and adjacent 
areas include: burn Old World bluestem only when necessary to 
remove substantial amounts of standing dead herbage, and broad- 
cast urea 3 to 4 weeks after grass initiates growth when seasonal 
rains are more likely to move the urea into the soil, thereby decreas- 
ing potential for N loss by volatilization. 

Key Words: urea, ammonium nitrate, calcareous soil, Southern 
Plains, Bothriochloa ischaemum L., nitrogen, nitrogen use effi- 
ciency 

The primary grass being planted for improved pastures on mar- 
ginal farmland in Oklahoma and west Texas is Old World blue- 
stem (Borhriochloa ischaemum L.). This is a reflection of its rela- 
tive ease of establishment, high forage and beef production 
potential, and a greatly increased seed supply (Dewald et al. 1985). 
Old World bluestem is also being established on some of the highly 
erodible land going into the USDA Conservation Reserve. The 
marginal farmland being seeded to grass is deficient in plant- 
available N as a result of up to 100 years of cultivation and erosion. 

Management criteria for Old World bluestem in the Southern 
Plains, including burning and N fertilization, have largely been 
adopted from experience with weeping lovegrass (Erugrosris cur- 
vulu (Schrader) Nees). Both species are introduced warm-season 
grasses. However, Old World bluestem is about 2 weeks later in 
spring growth and is adapted to medium textured soils. Weeping 
lovegrass is adapted to sandy soils and needs more exacting man- 
agement to sustain palatability. 

The author wishes to thank John Loch for assistance in the field work, Jerry 
McLaughlin for Laboratory analyses, and Tom Popham for statistical analyses. 
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Spring burning is a recommended practice on weeping lovegrass 
when substantial amounts of standing dead herbage are present 
(Rommann and McMurphy 1974, Dahl and Cotter 1984). Some 
producers spring bum weeping lovegrass and Old World bluestem 
whenever there is enough residue to carry a fire (author’s observa- 
tions). Benefits of burning weeping lovegrass include increased 
(Klett et al. 1971) or sustained (McIlvainand Shoop 1970) herbage 
production, greater palatability, and more uniform grazing. Timely 
burning of tall grass prairie in Kansas resulted in increased steer 
gain day“ and gain ha-’ (Launchbaugh and Owensby 1978). 

Many effects and interactions can result from burning (Wright 
and Bailey 1982). Of particular interest in N fertilizer use efficiency 
is that alkaline ash can raise the pH at the soil surface, thereby 
enhancing ammonia volatilization (Raison and McGarity 1978); 
and urease enzyme on vegetation and on the soil surface may be 
destroyed, delaying the conversion of urea to ammonium (Jackson 
and Burton 1962). 

Nitrogen fertilization is needed to realize the forage and beef 
production potential of Old World bluestem established on margi- 
nal farmland (Rollins and Sims 1985). The common N fertilization 
practice is to broadcast ammonium nitrate or urea on Old World 
bluestem. With surface application there is potential for ammonia 
loss to volatilization which may be greater for urea than ammo- 
nium nitrate (Nelson 1982). Hargrove (1988) summarized studies 
on broadcast N application by stating, “In general, these studies 
show that for noncalcareous soils urea is inferior to ammonium 
salts as an N source, but for calcareous soils urea can be equal to or 
only slightly inferior to ammonium nitrate.” 

This study was designed to determine the effects of burning and 
urea versus ammonium nitrate fertilization on Old World bluestem 
herbage production and N use efficiency. The interactions soils X 
N sources and burning X N sources were also of major interest 
since both soil pH and burning could affect ammonia volatilization 
loss from broadcast N fertilizer. 

Materials and Methods 

This study was conducted on 2 soils over 4 growing seasons at 
the USDA-ARS Southern Plains Range Research Station near 
Woodward in northwestern Oklahoma. The land had been in 
wheat ( Triticum uestivum L.) or sorghum (Sorghum bicolor (L.) 
Moench) production for an estimated 80 to 90 years. Prior to 
cultivation, the land probably supported a mixed grass prairie with 
blue grama (Boutelouu grucilis (H.B.K.) Lag.) sideoats grama (B. 
curtipendulu (Michaux) Torrey), and little bluestem (Schizuchy- 
rium scoparium (Michaux) Nash) as dominants. 

Plots were established in 1986 on uniform stands of ‘Iron Mas- 
ter’ Old World bluestem planted in 1984 on a calcareous Quinlan 
loam (loamy, mixed, thermic, shallow Typic Ustochrepts) and on a 
noncalcareous deeper Carey loam (fine silty, mixed, thermic, Typic 
Argiustolls). These soils are members of a topographic sequence 
with Quinlan loam on an upper 3% southeast slope and Carey 
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Table 1. Herbage yield of Old World bluestem as affected by burning, soils, N sources, and time of N application. 

Nitrogen treatment 

NON 
Urea early 
Urea late 
Ammonium nitrate early 
Ammonium nitrate late 

NON 
Urea early 
Urea late 
Ammonium nitrate early 
Ammonium nitrate late 

LSD. between bum trts. 
L.S.D. N trts. among 
Avg over N trts. and soils 

1986 1987 1988 1989 Avg ov years 
Bum No bum Burn No bum Burn No bum Burn No burn and burn trts. 

____________________--- ____--_H~~b~g~yield(kgh~~')------------------__---________ 

Quinlan soil 
460 630 270 550 670 1080 650 810 640 

1650 1520 1290 1660 1920 2350 2620 2620 1950 
1570 1650 1590 2120 2180 2510 3620 3850 2390 
1740 1780 1200 1880 1890 2440 3140 3280 2170 
1780 1940 1420 1990 1990 2790 3250 3550 2340 

Carey soil 
750 950 430 740 910 1350 1020 1330 940 

1960 1980 1950 2190 3030 3170 3480 3660 2680 
2040 1930 2020 2340 2850 2820 4470 4696 2900 
2120 2870 1840 2510 2510 3350 4060 4390 2966 
2310 2760 1960 2500 2500 3350 4130 4390 2990 

390 360 420 210 
250 250 210 210 320 320 330 330 255 

1640 1800 1408 1850 2050 2520 3040 3260 

loam on a lower 2% slope. These soils, developed in Permian 
redbed material, were about 100 m apart with Woodward loam 
occupying most of the intervening slope. 

The Quinlan loam contained an average of 26 g CaCOs kg-’ (acid 
neutralization method, Soltanpour and Workman 1981) in the 
surface 10 cm (pH 7.6, saturated paste method, Soltanpour and 
Workman 1981) and 47 g CaCOs kg-’ in the 10 to 20-cm depth 
increment (pH 7.6). In contrast, the Carey loam was non- 
calcareous (no effervescence upon application of HCl) with pH 
averaging 6.9 in the surface 10 cm, and 7.1 in the lo- to 20-cm 
increment. The soils of a depth of 20 cm contained similar amounts 
of N and plant available P and K. Total N averaged 0.8 g N kg-’ 
(kjeldahl procedure, Bremner and Mulvaney 1982), nitrate N aver- 
aged 1 mg N kg-’ (2 M KC1 extract, Keeney and Nelson 1982) and 
ammonium N averaged 4 mg N kg-’ (2 M KC1 extract, Keeney and 
Nelson 1982). Plant available P (NHdHCOs extraction, Soltan- 
pour and Workman 1981) tested high, averaging 27 mg P kg-‘. 
Extractable K (1 .O N NH4 acetate extraction, Knudsen et al. 1982) 
also tested high, averaging 520 mg K kg-‘. 

Herbage and N yields reported are the sum of growing season and 
dormant harvests. Treatments were repeated on the same plots 
over each of the 4 years. The entire plot area was mown on each 
harvest date and all harvested herbage was discarded. 

Ground cover by dead plus living plant material was measured 
yearly in early April on unburned urea-fertilized plots by recording 
hits at 2.5-cm intervals on a tape stretched diagonally across each 
plot (300 points/ plot). Soil temperatures were measured on burned 
and unburned N-fertilized treatments on 18 April 1989 by inserting 
thermometers 10 cm deep in 3 interspaces between grass crowns in 
each replication. 

Annual precipitation was near the long-term average of 600 mm 
during the study with 690 mm in 1986,740 mm in 1987,580 mm in 
1988, and 620 mm in 1989. The normal precipitation pattern 
consists of a dry winter with 90 mm of precipitation from 
November through February, 40 mm in March, 60 mm in April, 
100 mm in May, 80 mm in June, and near 60 mm monthly from 
July through October. 

The bluestem was not fertilized or harvested in 1984 or 1985. In 
March 1986, standing dead herbage was cut to a stubble height of 7 
cm and removed from the plot areas. A split-split plot design was 
used. Soils contributed main plot effects. Four blocks on each soil 
were randomly split into burned and unburned treatments, and N 
treatments (none, urea, ammonium nitrate) and time of N applica- 
tion (early, late) were randomly assigned within each burn 
treatment. 

Analysis of variance of data from the split-split plot design was 
conducted over years and for each year. Analysis of variance was 
also conducted for each year, omitting the no N treatment in order 
to separate out the N source and time of N application interactions. 
Least significant differences were calculated at the 0.05 probability 
level. 

Results and Discussion 

Herbage Yields 
Plots were burned in the spring when the first green shoots were 

about 1 cm long. Burning dates were 13 March 1986, 30 March 
1987,6 April 1988, and 3 1 March 1989. The early application of N 
fertilizer was 1 to 5 days after burning. The late N application was 
21 to 23 days after the early N application. Nitrogen was broadcast 
at the rate of 50 kg N ha-’ yr-‘. This rate is within the linear herbage 
production response to fertilizer N found on similar soils (Berg 
1990). 

Nitrogen fertilization increased herbage yields about threefold 
(Table 1). Yields increased with years of fertilization (Table I), 
indicating a residual effect from N application; however, variation 
in growth stage at harvest and above-normal 1989 precipitation 
confound this relationship. Treatment effects are presented by year 
because all year X treatment interactions were significant in the 
combined analysis (P<O.O5). 

Herbage in an 1.25 X 7.75-m area within each 3 X 9-m plot was 
cut with a sicklebar harvester and weighed. Subsamples were dried 
at 60“ C for moisture and N analysis (kjeldahl procedure, Bremner 
and Mulvaney 1982). Cuttings in 1986 and 1987 were made at early 
head emergence in mid-June, in mid-July, and in December. 
Because of a spring drouth in 1988, herbage was harvested twice, at 
full head stage in July and in December. In 1989, herbage was 
harvested in July and late November. Cutting height was 10 cm for 
growing season harvests and 7 cm at dormant season harvests. 

Burning 
Burning reduced herbage yields (Tables 1,2). Unburned treat- 

ments averaged 8, 30,21, and 6% more herbage production than 
burned treatments in 1986, 1987, 1988, and 1989, respectively. 
Burning reduced herbage yields on no-N treatments by nearly the 
same amount as on N-fertilized treatments (Table l), indicating 
that the lower herbage yields with burning were not primarily due 
to enhancement of ammonia volatilization from both N sources by 
alkaline ash. Studies in similar Great Plains climatic regimes found 
burning often reduced grass yields in mixed and short grass prairies 
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Table 2. Results of analysis of variance of herbage and N yields of Old World bluestem as affected by soils, burning, N sources, and time of N application. 
Data from the no-N treatment were omitted from the analysis. 

Source 

S (soil) 
B (bum) 
SXB 

N (N source) 
T (time N applied) 
NXT 
SXN 
SXT 
SXNXT 

BXN 
BXT 
BXNXT 
SXBXN 
SXBXT 
SXBXNXT 

1986 1987 1988 1989 
Herbage N Herbage N Herbage N Herbage N 

yield yield yield yield yield yield yield yield 

*** *** +** *** *** *** *** l ** 
** NS l ** *** *** *** *** *** 

* NS NS NS NS NS NS NS 

l ** *** NS NS NS NS * * 

NS ** *** l ** NS NS *** *** 

NS NS NS l * NS NS *** *** 
** ** NS * NS NS NS NS 

NS NS * l * l * ** NS NS 
NS NS NS NS NS ** NS NS 

*** *** l * l * *** *** NS NS 
NS NS NS NS NS NS NS NS 
NS NS NS * NS * NS NS 
l * * NS NS * * NS NS 

NS NS NS NS NS NS NS NS 
NS NS NS NS NS NS NS NS 

*f*P*significant a 0.05,0.01, and 0.001 levels, respectively. 

(Launchbaugh 1973, Wright 1986). These authors recommended tivity was not as great as might be expected, probably because N 
burning mixed and short grass prairies only to reduce substantial was still a limiting factor because N was applied at a rate where the 
litter build-up or to control undesirable plants. herbage production response to N was linear. 

Burn X N-source was a significant interaction in 3 of 4 years 
(Table 2) when yields were proportionally less with ammonium 
nitrate on burned than unburned treatments compared to these 
treatments with urea fertilization. These results were unexpected in 
that burning apparently resulted in greater ammonia loss from 
ammonium nitrate than from urea. Raison and McGarity (1978) 
found a faster initial rate of ammonia loss from ammonium sulfate 
than urea in ash treated soil, but after 6 days ammonia loss from 
urea was greater. 

Lower herbage yields with burning may be related to developing 
a drier site. Soil temperatures at 10 cm on 18 April 1989 (18 days 
after burning) were significantly higher (P<O.Ol) under burned 
plots (9.2” C) than under unburned plots (7.Y C). Ground cover 
by dead and living plant material measured in early April of each 
year on unburned N-fertilized plots averaged 85%. No attempt was 
made to measure ground cover on burned plots. 

Soils 

Since ammonia volatilization is enhanced by higher soil pH, my 
hypothesis was that urea would be a less productive N source than 
ammonium nitrate when broadcast on the calcareous soil com- 
pared to the relative productivity from these N sources on the 
noncalcareous soil. This did not occur. In 3 of 4 years the soil X 
N-source interaction was not significant (Table 2). And in 1986, 
when the interaction was significant, urea was less effective in 
enhancing herbage production than ammonium nitrate on the 
noncalcareous soil than on the calcareous soil (Table 1). These 
results are in agreement with Hargrove’s (1988) generalization that 
urea can be inferior to ammonium nitrate when broadcast on 
noncalcareous soils but equal or only slightly inferior on calcare- 
ous soils. 

The deeper Carey soil was always more productive than the 
Quinlan soil (Tables 1 and 2). However, the difference in produc- 

The soil X burn interaction was significant only in 1986 when 
herbage production on the Carey soil was 13% greater on the 
unburned than the burned treatment compared to only a slight 
difference in these treatments on the Quinlan soil (Tables 1 and 2). 
These relatively small differences in 1 year and no differences the 
other 3 years indicate that soil had little effect on yields as affected 
by burning treatments. The soil X time of N application interaction 

Table 3. Nitrogen yield in Old World bluestem herbage as affected by burning, soils, nitrogen sources, and time of N application. 

Nitrogen treatment 

NON 
Urea early 
Urea late 
Ammonium nitrate early 
Ammonium nitrate late 

NON 
Urea early 
Urea late 
Ammonium nitrate early 
Ammonium nitrate late 

L.S.D. between bum trts. 
L.S.D. N trts. among 

Avg over N trts. and soils 

1986 1987 1988 1989 Avg ov years 
Bum No bum Burn No bum Bum No bum Burn No burn and burn trts. 

______________________________Nitrogenyield(kgha~‘)---------------------__________ 

Quinlan soil 
3.7 4.8 1.6 3.8 3.0 5.2 2.8 3.8 3.6 

15.2 13.7 10.4 14.1 10.6 12.6 13.9 15.1 13.2 
17.1 16.3 14.8 21.2 13.0 14.4 21.3 23. I 17.6 
16.7 16.5 9.5 16.3 11.3 14.0 18.0 18.8 15.2 
18.3 20.0 12.3 18.3 11.1 16.0 18.3 21.1 16.9 

Carey soil 
5.5 7.1 2.5 5.0 3.8 6.6 4_.9 6.5 5.2 

17.8 16.5 17.5 19.2 18.1 19.1 18.6 19.6 18.3 
18.9 17.4 18.3 22.7 17.7 16.1 26.0 28.9 20.7 
19.5 26.4 15.9 22.9 15.0 19.3 22.6 25.6 20.9 
22.2 26.4 17.8 23.9 15.3 21.0 23.7 27.3 22.2 

3.9 3.2 3.1 3.3 
3.1 3.1 1.9 1.9 1.9 1.9 2.4 2.4 I.9 

15.5 16.5 12.1 16.7 II.9 14.4 17.0 19.0 
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Table 4. Nitrogen concentrations in Old World bluestem herbage from burned and unburned treatments averaged over soils, N sources, and time of N 
application treatments. 

Year 

1986 
1987 
1988 
1989 

Initial cutting 
Burned Unburned P 

______ _(mgNg-‘)-______ 
12.1 11.1 0.001 
12.1 10.7 0.001 
8.5 8.0 0.001 
7.0 7.2 0.15 

Second cutting 
Burned Unburned P 

_______(mg,N*~-I)___---- 7.1 0.23 
8.1 9:2 0.001 

No cutting 
No cutting 

Aftermath 
Burned Unburned P 

3.6 _______(~~3~B-~)_______ 0.78 
3.9 319 0.56 
2.6 2.9 0.001 
3.5 3.8 0.001 

was significant in 1987 and 1988 when late N application averaged study (Berg 1990), and is on the low end of the range reported for 
14% greater yields than early N application on the Quinlan soil; warm-season (Wilkinson and Langdale 1974) and cool-season 
whereas, yields on the Carey soil averaged the same for early or late (Wedin 1974, Power 1983) grasses. Most of the quantity of N 
N application (Table 1). Thus, later N application (3 to 4 weeks applied as ammonium nitrate to Old World bluestem in the Okla- 
after spring greenup) appears to be more important on the shallow homa study was accounted for in herbage, plant residues including 
calcareous Quinlan soil. roots, and the top 10 cm of soil (Berg 1990). 

N Sources 
Yields were 20% greater with ammonium nitrate than with urea 

in 1986 and 4% in 1989 (Table 1). The 2 N sources produced no 
significant difference in herbage yields in 1987 or 1988. 

The N-source X time of application interaction was significant in 
1989 when late urea application resulted in 26% greater herbage 
yield than early urea application, whereas time of ammonium 
nitrate application had little effect on yields. Only 1 mm of precipi- 
tation fell in the 20 days following early N application on 5 April 
1989. This apparently enhanced conditions for ammonia volatili- 
zation from early urea application. In contrast, 25 mm of precipita- 
tion fell 6 days after the late N application on 29 April. 

Time of N Application 

Management Implications 
Old World bluestem in western Oklahoma and adjacent areas 

should be burned only when it is necessary to remove substantial 
amounts of standing dead herbage or to control specific undesira- 
ble plant species. The effect of burning Old World bluestem on 
cattle gain in this region needs to be determined. 

Since urea is less expensive and more readily available than 
ammonium nitrate, it will commonly be used on grasses. However, 
in some years, forage production will be less with broadcast urea 
than with ammonium nitrate. Delaying urea application until 3 to 
4 weeks after Old World bluestem starts spring green up should 
increase the chances for more effective use of this fertilizer. 

Late N application produced significantly greater herbage yields 
than early application in 1987 and 1989 with the increase averaging 
13% (Tables 1 and 2). In 1989, the increased yield with late N 
application was much greater with urea than ammonium nitrate, 
causing the significant N-source X time of N application interac- 
tion. Waiting to broadcast N fertilizer until 3 to 4 weeks after grass 
greenup is recommended, especially when urea is used. This later 
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Abstract 

Broom snakeweed (Gutierrnio sarotbee Shinners), a C3 ever- 
green half-shrub, is a formidable competitor of grasses in the 
semiarid southwestern rangelands. Sand dropseed (Sporobolus 
cryptondrus (Torr.) Gray), perennial C4 bunchgrass, is the most 
drought resistant species in the short-grass prairie. A comparative 
study on soil water extraction patterns, photosynthesis, and can- 
opy development in both species during spring-summer growing 
season of 1991 was conducted in pot- and field-grown plants. Sand 
dropseed extracts water at depths between 0 and 30 cm more 
effectively than broom snakeweed. In contrast, broom snakeweed 
can take up more water from the subsoil (30-60 cm) than sand 
dropseed. Photosynthesis in sand dropseed was more affected by 
soil water deficit than was broom snakeweed, which was related to 
their water extraction patterns. Leaf area accumulation of broom 
snakeweed was not affected by spring drought, but that of sand 
dropseed was reduced. Because of greater water extraction from 
the wetter subsoil by broom snakeweed during drought, it can 
assimilate more carbon and, therefore, prevail in a competitive 
relationship with sand dropseed. 

Key Words: broom snakeweed, sand dropseed, soil water use, 
resource partitioning, half-shrub, warm-season grass 
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Soil water partitioning between shrubs and grasses has been 
established recently for several range species (Sala et al. 1989, 
Brown and Archer 1990). In a subtropical savanna of Texas, 
Brown and Archer (1990) showed that photosynthesis and stoma- 
tal conductance in deep-rooted honey mesquite (Prosopis glandu- 
losa Torr. var. glandulosa) were closely coupled to soil moisture at 
depths between 30 and 90 cm, while in shallow-rooted hooded 
windmillgrass (Chloris cucullafa Bisch.), photosynthesis and sto- 
matal conductance were most associated with soil moisture in the 
upper (<30 cm) zone. The different rooting habits of the 2 species 
were thought to be responsible for water partitioning. It is intrigu- 
ing to know if similar patterns occur in shallow-rooted shrubs and 
associated grasses on semiarid grassland. 

Broom snakeweed (Gutierrezia sarothrae Shinners.) is a con- 
spicuous component on much of the rangelands in the western and 
southwestern United States. This perennial half-shrub reduces 
grass production (Jameson 1966, Johnson and Madrigal 1967, 
Ueckert 1979, McDaniel et al. 1982). It has been suggested that 
broom snakeweed’s competitive advantage is related to its ability 
to extract soil water more efficiently than grasses (Ueckert 1979). 

Broom snakeweed has a shallow fibrous root system (DePuit 
and Caldwell 1975) and the roots can access water and nutrients at 
the same soil depth as most perennial grasses (Pieper and McDa- 
niel 1989). In summer drought, when leaves of most grasses are 
rolled, broom snakeweed leaves remain turgid. Broom snakeweed 
has less stomata1 control over water loss than the drought resistant 
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shrub Artemisia tridentata Nutt. in the cold desert rangeland 
(DePuit and Caldwell 1975). This may imply that broom snake- 
weed can maintain higher hydraulic conductivity in the soil-plant 
system. 

We hypothesize that broom snakeweed can extract water from 
subsoil more effectively than grasses and therefore maintain higher 
physiological activity during drought. Sand dropseed (Sporobolus 
cryptandrus (Torr.) Gray.), an important drought resistant species 
in the American short-grass prairie, co-occurs with broom snake- 
weed and has a dense root system in the top 30 cm of the soil profile 
(Weaver 1968). Like many other grasses, sand dropseed rolls leaves 
during summer drought. 

The objectives of this study were: (1) to evaluate soil water 
extraction patterns of these 2 species under pot-grown conditions; 
(2) to determine photosynthesis rates of the 2 species as affected by 
soil water deficit in both pot- and field-grown plants; and, (3) to 
characterize canopy development of the 2 species in the field. 

Materials and Methods 
Ten broom snakeweed and 10 sand dropseed plants from a 

rangeland plant community on the Texas Tech campus were trans- 
planted into large plastic pots (30-cm high and 29-cm diameter) in 
early March 199 1. Pots contained Amarillo tine sandy loam (fine- 
loamy, mixed, thermic Aridic Paleustalfs). The pots were watered 
daily to bring soil water content to field capacity, and the soil 
surface in each pot was covered with plastic to minimize soil 
evaporation. All potted plants were kept in a rain-out shelter for 
protection from natural precipitation during the experiment. 
From late April, the plants were exposed to 2 drying cycles by 
withholding watering. Water use by the plants was determined by 
weighing the pots (* 1 g) and calculating the weight loss. Total 
water use was monitored during rapid growth in late-April and 
May. 

After termination of the above experiment, about 100 holes, 3.2 
mm in diameter, were drilled on 2-cm spacings in the bottom of 10 
pots containing a single broom snakeweed or sand dropseed plant. 
These 10 pots were placed on top of 10 other pots packed with 
similar soil. The holes permitted plant roots to grow into the soil in 
the lower pot (the roots of both species had diameters not greater 
than 1 mm). The upper and lower pots were watered to field 
capacity in late May and early June and water was withheld 
afterward until 19 July. In the second drying cycle, the pots were 
watered on 29 July and allowed to dry until 12 August. 

Soil water depletion from upper and lower pots was monitored 
by time domain reflectometry (TDR) during these 2 drying cycles 
(Topp et al. 1980,1982; Ledieu et al. 1986; Dalton and Poss 1990). 
Stainless steel rods, 3.2 mm in diameter, were cut into 260-mm 
lengths and used as probes. Parallel pairs of the rods were inserted 
horizontally into the soil 50-mm apart at 3 depths in each pot. Soil 
electromagnetic capacitance and reflectance pattern were mea- 
sured with a Tektronix 1502C cable tester (Textronix, Beaverton, 
Ore.) connected to the soil probes. Cable tester output was con- 
verted to dielectric constant, and soil volumetric water content was 
calculated from dielectric constant (Topp et al. 1980). 

Volumetric water content (Qp) obtained with the time domain 
reflectometry was calibrated against water content determined 
gravimetrically. Slopes of the regression equations were not statis- 
tically different from 1 nor were the intercepts different from 0, 
suggesting a 1:l relationship (r*=0.95, n=27). 

A field experiment was conducted simultaneously in a natural 
plant community on Texas Tech campus. Mature broom snake- 
weed and sand dropseed plants growing adjacent to each other 
were used in photosynthesis and water potential measurements. 
Photosynthesis in both pot and field studies was measured during 
900 to 1000 hour with a Licor 6200 portable photosynthesis system. 

A foliated stem or culm with 6 to 10 cm* leaf area was enclosed in a 
0.25-liter chamber for 20 seconds for CO2 exchange measurement, 
The uppermost stems or culms with fully expanded leaves were 
sampled; 4 to 5 plants per species were sampled on each date for 16 
dates. Photosynthetic area (l-side surface area of leaf and green 
stem) was estimated using a Licor 3000 area meter. The photosyn- 
thetic photon flux density was > 1.2 mmol me2 s-l and air tempera- 
ture was 30 f 2” C during most measurements, except in April 
when air temperature was 25” C. Additional diurnal measurements 
on photosynthesis were made in the field during subsequent rainy 
(15 June) and drought (7 July) periods. Plant water potential in the 
field-grown plants was measured at dawn with a Scholander-type 
pressure chamber using 3-5 stems or culms from different individ- 
uals of each species. 

Soil volumetric water content was also monitored in the field. 
Stainless steel rods 6.4 mm in diameter and 200,400, and 600 mm 
in length were inserted vertically into the soil at a parallel distance 
of 50 mm from the center of each rod. Four sets were installed at 
the study site. Soil columns with known water content were 
equipped with 6.4-mm rods, and a 1:l relationship was obtained 
between measured soil volumetric water content and actual water 
content (r2 =0.98 to 0.99). 

Eight plots, about 100 m2 each, were randomly established on 
the study site. One broom snakeweed plant and 1 sand dropseed 
plant were harvested from each plot on 7 sampling dates from 
March through August. Total green surface area of each plant (1 
side) was measured with a Licor 3000 area meter. 

Student T tests and repeated measurement analysis (Gurevitch 
and Chester 1986) were used to test significant differences between 
species during selected time periods and to examine trends of 
physiological activities and soil water depletion over time. Regres- 
sion analysis was used to evaluate the trend of canopy development 
over growth periods. 

Results 

By late April when the experiment began, the plants had grown 
for more than 40 days in the pots and were presumably established. 
In late April, when potted plants of the 2 species had reached 
similar size, whole-plant transpiration of the 2 species was similar 
at 1 and 2 days after watering (Fig. 1). As soil water became less 
available, sand dropseed transpired more than broom snakeweed. 
In April, sand dropseed transpired 26.6% more water over the 
6day period. In May, by the 4th day after watering, sand dropseed 
had transpired 28% more water than broom snakeweed. Five to 17 
days after watering, however, daily transpiration by sand dropseed 
was nearly 100% greater (Fig. 1). In both April and May, daily 
differences in transpiration between species were significant 
(p<O.Ol, repeated measures analysis), as was the species by time 
interaction (p<O.OS). Thus, when the plants were grown in single 
pots, transpiration by broom snakeweed was more affected by 
progressive soil drying than was that of sand dropseed. 

When grown in double pots, sand dropseed transpired 16.6% 
and 11% more soil water @<0.05) from the upper pot than broom 
snakeweed during the 2 drying cycles, while broom snakeweed 
extracted 42.3 and 72% more water @<O.Ol) from the lower pot 
than sand dropseed (Fig. 2 and 3). During the first drying cycle, 
upper and lower pots contributed 64.5 and 35.5% to total water use 
of sand dropseed, while in the case of broom snakeweed, the 
contributions were 48.4 and 51.6% for upper and lower pots, 
respectively. Similar patterns were observed during the second 
drying cycle (Fig. 3). At the end of the first and second drying 
cycles, 33% and 17% more water remained in the pots with sand 
dropseed than in those with broom snakeweed. Soil water deple- 
tion patterns had a significant species by time interaction with 
steeper slopes @<O.Ol, repeated measures ANOVA) evident in 
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1 2 3 4 5 6 

1 3 4 5-17 

Days after watering 
Fig. 1. Average daily whole-plant transpiration (n=lO) by broom snake- 

weed (solid bars) and sand dropseed (crosshatched bars) grown in single 
pots in April and May, 1991. Vertical bars represent 1 standard error. 
The pots were watered to field capacity 1 day before the first mewure- 
ment in each month. 

water use from upper pots containing sand dropseed, and in lower 
pots containing broom snakeweed (Fig. 2 and 3). 

In the pot study, CO2 fixation rates of the 2 species were similar 
when soil was wet on 1 June and 19 July, but became significantly 
lower (p<O.Ol) in sand dropseed from 17 June through 3 July (Fig. 
4). Volumetric soil water in the upper pot was less thanO.l cm3 cme3 
during this period, but soil water content in the lower pot was high 
(>O. 173 cm3 cme3). Similar patterns were observed in the second 
drying cycle (data not shown). 

In the field, 3 drying periods occurred in the spring and summer 
of 199 1. Surface soil water content was at or below 0.1 cm3 cm-’ in 
April to early May, early July, and late July to early August (Fig. 
5). During these 3 “drought” periods, sand dropseed exhibited 
lower dawn water potential than broom snakeweed, but its water 
potential was higher than broom snakeweed in the wetter periods 
of June (T test, p<O.OS, Fig. 6). 

At high soil water availability (mid June), peak photosynthesis 
of sand dropseed occurred at 1300 to 1400 hour, while broom 
snakeweed attained its highest photosynthetic rate at mid morning 
(data not shown). At low soil water availablity, both species 
reached maximum photosynthesis in the mid morning, and photo- 
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Fig. 2. Upper: Average soil water content of the upper pots (~5) contain- 
ing broom snakeweed (open circles) and sand dropseed (closed circles) 
grown in double pots during the first drying cycle. Lower: Average soil 
water content of the lower pots (n=S) containing broom snakeweed 
(open circles) and sand dropseed (closed circles) grown in double pots 
during the first drying cycle. The pots were watered to field capacity on 
31 May. The vertical bars represent f 1 standard error. 

synthesis in the afternoon was sharply reduced (data not shown). 
During the 3 drought periods, mid morning photosynthesis in sand 
dropseed was significantly lower (p<O.Ol) than in broom snake- 
weed (Fig. 7). During the last period of low soil water content from 
30 July to 8 August, photosynthesis in both species was reduced; 
the trend was not significant in broom snakeweed (slope=-O.108, 
r*=O.O58, p>O.l), but was highly significant in sand dropseed 
(slope=-0.899, r2=0.99, p<O.OOOl, Fig. 7). Photosynthetic capac- 
ity of sand dropseed was continuously reduced by progressive soil 
drying, perhaps primarily by the water deficit in the surface soil 
layers (Fig. 5). During the same period, water was depleted more 
rapidly from the 60-cm soil depth increment than from the 20cm 
increment @<O.OS for depth by time interaction, repeated mea- 
sures analysis, Fig. 5). Relatively constant and higher photosyn- 
thesis in broom snakeweed during this period was probably related 
to greater soil water extraction from the deeper soil layers. 

The general patterns of canopy development were similar for the 
2 species except that broom snakeweed leaf and green stem surface 
area increased continuously and linearly until mid June (linear 
p<O.OOOl, r* q  0.96) despite periods of low soil water content, while 
leaf area of sand dropseed increased little from mid April until 
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Fig. 3. Upper: Average soil water content of the upper pots (n=5) contaln- 
ing broom snakeweed (open circles) and sand dropseed (closed circles) 
grown in double pots during the second drying cycle. Lower: Average 
soil water content of the lower pots (n=S) containing broom snakeweed 
(open circles) and sand dropseed (closed circles) grown in double pots 
during the second drying cycle. The pots were watered to field capacity 
on 29 July. The vertical bars represent f 1 standard error. 

early May (linear p<O.OOl, t2=0.88; quadratic p<O.O5) (Fig. 8). 
Photosynthetic surface area of both species declined after June. 

Discussion 
When root systems were confined to a single pot, 30-cm deep, 

sand dropseed extracted more water from the soil than broom 
snakeweed as drought developed. This may reflect a greater root 
density of sand dropseed than broom snakeweed in the soil surface. 
In the field, when soil water availability was high in the soil surface 
in June, sand dropseed had higher dawn water potential than 
broom snakeweed, again indicating an effective root system in the 
topsoil. This agrees with the research of Caldwell et al. (1987) and 
Polley et al. (1992) who found that root length or biomass of the 
grasses in the topsoil is muchgreater than that of the shrubs. When 
both species were grown in the double pots, broom snakeweed 
extracted more water from greater soil depths than sand dropseed, 
reflecting greater root penetration of broom snakeweed in the 
lower pots. 

When broom snakeweed plants were grown in single pots, the 
development of a deep root system was precluded, and the poten- 

1 I I I 

1 JUN 17 JUN 1 JUL 3 JUL l8JUL 

Fig. 4. Photosynthesis of broom snakeweed (open circles) and sand drop- 
seed (closed circles) during the first drying cycle. The vertical bars 
represent f 1 standard erroi (~5). 
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Fig. 5. Average volumetric soil water content at 3 soil depths during the 
growing season in the field. The standard errors of the mean are smaller 
than the symbols (n=4). 

tial for water absorption could not be realized. Several reports 
have described the greater effectiveness of water uptake by roots in 
the profile under limited water supply (Taylor and Klepper 1973, 
Proftitt et al. 1985, Sharp and Davies 1985, Sheffer et al. 1987). 
This has been attributed to wetter subsoil, less competition due to 
reduced root density at depth, and deeper roots being young (Tay- 
lor and Klepper 1973). In this study, water depletion by broom 
snakeweed was similar in the top and subsoil. At the end ofthe first 
drying cycle, soil water was depleted to 0.095 and 0.081 cm3 cm-’ 
for the upper and Iower pot, respectively. The values were 0.094 
and 0.105 for the second drying cycle. This reveals an extraordi- 
nary water absorption capacity of broom snakeweed roots. In 
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Fig. 6. Plent water potential at dawn in broom snakeweed (open circles) 
nnd send dropseed (closed circles) grown in the field during growing 
season. The vertical hers represent f 1 stendud error (n=3 to 5). 
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Days after 30 July 

Fig. 7. Photosynthesis in broom snakeweed (open circles) end send drop 
seed (closed circles) grown in the field during the growing season. The 
measurements were taken during 900 to 1006 hours on sunny days. The 
vertical bars represent f 1 stendud error (n=4 to 5). The lower, smeller 
figure shows photosynthesis of the 2 species es effected by the third 
drought period from 30 July to 8 August. Note that photosynthesis wes 
reduced lineuly in send dropseed, but not in broom snakeweed. 

b 
- 600 

Fig. 8. Total green surface area (1 side) per broom snakeweed (open 
circles) end sand dropseed (closed circles) plent grown inthe field during 
the growing season. The vertical bars represent f 1 stendard error (n=S). 

contrast, sand dropseed was less able to exploit the subsoil. At the 
end of the first drying cycle, water content in the lower pot was as 
high as 0.173 cm3 cmm3, while the upper pot was very dry at 0.061 
cm3 cmd (Fig. 2). 

Photosynthesis in sand dropseed was reduced by low soil water 
content (Qp<O. 1) in the upper pot, but the effect was much less in 
broom snakeweed because the roots extracted both top and bot- 
tom soil layers. These results were substantiated by field measure- 
ments during periods of limited soil water availability. 

In the field, when water content in the upper soil was only 0.1 
cm3 cmd during spring, leaf area development and photosynthesis 
of sand dropseed were both reduced by water deficit, but leaf area 
accumulation by broom snakeweed was more rapid. It appears 
that sand dropseed mainly depends on water in the shallow soil 
layers for growth, while growth of broom snakeweed was less 
affected by water deficit in the upper soil layers. In spring, most 
plant species have limited root growth in the subsoil, but evergreen 
species such as broom snakeweed already have substantial biomass 
both above- and below-ground. Our observations indicate that 
root systems of broom snakeweed seedlings penetrate below 30-cm 
subsoil around late April. Competition from other species for 
water and nutrients below the 30-cm depth is probably minimal, 
favoring broom snakeweed growth. Brown and Archer (1990) 
found that mesquite plants began partitioning soil moisture with 
grasses early in their life cycle when competition from grasses was 
intense in the upper soil layers. Early water partitioning with 
grasses was also evident in this shallow-rooted half-shrub. Since 
the surface soil was drier than the deeper soil layers (Fig. 5), this 
early water partitioning allowed broom snakeweed to preempt 
water from where it was most available and to maintain a higher 
growth rate. When soil water content was low in July and August, 
leaf area of both species declined (Fig. 8). Leaf shedding of snake- 
weed under summer drought has been reported (DePuit and Cald- 
well 1975). As soil water deficit developed, water absorption from 
deeper in the soil profile became insufficient to supply or meet 
potential transpiration (Proffitt et al. 1985). Stomata1 conductance 
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of broom snakeweed remained relatively high (50% of that in June, 
data not shown), so leaves from the lower stems were shed in order 
to maintain a balance between water supply and transpirational 
demand. 

In the rainy season (June), a small rainfall event of l-2 cm can 
only wet the upper layers of a dry soil unless the soil is very sandy 
(Passioura 1988). Since sand dropseed could take up water more 
effectively from the topsoil, it had higher water potential than 
broom snakeweed during this period (Fig. 6). Desert herbaceous 
perennials are better able to utilize summer rains than the woody 
perennials (Ehleringer et al. 1991). This study supports this gener- 
alization, and suggests that different responses to summer rainfall 
in these 2 species are related to their water extraction patterns. 

Total carbon gain is a primary factor in determining the success 
of a plant species in its given environment (Schulze 1982). Seasonal 
CO2 fixation of these 2 species was closely related to soil water 
acquisition patterns. In the warm arid regions, C4 species, by virtue 
of higher temperature optima for photosynthesis and growth, usu- 
ally perform better than C3 species (Ludlow 1985). This is proba- 
bly true when the soil is moist following summer precipitation 
(Osmond et al. 1982). Water in the surface soil often has shorter 
duration than the subsurface water (Richards 1986). During 
drought periods, as the soil dried from the surface, less effective 
water uptake from the subsoil led to a reduced carbon gain in sand 
dropseed; but had less effect on broom snakeweed. This may 
enable broom snakeweed to maintain a higher carbon gain under 
drought conditions, and compete successfully with sand dropseed 
on semiarid rangelands. 
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Abstract 

Created wbeatgrasses [Agropyron cristatwn L. Gaertn. and A. 
desertorum Fiscb. ex (Link) Scbult.] have been extensively seeded 
on semiarid western rangehtnds, but without supplemental N many 
of these seedings decline in vigor, ground cover, and productivity 
as the stand ages. Biological N fixation by legumes may represent 
a viable alternative to fertilizer k for increasing stand productivity. 
Two growth-room studies were designed to investigate N, fixation 
and N transfer in mixtures of alfalfa (Medicugo sutiva L.) or 
annual sweetclover (Melilotus albu Me&k. var. MRUU Coe) and 
crested wheatgrass. Growth media were enriched with 15N-lrheled 
KNO, at a rate of 24.2 kg N ha“ and used to grow mixtures and 
monocultures of alfalfa or sweetclover and crested wheatgrass. 
Fixed and transferred N were determined at 3 harvest dates from 
differences in isotopic composition between the legume species in 
mixture with crested wheatgrass and crested wheatgrass in mono- 
culture. The percentage of legume N derived from fixation was 
>gt% for the final 2 harvests and increased as the proportion of 
crested wheatgrass in the mixtures increased. Nitrogen transfer 
from alfalfa to crested wheatgrass accounted for <5% of the graw 
total N. Conversely, nitrogen transfer from sweetclover to crested 
wheatgrass accounted for ahout 20% of the grass total N. Nitrogen 
transfer from alfalfa or sweetclover to crested wheatgrass may he 
important in maintaining stand productivity on N-limited western 
rangelands. 

Key Words: bycrest, isotope dilution, Medicugo sutivu L., Melilo- 
tus uZbu Medik. var. unnua Coe, Nitrogen-H, nitrogen cycling 

Crested wheatgrass [Agropyron cristatum (L.) Gaertn. and A. 
desertorum Fisch. ex (Link) Schult.] productivity is frequently 
limited by lack of N on western rangelands, especially as estab- 
lished stands age. Nitrogen fertilization can increase the forage 
quality and quantity of crested wheatgrass stands, but these 
increases are erratic; the magnitude of the response is site specific 
and integrated over the capacity of the plants to assimilate N, the 
capacity of the soil to immobilize N, and the amount of available 
soil water (Mayland 1986). 

Because legumes are known to fix and transfer significant 
amounts of N within subhumid grass-legume pastures (Silver and 
Hardy 1976, Ta and Faris 1987b, Brophy et al. 1987), interseeding 
native or introduced legumes on crested wheatgrass-dominated 
western rangelands has been suggested (Johnson and Rumbaugh 
198 1). The benefits of growing crested wheatgrass with legumes are 
well documented and imply transfer of fixed N from legumes to 
crested wheatgrass. This transfer, however, has not been directly 
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demonstrated. Johnson and Rumbaugh (1981) showed that alfalfa 
(Medicago sativa L.) and yellow sweetclover [ Melilotus officinalis 
(L.) Pall.] were well nodulated and capable of fixing significant 
amounts of N2 (measured qualitatively by acetylene reduction) on 
semiarid rangelands during the most stressed portion of the grow- 
ing season. Alfalfa also has been shown to survive for up to 23 years 
in semiarid environments (Rumbaugh and Pedersen 1979) and is 
capable of self reseeding on sites receiving 280 mm of average 
annual precipitation (Rumbaugh 1982). 

Annual legumes, such as black medic (Me&ago lupulina L.) 
and white sweetclover (Melilotus alba Desr.), also fix Nr, produce 
seed on sites receiving 160 mm of average annual precipitation, and 
are adapted to semiarid environments (Turkington et al. 1976, 
Duke 1981). When compared to perennial legumes such as alfalfa, 
lower percentages of lignin and other fibrous materials in annual 
sweetclovers result in faster decomposition rates (Schwendiman 
and Kaiser 1960), which may provide more immediate N transfer 
to crested wheatgrass. 

Although alfalfa and annual sweetclover are capable of fixing N2 
on semiarid sites and differ markedly in short-term decomposi- 
tional release of fixed N, the potential N contribution from these 
legumes to crested wheatgrass remains unknown and should be 
quantitatively investigated under both laboratory and field condi- 
tions. The objectives of this research were to: (1) quantify N2 
fixation and transfer of fixed N in alfalfa-crested wheatgrass and 
annual sweetclover-crested wheatgrass mixtures of varying ratios 
under controlled laboratory conditions using isotope dilution 
methodology (Chalk 1985) and (2) provide baseline data relative to 
the methodology, design, and development of complementary field 
studies (Gebhart et al. 1993). 

Materials and Methods 

Experiment 1 
Plants of ‘Spredor 2’ alfalfa and ‘Hycrest’ crested wheatgrass 

(Agropyron cristatum X A. desertorum) (Asay et al. 1985) were 
grown from seed in 20-liter plastic pots filled with a mixture of 
washed sand and vermiculite (4: 1, v:v respectively). Each pot had 
rsN-labeled KNOB (12.13 atom Yc rSN excess) applied at 24.2 kg N 
ha-’ in a water carrier. 

Five treatments were used: pure alfalfa, pure crested wheatgrass, 
and grass:legume ratios of 7525, 50:50, and 25:75. Eight equally 
spaced planting locations per pot were sown with either 4 crested 
wheatgrass seeds or 3 inoculated alfalfa seeds (Rhizobium meliloti 
Dang, Lot ACT18, Urbana Labs) to meet the required ratios. After 
emergence, seedlings were thinned to 1 per location. The pots were 
routinely watered to field capacity with an N-free, half-strength 
Hoagland’s nutrient solution (Hoagland and Arnon 1950) when 
the weight of the pots was about 85% of the field capacity weight. 

Plants were grown for 149 days in a relatively homogeneous 
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growth room environment under a 13hour day/ 1 l-hour night 
with a temperature regime of 29/21°C. Pot locations within the 
growth room were re-randomized every 7 days. Light intensity was 
500 pmol me2 s-r during the day. Plants were clipped to a height of 5 
cm 74, 114, and 149 days after planting, which corresponded to 
about 10% legume bloom. Aboveground biomass was separated by 
species. At the final clipping, roots were washed and separated by 
species using a differential staining technique (Ward et al. 1978). 
Plant tissues were dried at 60°C for 48 hours, weighed, and ground 
to pass through a OS-mm screen. Total N was determined by the 
Kjeldahl method (Nelson and Sommers 1973) and percent IsN was 
determined by mass spectrometry (Porter and O’Dean 1977). The 
proportion of N derived from Na fixation in alfalfa and of N 
transferred from alfalfa to crested wheatgrass in mixture were 
estimated from differences in isotopic composition between the 2 
species in mixture and crested wheatgrass in monoculture (Fried 
and Middelboe 1977, Hardarson et al. 1988). 

For each clipping, treatments were compared by analysis of 
variance procedures for a completely randomized design with 4 
replications. Means were compared with Fisher’s Protected LSD 
test (X0.05) (Steel and Torrie 1980). 

Experiment 2 
This experiment was conducted in the same manner as Experi- 

ment 1 except that (1) ‘Hubam’annual sweetclover (Melilotus alba 
Medik. var. unn~u Coe) was substituted for alfalfa in order to focus 
on differences in NZ fixation and transfer between perennial and 
annual legumes having markedly different lignin and fiber con- 
tents, (2) washed sand was used instead of a washed sand- 
vermiculite growth medium, (3) 1.2 1 atom 70 I5N excess KNOs was 
applied instead of 12.13 atom 70 r5N excess KNOs, and (4) plants 
were grown for 148 days instead of 149 days and clipped at 74,113, 
and 148 days after planting. 

Results and Discussion 
Dry Matter Yield 

Shoot (leaves and stems) and root dry matter yields of alfalfa 
and crested wheatgrass decreased as the proportion of each species 
in the mixtures decreased (Table 1). Significant reductions (P<O.O5), 

Table 1. Dry weights of shoots and roots of crested wheatgrass (CWC) 
and alfalfa (ALF) grown in mixtures of varying ratios and clipped 3 

Clip’ Species 

GrassLegume Ratio 
0:lOO 25:75 5050 75:25 1OO:O LSD* 

Shoot dry wt. ____________(gpot-')____________ 

1 CWG -- 1.27 1.84 2.89 2.74 0.56 
ALF 6.41 4.12 3.51 1.28 - 2.15 

2 CWG -- 0.50 0.61 0.56 0.97 0.21 
ALF 8.03 9.65 8.96 4.46 - 3.03 

3 CWG - 0.90 1.32 1.88 2.39 0.59 
ALF 7.80 7.14 5.23 4.00 - 2.92 

Total CWG - 2.68 3.77 5.33 6.11 0.52 
ALF 22.24 20.90 11.76 9.74 - 5.15 

Root dry wt. 
3 CWG ________;;;_(gpot-‘)__7_42_______ - 6.99 6.41 2.19 

ALF 12.66 1 I:86 11.19 5192 - 2.72 

‘Clippings 1, 2, and 3 occurred 74, 114, and 149 days after planting, respectively. 
2The Fisher’s Protected LSD values were computed at the 0.05 level of significance 
and are applicable for comparisons across grass:legume ratios within spectes. 

however, were not observed between crested wheatgrass in mono- 
culture and crested wheatgrass in a grass:legume ratio of 75:25 
except at the second clipping. Significant reductions (P<O.O5) in 
shoot dry matter yield were not observed between alfalfa in mono- 
culture and alfalfa in grass:legume ratios of 25:75 and 50:50, except 

Table 2. Dry weights of shoots and roots of crested wheatgrass (CWC) 
and sweetclover (SC) grown in mixtures of varying ratios and clipped 3 
times. 

GrassLegume Ratio 

Clip’ Species 0:lOO 25~75 50:50 75~25 loo:0 LSD* 

Shoot dry wt. 
1 CWG ________&_(gpO’-~)____________ - 0.24 0.37 0.85 0.02 

SC 10.79 9:90 7.87 5.33 -- 2.02 
2 CWG - 0.21 0.43 0.45 1.54 0.11 

SC 13.72 11.73 9.88 8.43 - 2.33 
3 CWG - 0.32 0.65 0.77 1.91 0.14 

SC 18.52 16.09 15.48 11.48 - 2.79 
Total CWG - 0.74 1.33 1.59 4.32 0.71 

SC 43.03 37.72 33.21 25.22 - 7.82 

Root dry wt. 
3 CWG ________~ss_(gpot-‘)____________ - 7.11 9.12 7.91 0.72 

SC 17.77 15:66 13.24 11.25 - 1.40 

0ippings 1, 2, and 3 occurred 74, 113, and 148 days after planting, res ectively. 
2The Fisher’s Protected LSD values were computed at the 0.05 level o P. srgruficance 
and are applicable for comparisons across grass:legume ratios within specres. 

at the first clipping. 
Shoot and root dry matter yields of sweetclover and crested 

wheatgrass also were reduced when grow in mixtures (Table 2). 
Dry matter production of sweetclover shoots was much greater 
than that of crested wheatgrass shoots for all 3 clippings. The 
difference in root dry matter production between crested wheat- 
grass and sweetclover, however, was less pronounced than the 
difference in shoot dry matter production and indicated that 
crested wheatgrass invested proportionally more carbon in root 
production than sweetclover. Smith and Gorz (1965) reported that 
annual sweetclovers exhibit lower root:shoot production ratios 
when compared to biennial varieties. 

Nitrogen Concentration 
Increasing the proportion of alfalfa or sweetclover in the mix- 

tures generally increased N concentration of crested wheatgrass 
(Tables 3 and 4). The N concentration of crested wheatgrass shoots 

Table 3. Nitrogen concentration of shoots and roots of crested wheat- 
grass (CWC) and alfalfa (ALF) grown in mixtures of varying ratios and 
clipped 3 times. 

Cliol Species 

GrassLegume Ratio 

0:lOO 25:75 50:50 75:25 100:0 LSD* 

Shoot 
1 CWG -------_(mgN~~1dry~.)----121 - 17.9 17.2 14.9 

24.3 25.2 24.0 25.2 : 
0.4 

ALF 1.5 
2 CWG - 19.2 16.9 15.8 13.3 3.4 

ALF 28.1 26.7 26.7 28.6 - 2.6 
3 CWG - 14.3 9.4 7.1 10.4 3.3 

ALF 29.6 27.6 25.4 28.3 - 3.3 
Mean CWG - 17.1 14.6 12.6 12.2 1.3 

ALF 27.3 26.5 25.4 27.3 -- 2.1 

Root __------(mgNg~'drywt.)------- 

3 CWG - 5.3 4.9 4.7 5.7 0.8 
ALF 22.6 17.7 17.2 16.6 - 1.7 

Clippings 1,2, and 3 occurred 74,114, and 149 days after planting, ms 
2The Fisher’s Protected LSD values were computed at the 0.05 level o p4ctiye’y. srgmficance 
and are applicable for comparisons across grass:legume ratios within species. 

grown in a grass:legume ratio of 25:75 with alfalfa (Table 3) or 
sweetclover (Table 4) was significantly greater (P<O.OS) than that 
for crested wheatgrass in monoculture at all 3 clippings. Crested 
wheatgrass N uptake, expressed as the product of biomass and N 
concentration on an individual plant basis, also was greater in 
gmss:legume ratios of 25:75 with alfalfa or sweetclover than in 
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Table 4. Nitrogen concentration of shoots end roots of created wheat- Table 6. Atom percent l”N excess in shoots and roots of crested wheat- 
gress (CWG) end sweetclover (SC) grown in mixtures of varying ratios gress (CWG) and sweetclover grown in mixtures of vuying ratios end 
end ciipped 3 times. clipped 3 times. 

GrasxLegume Ratio 

Clip’ Species 0:iOO 25:75 5050 75:25 1OO:O LSD2 

Shoot 
1 CWG --------(mgN~~~rywt.)----;;;- - 45.5 37.0 

28.9 30:5 29.3 i 
1.8 
1.7 

2 20.2 19.2 18.8 18.4 1.1 
SC 36.7 36.3 37.5 36.3 - 1.7 

3 CWG - 19.4 14.2 13.9 11.3 0.9 
39.0 38.9 39.6 - 2.0 

Mean 28.4 25.3 23.2 20.8 1.1 
SC 34.6 34.6 35.6 35.0 - 1.3 

Root _____ ____ 
3 CWG - ___(mgNgg’~rywt.) 9.6 6.7 -6-l- 0.3 

SC 17.7 17.7 i8:i 17.1 _: 1.6 

IClippings 1, 2, and 3 occurred 74, 113, and 148 days after planting, res 
IThe Fisher’s Protected LSD values were computed at the 0.05 level o ?+Ye’y. slgndicance 
and are applicable for comparisons across grass:legume ratios within species. 

GrassLegume Ratio 

Clip’ Species 0:lOO 25:75 50:50 75:25 loo:0 LSDZ 

Shoot 
1 CWG ______;__;__(%)______________ - 1.094 1.092 1.011 0.054 

SC 0.220 0:298 0.325 0.524 - 0.066 
2 CWG - 1.020 0.964 0.996 0.975 0.063 

SC 0.060 0.062 0.048 0.043 - 0.017 
3 CWG - 0.589 0.818 0.809 0.855 0.085 

SC 0.010 0.013 0.004 0.003 - 0.002 

Root ____________(%)___________ 
3 CWG - 0.582 0.687 0.658 0.716 0.075 

SC 0.133 0.151 0.102 0.144 - N.S. 

IClippings 1, 2, and 3 occurred 74, 113, and 148 days after planting, res 
F 

ctively. 
*The Fisher’s Protected LSD values were computed at the 0.05 level o s&icance 
and are a plicable for comparisons across grass:legume ratios within species. N.S. = 
nonsign Icant. ip 

staining that caused difficulties in accurately separating grass and 
sweetclover roots in mixtures. The largest declines in ISN occurred 
in mixtures having the highest proportion of crested wheatgrass, 
underscoring the relatively greater NZ fixation by alfalfa or sweet- 
clover in mixture. This is also shown in Tables 7 and 8 where the 

monoculture at all 3 clippings (data not shown). Nitrogen com- 
pounds excreted directly from legume roots, such as ammonium N, 
amino acids, and proteins (Brophy and Heichel 1989), or from 
senescence of legume root and nodule tissues are all possible mech- 
anisms explaining the increased N concentration and uptake of 
crested wheatgrass plants when grown with alfalfa or sweetclover 
in N-free or N-limited growth media. Similar N concentration 
increases in reed canarygrass (Phalaris arundinaceu L.), timothy 
(Phleum pratense L.) and crested wheatgrass grown in mixture 
with alfalfa also have been reported by Brophy et al. (1987), Ta and 
Faris (1987a), and Lutwick and Smith (1977), respectively. 

Alfalfa (Table 3) or sweetclover (Table 4) shoot N concentra- 
tions were not significantly affected by the presence of crested 
wheatgrass in the mixtures. Alfalfa or sweetclover root N concen- 
tration tended to decline as the proportion of crested wheatgrass 
increased. Many legumes compete poorly for soil N when growing 
in association with grasses (Broadbent et al. 1982). 

Dinitrogen Fixation 
Compared to legume monocultures, the atom % IsN excess in 

legume shoots and alfalfa roots from grass:legume ratios of 75:25 
were lower for all clippings (Tables 5 and 6). Similar trends were 
not observed for sweetclover roots and were probably the result of 
grass root cross-contamination due to incomplete differential 

Table 5. Atom percent l”N excess in shoots and roots of created wheat- 
grass (CWG) end rifaifa (ALF) grown in mixtures of varying ratioa end 
clipped 3 times. 

Clip’ Species 

Shoot 
1 CWG 

ALF 
2 CWG 

ALF 
3 CWG 

ALF 
Root 
3 CWG 

ALF 

Grass:Legumc Ratio 

0:iOO 25:75 50~50 75:25 loo:0 

_____________(%)_____________ 
- ii.635 12.250 12.062 il.985 

2.084 1.524 1.221 0.630 - 
- 10.915 12.055 11.830 11.095 

0.430 0.228 0.132 0.128 -- 
- 8.535 9.878 9.860 8.510 

0.398 0.263 0.166 0.086 - 
____________(%)________-__ 
- 7.981 8.477 8.772 8.780 

1.253 0.779 0.609 0.357 - 

LSD2 

0.389 
0.388 
0.364 
0.098 
1.501 
0.084 

0.802 
0.227 

Clippings 1,2, and 3 occurred 74, 114, and 149 days after planting, res ctivcly. 
2Thc Fisher’s Protected LSD values were computed at the 0.05 level o F s~~dicance 
and are applicable for comparisons across grasxlegume ratios within speaes. 

Table 7. Proportion of nitrogen derived from fixation (%Ndfa) in shoots 
and roots of alfaifa grown in mixtures of varying ratios with crated 
wheatgrass (CWG) and clipped 3 times. 

Clip’ 0:lOO 

Grass:Legume Ratio 

25~75 50:50 75125 LSD2 

Shoot ________________ (%Ndf~)___________----- 

1 82.6 87.3 89.8 94.7 3.2 
2 96.1 97.9 98.8 98.8 0.8 
3 95.3 96.9 98.1 98.9 0.9 

Shoot ________________ _____________ 

3 85.7 91.1 
(%ga)--- 

95.9 2.5 

Clippings 1, 2, and 3 occurred 74, 114, and 149 days after planting, respectively. 
*The Fisher’s Protected LSD values were computed at the 0.05 level of significance 
and are applicable for comparisons across grass:legume ratios within species. 

percentage of N derived from fixation, calculated using pure-stand 
crested wheatgrass as the reference crop, was significantly greater 
(P<O.O5) for alfalfa or sweetclover in mixture compared to alfalfa 
or sweetclover in monoculture. An exception to this occurred at 
the first clipping where the atom % IsN excess (Table 6) of sweet- 
clover shoots increased and the percentage of N derived from 
fixation (Table 8) decreased as the proportion of crested wheat- 

Table 8. Proportion of nitrogen derived from fixation (%Ndfa) in shoots 
and roots of sweetclover grown in mixtures of varying ratios with crested 
wheatgrass end ciipped 3 times. 

Clip’ 0:iOO 

GrassLegume Ratio 

25:75 50:50 75~25 LSD* 

Shoot ________________ (%Ndfa)__________------ 
1 78.1 70.5 67.8 48.2 6.7 
2 93.7 93.7 95.1 95.5 1.9 
3 98.7 98.5 99.4 

Root _____________._.(%Ndfa,)____~~_____-~~ 
3 81.4 78.9 85.8 79.9 2.0 

Clippings 1.2, and 3 occurred 74, 113, and 148 days after planting, respectively. 
*The Fisher’s Protected LSD values were computed at the 0.05 level of significance 
and are applicable for comparisons across grass:legume ratios within species. 
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grass in the mixture increased. This anomaly suggests that during 
early stages of growth, sweetclover may be more competitive for 
soil N when grown in association with crested wheatgrass. 

The relatively greater percentage of Nz fixed by alfalfa or sweet- 
clover in mixture with crested wheatgrass may be due to the 
depletion of limited soil N and fertilizer N by the more competitive 
crested wheatgrass, thereby increasing the reliance of alfalfa or 
sweetclover on Nz fixation. The declining 15N enrichment of 
crested wheatgrass shoots with each successive clipping (Tables 5 
and 6) support this explanation. 

The ‘5N label was not uniformly distributed in plant tissues at the 
third clipping (Tables 5 and 6), as has been observed for other 
species (Chalk 1985). Crested wheatgrass shoots were slightly more 
enriched in ‘5N than roots and, conversely, alfalfa or sweetclover 
shoots were at least 3 times less enriched than roots. This pattern 
may inflate the estimation of the percentage of N derived from 
fixation by as much as 15% when only shoots are harvested 
(Ruschel et al. 1982). Despite non-uniformlabeling, the percentage 
of N derived from fixation for shoots and roots were high enough 
and similar enough to overcome problems associated with isotopic 
fractionation (Bergersen and Turner 1983). 

Nitrogen Transfer 
Nitrogen transfer was calculated as the difference between the 

isotopic composition of crested wheatgrass in mixture and mono- 
culture. Indirect evidence for N transfer is supported when the 15N 
enrichment of grass in mixture with legumes is lower than that of 
grass in monoculture (Danso et al. 1988). 

With few exceptions, the atom % 15N excess in shoots and roots 
of crested wheatgrass in monoculture was higher than crested 
wheatgrass shoots and roots from grass:legume ratios of 25:75 
(Tables 5 and 6). Based on isotopic composition differences 
between monocultures and mixtures of crested wheatgrass, less 
than 5% of the shoot N and 10% of the root N of crested wheatgrass 
in a grass:legume ratio of 25:75 at the third clipping was derived by 
transfer from alfalfa (Table 9). Conversely, about 20% 

Table 9. Proportion of nitrogen in shoots and roots of crested wheatgrass 
transferred from alfalfa when grown in mixtures of varying ratios and 
clipped 3 times. 

Grass:Leame Ratio 
Clip’ 25:X 5050 75~25 LSD* 

Shoot 
1 
2 
3 
Root 
3 

________________ (%)________________ 
4.1 o. 0.6 1.9 
2.5 0:o 0.0 1.6 
4.9 0.0 1.7 6.9 

;o_l___‘_“__;6__(~)_.__;;_______.__ 7.8 

Clippings 1,2, and 3 occurred 74, 114, and 149 days after planting, respectively. 
*The Fisher’s Protected LSD values were computed at the 0.05 level of significance 
and are applicable for comparisons across grasskgume ratios. 

of the shoot and root N of crested wheatgrass in a grass:legume 
ratio of 25:75 at the third clipping was derived by transfer from 
sweetclover (Table 10). Nitrogen transfer from sweetclover to 
crested wheatgrass generally increased in later clippings and as the 
proportion of sweetclover in the mixture increased. These results 
support hypotheses that the N transfer pathway from legume to 
grass in mixtures may be by direct root excretion of N compounds, 
such as ammonium N, amino acids, and proteins, and by decom- 
position of dead legume root and nodule tissue at later growth 
stages. Intermingling of crested wheatgrass and sweetclover roots 
was extensive at the final clipping. When compared to alfalfa roots 
collected in the companion experiment, a higher proportion of 
sweetclover roots and nodules were soft, discolored, and failed to 
differentially stain (Ward et al. 1978), indicating that cell lysis and 
root and nodule senescence may have been greater for sweetclover 

Table 10. Proportion of nitrogen in shoots and roots of crested wheat- 
grass transferred from sweetclover when grown in mixtures of varying 
ratios and clipped 3 times. 

Clip’ 
Grass:Legume Ratio 

25~75 50:50 75~25 LSD* 

Shoot 
1 
2 
3 
Root 
3 

XIippings 1, 2, and 3 occurred 74, 113, and 148 days after planting, respectively. 
ZThe Fisher’s Protected LSD values were computed at the 0.05 level of significance 
and are applicable for comparisons across grawlegume ratios. 

than alfalfa. This may be responsible for the higher N transfer 
estimates for sweetclover to crested wheatgrass when compared to 
alfalfa. 

Under the conditions of this study, N transfer from sweetclover 
to crested wheatgrass was estimated to range from 0 to 22% of the 
grass total N depending on tissue type (root or shoot), grass:legume 
ratio, and clipping date. Generally, increasing the proportion of 
legume in the mixture increased N transfer from sweetclover to 
crested wheatgrass. Nitrogen transfer from alfalfa to crested 
wheatgrass was estimated to account for less than 10% of the grass 
total N. However, this was a short-term experiment using juvenile 
plants, and the limited N transfer observed was probably due to 
active excretion of N compounds from alfalfa roots (Brophy and 
Heichel 1989). The young age of the plants and the favorable 
growing conditions probably limited alfalfa root and nodule turn- 
over, which can significantly contribute to long-term N transfer. 
These results suggest that significant N transfer may not occur 
during early stages of stand development but will likely increase 
with time as alfalfa root and nodule tissue turnover becomes more 
pronounced. Regardless of differences between legumes, N transfer 
from alfalfa or sweetclover to crested wheatgrass may be important 
in maintaining stand productivity on N-limited western rangelands. 
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internode elongation in forage grasses. It can be used to categorize 
germplasm for potential problems with crown node elevation. We 
are using it in a recurrent selection protocol to develop grasses with 
reduced tendency for crown node elevation. 

The value of this procedure in improving the establishment of 
Punicoid grasses, that can exhibit the elevated crown syndrome, 
remains to be tested. That species such as sideoats grama and 
kleingrass can develop elevated crowns is known. Our populations, 
selected for greater sensitivity to light, will be tested in variable 
greenhouse and field environments to validate the selection proce- 
dure and to determine if a reduction in crown node elevation can 
impact seedling establishment. 
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AiMtraCt 
In Punicoid grasses, elevation of the crown node above the soil 

surface caused by excessive subcoleoptile internode elongation is 
detrimental to seedling establishment. We describe a technique to 
screen grass seedlings for excessive crown node elevation. Seed of 
11 perennial grass cultlvars were germinated and grown in a ply- 
wood box 1.2X 1.2 X 1.2 mat an lrradianceof 1.5pmol mm2 sec‘l at 
30” C. A subset of 8 grasses were grown similarly but at an 
irradiance of 0.75 pmol me2 set-r. Elevation of crown nodes above 
the growth media and shoot length (from crown node to leaf tip) 
were measured 7 days after planting. The crown nodes of 4 Eru- 
grostis species were not elevated above the soil surface, while other 
species had mean crown node elevations of 1 cm or more. Relative 
ranking of crown node elevation was similar for a species within 
each light level, but response to change in light intensity was not 
consistent across species. Sideoats grama (Bouteloua curtipendidu 
(Michx.) Torr.), blue grama (Boutebua grucilis (H.B.K. Lag. ex 
Steud.)), and kleingrass (Punicum colorutum L.) exhibited signifi- 
cant crown node elevation In this system. Estimates of genetic 
variation based on comparison of apomictic and sexual grasses 
within this group suggest that substantial genetic variation exists 
for excessive subcoleoptile internode elongation and that progress 
by selection for lower crown node placement should be possible in 
most of the grasses studied. This system allows characterization of 
grasses for extent of crown node elevation and is being used in a 
recurrent selection protocol to select for lower crown node 
placement. 

Key Words: adventitious roots, crown node, phytochrome, seed- 
ling establishment 

In Punicoid grasses, the subcoleoptile internode of the develop- 
ing seedling elongates to elevate the coleoptile to the soil surface 
(Hyder et al. 1971). Elongation of the subcoleoptile internode stops 
after the tip of the coleoptile perceives red light. The classical work 
of van Overbeek (1936) indicated that illumination of the coleop- 
tile stopped auxin production, which caused tissues below the 
coleoptile tip to stop elongating. Ideally, the perception of the light 
stimulus, the interruption of auxin supply, and the cessation of 
growth all occur before the crown node (located between the 
coleoptile and the subcoleoptile internode) is elevated above the 
soil surface. 

In Panicoid grasses the crown node is the point of origin of 
nodal, adventitious roots. Establishment of a grass seedling is 
dependent on the development of adventitious roots; elevation of 
the crown node above the soil surface can prevent adventitious 
root initiation and impede growth. This argument was first 
advanced by Olmsted (1941) who indicated that establishment of 
sideoats grama (Bouteloua curtipendula (Michx.) Torr.) was 
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limited by excessive crown node elevation. Hyder (1971) and 
Tischler et al. (1987) made similar observations for blue grama 
(Boutelouagracilis (H.B.K. Lag. ex Steud.)) and kleingrass (Puni- 
cum coloratum L.), respectively. A seedling with a crown node 
elevated above the soil surface and no adventitious roots is at- 
tached to the soil only by the delicate subcoleoptile internode, 
which is easily broken, leading to death of the seedling. 

Several factors, acting either independently or in concert, are 
responsible for excessive crown node elevation in the field. Over- 
cast conditions or emergence at night would reduce the amount of 
red light received by the seedling and could delay the blockage of 
subcoleoptile internode elongation, thus allowing elevation of the 
crown node above the soil surface. Also, the presence of tall 
vegetation has been shown to enrich the far red:red light ratio at the 
soil surface (Kasperbauer 1987, Yahalom et al. 1987). Species 
differences in response to the quality and quantity of incident light 
could be responsible for the magnitude of crown node elevation 
observed in some grasses, but this possibility has never been inves- 
tigated. We propose that the excessive crown node elevation some- 
times observed in the field is caused by a high red light saturation 
requirement of the receptor controlling subcoleoptile internode 
elongation. Our objectives were to devise a protocol to evaluate 
grass species for potential excessive crown node elevation (above 
the soil surface) and to characterize variability within cultivars of 
those species. 

Materials and Methods 

Two boxes measuring 1.2 X 1.2 X 1.2 m were constructed from 
plywood. One side of each box was hinged to allow access. Five 
6-watt incandescent light bulbs (Sylvania #16933-O, approx. 2800 
OK, having maximum energy output at approximately 1,000 
nanometers) were installed on the ceiling of the boxes; 1 bulb was 
inset 0.12 m from each corner, and I bulb was placed in the center. 
Measurements with a Licor Model LI-185’ light meter equipped 
with a quantum sensor indicator that this arrangement provided a 
uniformly lighted plant growth area of approximately 0.25 m* in 
the center of the box. We selected a light source relatively rich in 
far-red light to simulate conditions of light competition. Although 
other light sources and configurations would probably be suitable, 
the materials used are readily available at reasonable cost, and 
preliminary experiments indicated that light level was appropriate 
to allow discrimination in response both within and between 
species. 

To make environmental conditions as uniform as possible, thus 
minimizing nongenetic (i.e., environmental) variation, and because 
we were interested only in the physiological response of the crown 
node to a given n-radiance, continuous temperature and light con- 
ditions were used. Temperature control was achieved by circulat- 
ing water from a water bath through heater hoses to an automobile 
heater core inside the boxes. The temperature control system 
allowed maintenance of temperature at 30.0 f lo C, an ideal 
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Table 1. Crown node elevation and length of shoot at 1.5 Mmol m-* see” irradiance. 

Node Elevation Shoot Length 

Grass MOR’ Min Max Mean SD Min Max Mean SD 

____________________________________cm_________________________-__________ 

Boer love2 A 0.0 0.0 0.w 0.000 1.3 3.0 2.153 0.365 
Wilman love S 0.0 0.1 O.Ole 0.035NS 1.3 2.6 2.05de 0.337NS 
Atherstone love A 0.0 0.1 O.OSde 0.031 0.4 1.1 0.74f 0.192 
Sand love S 0.0 0.3 0.08de 0.107** 1.0 3.5 2.15cde 0.501* 
Blue Hachita grama, S 0.0 0.5 0.14cd 0.132** 1.1 4.0 2.55cd 0.686** 
Blue Alma grama, S 0.0 0.5 0.22c 0.147** 0.9 4.3 2.79~ 0.896** 
Big bluestem S 0.0 1.1 0.26c 0.325** 1.4 6.5 4.02b 1.158** 
Switch S 0.1 2.3 0.71b 0.3958. 2.2 5.0 3.75b 0.755** 
Green sprangletop S 0.5 1.0 0.78b 0.110** 1.3 3.5 2.4Ocde 0.545** 
Klein S 0.1 1.5 0.79b 0.401** 1.2 3.1 1.94e 0.427NS 
Sideoats grama S 0.0 1.6 0.93b O&8** 2.0 7.0 4.47b 1.325** 
Sorghum S 0.3 2.0 1.25a 0.489** 3.0 8.0 5.62a 1.246** 

‘Mode of reproduction, A = apomictic and S = sexual. 
2Bocr lovegrass excluded from node elevation statistical analyses because of the absence of any variation among plants. 
‘Values within columns followed by the same letter are not significantly different at the 0.05 probability level. 
*WStandard deviations of sexual greater than thbse of the adomictic gr&ses at the 0.05 or O.Oi probability level, rcspcctively, by ANOVA single dcgrce of freedom contrast. 

temperature for most warm-season grasses. In 1 box, 50% shade 
cloth covers were placed over each of the bulbs. Irradiance at plant 
level (8 cm above a rack, 0.5 m below the level of the lights) was 
approximately 1.5 pmol me2 set-’ in the box without shade cloth 
(“low light”) and 0.75 pmol mm2 set-’ in the box with shade cloth 
(“very low light”). 

This type of experiment cannot be performed under field or 
day/ night conditions because light is a variable, and any differen- 
ces observed may be caused by timing, duration, or intensity of 
light treatment rather than by the inherent genetic potential of the 
light-sensing system. Likewise, we recognize that the light levels 
employed were well below the light compensation point of the 
grasses, but our objective was to maximize any differential 
response of crown node placement of species and individuals to 
light, not to optimize seedling growth rate or provide “normal” 
growing conditions. 

Eleven perennial grass cultivers (representing 10 species) were 
studied. Seed of ‘Hachita’ and ‘Alma’ blue grama, ‘Haskell’ side- 
oats grama, ‘Trailblazer’ switchgrass (Panicurn virgutum L.), 
‘Kaw’ big bluestem (Andropogon gerardi Vitman), ‘A-84’ boer 
lovegrass (Eragrostis curvulu var. conferta Nees), ‘Cochise’ ather- 
stone lovegrass (Eragrostis lehmanniana Nees X E. tricophera 
Coss and Dur.), ‘Mason’ sand lovegrass (Eragrostis trichoides 
(Nutt.) Wood), and ‘Van Horn’ green sprangletop (Leptochloa 
dubiu (H.B.K.) Nees) were obtained from SCS Plant Materials 
Centers. Seed of ‘Selection 75’kleingrass and ‘Palar’ Wilman love- 
grass (Erugrostis superba Peyr.) were produced at Temple, and 
seed of sorghum (Sorghum bicolor) hybrid 264YG were obtained 
from TriumphlSeed Company. Mode of reproduction of Cochise 
atherstone lovegrass and ‘A-84’ boer lovegrass is by apomixis; the 
other grasses reproduce sexually. 

Seeds were planted at a depth of 0.5 cm in g-cm square plastic 
pots in commercial peat-vermiculite potting mix. Each pot con- 
tained 3 rows of seed, each row consisting of a different species, 
with species assigned in a random design. Twenty seed were 
planted per row. Pots were watered, allowed to drain, and placed in 
the light box. After 7 days, 10 consecutive seedlings from each row 
were sampled. Occasional abberant plants (albinos, seedlings with 
twisted leaves, etc.) were not measured. The elevation of the crown 
node above the surface of the rooting media and the distance from 
the crown node to the tip of the first leaf (shoot length) were 
measured. Measurements were made using a plastic ruler and 
magnifying desk lamp, because the crown nodes of some species 

‘Mention of a proprietary product does not constitute an endorsement or recommen- 
dation for its use by USDA. 
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could not be easily seen without magnification. 
In the first experiment, all grasses were studied at the low light 

level. Subsequently, 8 of the 12 grass species were evaluated at the 
very low light level, employing the box equipped with shade cloth. 
Both experiments were repeated 3 times. Each separate experiment 
was analyzed as a randomized complete block (RCB) design with 
subsampling. Also, the standard deviations (SD) of the subsamples 
were calculated to obtain an estimate of within cultivar variability, 
and were analyzed as random complete block design. All analyses 
assumed a fixed model. Because of a relationship between grass 
species means and their variances, data were square root trans- 
formed prior to statistical analysis (Steel and Torrie 1980). Resid- 
ual plots indicated that the transformation alleviated variance 
heterogeneity (Fernandez 1992). Results presented are in the origi- 
nal scale, but statistics are based on the transformed data. Entry 
means were compared using Duncan’s new multiple range test. 
Additionally, the entries source of variance., in the standard devia- 
tion analysis, was subdivided into apomict vs sexual, among apo- 
mitts, and among sexual components. Finally, as part of the 
analysis of variance, to determine if genetic variation existed for 
both crown node elevation and shoot length, single degree of 
freedom contrasts were used to compare the standard deviations of 
the apomictic grass(es) with each of the sexual grasses. This analy- 
sis assumes that variation within the genetically uniform apomicts 
is an estimate of environmental variation while that within the 
sexual entries consists of genetic and environmental components. 

To examine the effect of light level and the grass by light level 
interaction, a pooled error term, checked for homogeneity, was 
used as part of a combined analysis of variance (Cochran and Cox 
1957). We recognize that light level and light box were confounded. 
However, the 2 boxes were identical in construction, and mean 
temperature and temperature variation were identical in both 
boxes. 

Results 

Crown node height and shoot length of seedlings grown in the 
low light (1.5 Ctmol mm2 set-‘) box varied widely among species 
(Table 1). The 4 lovegrasses exhibited little or no excessive crown 
node elevation. Moderate to extensive crown node elevation was 
observed for the remainder of the grasses. Standard deviations 
were significantly larger on average for sexual than for apomictic 
species, but differences also existed among sexual species. All 
sexually reproducing grasses except Wilman lovegrass were more 
variable than the apomictic grasses. Blue grama had very little 
variation, in contrast with a high level of variation for kleingrass 
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Table 2. Crown node elevation and length of shoot at 0.75 hmol m/*/see irrrdirnce. 

Grass 

Sand love 
Wilman love 
Big bluestem 
Atherstone love 
Blue grama, Alma 
Green sprangletop 
Switch 
Klein 

Node Elevation Shoot Length 
MOR’ Min Max Mean SD Min Max Mean SD 

_________________________-_______---cm------------------------------------ 
S 0.0 0.1 0.02dr 0.045NS 1.2 2.6 2.OOc 0.52055 
S 0.0 0.3 0.03d 0.077NS 1.2 3.1 2.29bc 0.383* 
S 0.0 0.6 0.13c 0.189** 2.0 5.1 3.44a 0.850** 
A 0.0 0.3 0.14c 0.069- 0.6 1.9 1.03d 0.221- 
S 0.0 0.6 0.32b 0.181** 2.0 4.1 3.3la 0.606** 
S 0.0 0.9 0.55a 0.210** 0.9 3.1 2.12c 0.478** 
S 0.0 1.5 0.6Oa 0.426’; 1.1 4.5 3.48a 0.913** 
S 0.1 2.1 0.83a 0.495** 2.1 3.4 2.63b 0.420** 

‘Mode of reproduction, A = apomictic and S = sexual. 
‘Values within columns folloWed by the same letter are not significantly different at the 0.05 probability level. 
****Standard deviations of sexual greater than those of the apomictic grasses at the 0.05 or 0.01 probability level, respectively, by ANOVA single degree of freedom contrast. 

and switchgrass. However, shoot length variation was low for 
kleingrass and Wilman lovegrass, but high for big bluestem, side- 
oats grama, and sorghum. The correlation between crown node 
elevation and shoot length was 0.62 (P>O.O5). However, the rela- 
tionship was species-dependent. If only the grasses studied at very 
low light level were included, the correlation coefficient was 
reduced to 0.39. 

Relative crown node elevation of the grasses grown in the “very 
low light” box (Table 2) was similar to that at the low light level. 
Over all grasses, light level had no effect on mean or standard 
deviation of node elevation or shoot length. Interactions between 
light levels and grasses were significant for mean node elevation 
and shoot length and standard deviation of node elevation. Big 
bluestem and blue grama were the 2 grasses most responsible for 
differential performance between light levels. However, correla- 
tion coefficients between the 2 light levels for the characteristics 
studied were r = 0.92,0.85,0.92, and 0.90 (all DO.0 1) for mean and 
standard deviation of node elevation and shoot length, respec- 
tively. Crown node elevation and shoot length were not related (r q  
0.30). 

involved in the respective growth responses (crown node and leaf) 
have similar dose responses to the light levels used in these experi- 
ments. Subcoleoptile internode elongation is controlled (via auxin 
supply from the coleoptile tip) by photoreceptive cells in the crown 
node, with the coleoptile merely acting as a fiber optic bundle 
(Parks and Poff 1986). Leaf emergence from the coleoptile is 
followed by senescence of this structure. Subsequent leaf elonga- 
tion is controlled by a sensing system in the leaf itself (Kasperbauer 
1987). Although less is known about the light sensing system in the 
leaf, control of leaf elongation is probably based on a phytochrome 
type receptor (Kasperbauer 1987). 

Discussion 
Our observations are in agreement with the reported tendency 

for excessive crown node elevation in the field for sideoats grama, 
blue grama, and kleingrass. Because these grasses, and individual 
plants within each species, vary in response to low light levels, it is 
clear that individual plants must have different sensitivities of the 
light receptors in the crown node. The consistent behavior of the 
Eragrostis entries suggests no problem should be encountered with 
crown node elevation in the field for these species, and none has 
been reported in the literature. Although the marked crown node 
elevation of sorghum could be taken to indicate a problem could 
exist in this species, it must be remembered that sorghum is gener- 
ally planted in a clean, prepared seedbed, where light level at the 
soil surface is optimal. Also, sorghum is usually planted more 
deeply than the other grasses studied and has a relatively long 
coleoptile, which helps to minimize crown node elevation (Tischler 
et al. 1987). 

The presence of significant genetic variation for both crown 
node elevation and for shoot length suggests that both characteris- 
tics should respond to selection in most of the sexually reproducing 
grasses studied. Although our estimates of genetic variation within 
grasses are not as robust as might be. provided by other methods, 
and could be improved by inclusion of other apomictic species, 
they are valid assessments of the genetic variability present. Green 
sprangletop is at least partially self-fertilized (Hitchcock and Chase 
1950), which is consistent with its being intermediate to low in 
standard deviation for both characteristics in both light levels. This 
supports our conclusions and the validity of the procedures used. 
Other grasses studied are normally cross-fertilized. Only the love- 
grasses showed little potential for genetic improvement. This sug- 
gests the possibility of improving crown node placement in difficult 
to establish grasses such as blue grama and kleingrass. 

Although shoot length in itself probably has no effect on crown 
node elevation, the variability observed may reflect seedling 
growth rate (seedling vigor). If this relationship were proven, shoot 
length could be used as a selection criterion concomitantly with 
selection for crown node placement. Either light level appeared 
effective for evaluating node elevation of most grasses studied, 
although the larger standard deviation for big bluestem at 1.5 pmol 
m-’ se* suggests that selection under the low light would be more 
effective in identifying extreme genotypes of that grass than under 
very low light (0.75 pmol m” s-l). 

Of the grasses studied that are adapted to arid range sites, only 
green sprangletop has appreciable crown node elevation. This 
grass, a short-lived perennial, is sometimes used in mixtures 
because of better initial establishment than many other warm- 
season perennial grasses. If, as we believe, the described procedure 
predicts crown node elevation in the field, then green sprangletop 
must have other mechanisms that compensate for its slow response 
to light and are responsible for its establishment ability. 

The lack of an obvious dose response of crown node elevation or 
shoot length to light suggests that the 2 light sensing organs 

We believe this system offers several advantages in selection for 
crown node placement. Continuous illumination negates any 
influence of time of day at emergence on crown node placement, as 
would be encountered in a diurnal light cycle system. Constant 
temperature eliminates temperature gradients within the potting 
mix in the plastic pots. The use of a nondestructive method, along 
with plastic pots and potting mix rather than petri dishes or similar 
devices is advantageous for use in a recurrent selection program for 
crown node elevation. After sampling, all unwanted seedlings may 
be destroyed. The desired seedlings are thus already rooted, and do 
not have to be replanted. 

This system appears to be a useful way to study subcoleoptile 
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Abstract 

The climate cycles of the 2 million years of the Quaternary were a 
major force in the evolution of plant response to change. Quater- 
nary climate has been primarily glacial with interglncials such as 
the current Holocene a minor component. Plant species responded 
individually to climate changes and, consequently, species compo- 
sition has continually changed. The legacy of Quaternary climate 
change is that plant communities are far less stable than they 
appear to be from our perspective. They are unique at each loca- 
tion, difficult to define, and communities that are relics from a 
previous environment can be sensitive to small or transient envi- 
ronmental changes. Plant communities are variable both in space 
and time. Many ecological principles and concepts, and ecosystem 
pardigms derived from them, require revision to incorporate this 
variation. The concepts of habitat type and condition and trend, 
for example, do not reflect dynamic vegetation response to changes 
in climate. Our knowledge is presently insufficient to adequately 
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describe interactions between ecosystems and changing climate, 
but the patterns of vegetation response to environmental changes 
of the past may provide important information on vegetation 
response to present and future climate change. The concepts of 
thresholds, multiple steady states, and multiple successional path- 
ways are helpful in understanding the dynamic interrelationships 
between vegetation and environmental changes. 

Key Words: paleoecology, paleoclimate, thresholds, successional 
pathways, vegetation dynamics, environmental changes, competi- 
tion, climate changes, global change, ecosystem theory, climax, 
condition and trend 

Ecological theory that has been the basis of vegetation manage- 
ment for most of this century is now being questioned (Johnson 
and Mayeux 1992). This reevaluation has followed the accumula- 
tion of contrary information (Scholes 1990). Some basic ecological 
principles on which the concepts of vegetation dynamics have been 
based generally have not been supported by rigorous testing (Jor- 
gensen 1990, Archer and Smeins 1992). Accumulating evidence 
indicates that vegetation does not respond as expected to manage- 
ment based on traditional concepts (Westoby et al. 1989a, 1989b; 
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Botkin 1990, Johnson and Mayeux 1992, Box 1992). 
All the concepts used in range management are based on models 

of ecosystem function (Westoby et al. 1989a, 1989b). Alternate 
models of vegetation dynamics include the concepts of thresholds 
(Friedel 1991) and multiple stable states of differing species com- 
position with multiple, nonlinear pathways between them (Lay- 
cock 1991). As commonly applied, the concepts of habitat type and 
condition and trend may be incompatible with these new proposals 
(Friedel 1991, Laycock 1991, Svejcar and Brown 1991). 

Effective modification of our approaches to management will 
require better understanding of the long-term processes forcing 
observed vegetation changes. This requires study over expanded 
periods of time (Foster et al. 1990, Schoonmaker and Foster 1991). 
It is over the longer time scales of decades to centuries that the 
crucial nature of our responsibilities for resource management 
become most evident. Without the historical perspective of long- 
term information, serious misjudgments in resource management 
can result (Magnusen 1990). 

The timescale at which we observe change usually does not 
match the timescale at which it occurs (Scholes 1990). This differ- 
ence causes problems recognizing and estimating the magnitude of 
changes occurring over decades or longer time scales. Vegetation 
responses can develop at a snail’s pace relative to our sense of time. 
Time lags, common in ecological systems, can conceal evidence of 
mismanagement and the links between cause and effect, confusing 
our interpretation (Scholes 1990). Without long-term awareness, 
relationships between cause and effect can be hidden within what 
Magnuson (1990) calls the “invisible present”. 

Recent advances in paleoclimatology and paleoecology, ongo- 
ing climate change research (Walker 1982, Barbour and Billings 
1988, Huntley 1991, Prentice et al. 1991), and reconstruction of 
vegetation history (Betancourt et al. 1990, Bryant and Holloway 
1985) are effectively extending our perspective back in time. This 
expanded perspective is providing clues for understanding rela- 
tionships between long-term climate change, with its many differ- 
ent physical and biological components and vegetation dynamics 
(Magnuson 1990). The potential effects of this climatic variation 
for the last century have been discussed by Neilson (1986, 1987) 
and Svejcar and Brown (1991). Paleovegetation data show that an 
important contributor to current vegetation dynamics has been the 
climatic variation of the Quaternary (the last 2 million years) as 
described by Schoonmaker and Foster (199 l), Sprugel(1991), and 
others. 

Quaternary Climatic Patterns 
Understanding the potential importance of Quaternary climate 

to observed vegetation dynamics also requires an understanding of 
how the Quaternary differed from the preceding Tertiary period (2 
to 65 million years B.P.). Data from the Miocene and Pliocene 
Epochs at the end of the Tertiary (2 to 20 millions years B.P.) 
suggest communities were more complex, reflecting a warmer, 
more humid, and relatively stable climate compared to the Quater- 
nary (Nilsson 1982, Gould 1991, Morrison 1991a, Schoonmaker 
and Foster 1991, Thompson 199 1). Many Pliocene species appar- 
ently had relatively narrow ranges of tolerance of adaptability to 
environmental variation (Bradshaw and McNeilly 1991) and dis- 
appeared during the glacial cycles of the Quaternary. 

A relatively detailed picture of Quaternary climate variation has 
become available from terrestrial and deep sea floor cores, ice 
cores, and deep ground water spring deposits during recent years 
(Adam 1988; Webb 1986,199l; Eddy and Bradley 1991; Winograd 
et al. 1992). Over the 2 million years of the Quaternary, these data 
indicate considerable and continuous climatic variation (Mitchell 
1976, Smiley et al. 1991). Up to 24 glacial events of about 
50-100,000 years each have occurred (van Donk 1976). The longer 
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Fig. 1. Reconstructions of the history of surface temperature deviations 
(” C) for the last 850,000 years (lA), the last 150,000 years (lB), the last 
18,000 years (lC), and the last 1,000 years (1D). Mean annual tempera- 
ture deviations are from the mean value of the present century of about 
15” C. Figures are adapted from Eddy and Bradley (1991). 
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glacial events dominated the last 700,000 years (Schoonmaker and 
Foster 1991). Glacial periods have been interspersed with much 
shorter warm interglacials ranging from lo-20,000 years. Varia- 
tions in average annual global temperature have exceeded 6’ C 
(Fig. IA) over these glacial and interglacial cycles. 

Over the last 850,000 years average global temperatures were 
mostly well below that of the present. Periods with global tempera- 
tures equivalent to today’s occurred only infrequently, were of 
short duration, and comprised, at current estimates, roughly 1% 
of the period (Fig. 1A). Some past climatic regimes apparently 
have no modern analogs (Schoonmaker and Foster 1991), and 
seasonal temperature and precipitation patterns have changed 
independently in complex interactions (Prentice et al. 1991). Local 
patterns varied due to mountain uplift and changing oceanic circu- 
lation patterns. 

The prevailing global climate of the last 150,000 years (Fig. 1B) 
was also glacial (Schoonmaker and Foster 1991). Periods when 
temperatures were equivalent to those of today represent a minor 
part of the total. Events such as the last interglacial, the Eemian 
(Sangammon), and our current Holocene interglacial can be 
viewed on geological timescales as periods of drought in the other- 
wise prevailing glacial climate. 

Spatially and temporally variable climates probably have been 
an important force in plant evolution for 2 million years. The result 
has been oscillations in geographic isolation, genetic composition, 
founder effects, and the continuous development of new plant 
genotypes (Webb 1987, McArthur et al. 1988, Huntley and Webb 
1989). Interglacial periods have probably been too infrequent, too 
short, and too divergent from the general trend for significant 
evolution to occur compared to the prevailing glacial climate 
(Bennett 1990, Gould 1991). Schoonmaker and Foster (1991) des- 
cribe interglacials as times of stress when the biotic cards were 
reshuffled. It is possible that genetic differences developed during 
glacial, as opposed to interglacial, periods coexist in present popu- 
lations (Ogden 1989). 

(Kurten and Anderson 1980, Grayson 1991, Lewin 1987, Owen- 
Smith 1987, Gould 1991). Climatic warming and drought at the 

However, interglacials have been long enough, and extreme 
enough, to cause extinction (Jablonski 1991, Schoonmaker and 
Foster 1991). For example, many species of mega-fauna in the 
Western Hemisphere were lost by 10,000 to 11,000 years ago 

grassland communities (Neilson 1986,1987) and Texas savannahs 
(Archer 1989), and an increased tree dominance in pine forests 
(Savage 199 1). The widespread introduction of livestock grazing at 
the same time probably played an important role in the expansion. 
Woody plant invasions, however, also occurred in areas not sub- 
ject to grazing, possibly due in part to a concomitant reduction in 
fire frequency (Burkhardt Tisdale 1976). 

Evidence needed to understand the potential effect of 2 million 
years of variable climate on plant species and community dynamics 
can be inferred from pollen studies covering up to 1.6 million years 
for coastal California (Heusser and King 1988) and 120,000 years 
at Clear Lake, California (Adam 1985). Pacific Northwest studies 
provide a record exceeding 65,000 years (Heusser 1985). Data from 
pollen studies from other areas (Turekian 1971; Bryant and Hol- 
loway 1985; Berglund 1986; Webb 1987; Schoonmaker and Foster 
1989, 1990) show similar variations. Woodrat midden studies 
(Betancourt et al. 1990, Nowak 1991, Wigand and Nowak 1992) 
show greater detail for the changes in the species composition of 
southwestern United States plant communities for over 45,000 
years (Webb and Bettancourt 1990). Ecologically dynamic com- 
munities with substantial variation in species combinations evident 
over the last 100,000 years have probably been characteristic of the 
entire Quaternary (Webb 1987, Schoonmaker and Foster 1991). 

The record for a midden in western Nevada (Nowak 1991, 
Wigand and Nowak 1992) provides additional western Great Basin 
examples of these variations. Some high elevations species present 
prior to the glacial maximum are no longer present locally. Some 
xeric species present today were not present in the past. Other 
species were present before and after, but not during the last glacial 
maximum. Many species, however, were present throughout the 
period. One species, Utah juniper (Juniperus osteosperma [Torr.] 
Little), is present in every sampled stratum of the 30,000 year 
record of this midden. 

present in the same area, curlleaf mahogany now occurs nearly 
1,000 m higher and over 50 m above the current highest elevation 

Other data from this midden (Nowak 1991, Wigand and Nowak 
1992) show that at 23,000 years ago and again at 12,000 years ago 
Utah juniper and whitebark (pinus albicuulis Engelm.) co-occurred 
at about 1,400 m in elevation on the west side of Pyramid Lake 
(Fig. 2). Curlleaf mahogany (Cercocurpus ledifolius [Nutt.] T&G 
was also present in the 12,000 year old stratum. Although still 

beginning of the Holocene interglacial, the associated loss of Pleis- 
tocene plant communities, and hunting associated with human 
arrival in the region all possibly contributed to the loss (Geist 
1989). 

Toward the end of the Pleistocene (between 13,080 and 14,000 
years ago) temperatures began rapidly increasing, reaching the 
Holocene maximum between 5,000 to 7,000 years ago (Fig. IC). 
Changes in the species composition of southwestern plant com- 
munities during this period included the migration of singleleaf 
pinyon (pinus monophyllu Torr. and Frem.) into the Great Basin 
(Thompson 1990) and creosotebush [Larreu tridentutu (Ses. & 
Mot. Ex. DC.)/ /cov.] into the Chihuahuan, Sonoran, and Mojave 
Deserts (Johnson and Mayeux 1992). During the warmest part of 
the Holocene, Lake Tahoe was as much as 12 m below its current 
level. Tree trunks rooted below the current lake level have been 
carbon dated to the period (Davis et al. 1976, Lindstrom 1990, 
Furgurson and Mobley 1992). The onset of the Medieval Warm 
Period (Fig. 1D) coincides with an increased fire frequency in the 
western United States (Sprugel 1991). 

The last several hundred years have been dominated by the Little 
Ice Age (Fig. 1 D) which ended in the late 1800’s (Wahl and Lawson 
1970). The warming trend of the last century, and associated shifts 
in seasonal patterns and amounts of rainfall, coincided with a rapid 
expansion of woody plant species into southwestern perennial 

stands of juniper. Whitebark pine no longer occurs in the moun- 
tains west of Pyramid Lake. The nearest locations are 50 km and 
more southwest of the midden site on Peavine Mountain and the 
Carson Range. The juniper nearest to present locations of white- 
bark pine is 11 km away and about 1,100 m lower in elevation. 
Similar changes have been documented for other species and loca- 
tions (Webb 1987, Betancourt et al. 1990). 

Fluctuations in the level of pluvial Lake Lahontan from the last 
35,000 years (Fig. 3) are more detailed, but similar to those for the 
last 1 million years for both Lakes Lahontan and Bonneville (Mor- 
rison 1991 b) and 2 million years for Searles Lake, California 
(Smiley et al. 1991). These records provide additional data on past 
climatic variations for this region. Lake levels were determined 
primarily from dating of calcareous tufa deposited on rocks while 
they were submerged in the pluvial lake, and from topographicand 
sedimentary evidence (Thompson et al. 1986, Benson and Thomp- 
son 1987, Bensonet al. 1990, Benson 1991, Morrison 1991b). The 
simultaneous occurrence of juniper, curlleaf mahogany, and 
whitebark pine in a single middle stratum also coincides with the 
highest proposed lake level (Fig. 3) and both plants and lake level 
reflect increased effective precipitation. Neither curlleaf mahogany 
nor whitebark pine were found in strata from the same midden 
(Nowak 1991, Wigan and Nowak 1992) dated after the demise of 
the pluval lake. Juniper’s persistence over 30,000 years in western 
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Fig. 2. Location of middens discussed in the text in relationship to the 
extent of Pluvial Lake Lnhontan at its last high stand, 13,000 to 14,000 
years B.P. Lake level data for Pluvial Lake Lahontan are from Benson et 
al. (1990) and Benson (1991). 

1500 
1 

Pluvial Lake Lahontan 

1000 I 1 1 1 I , , 
0 10 

Years B.P. (x1%0) 
30 

Fig. 3. Reconstructed Pluvial Lake Lnhontan levels for the past 35,000 
years. Redrawn from Thompson et al. (1986), Benson and Thompson 
(1987), Benson et al. (1990), and Benson (1991). 

Nevada (Nowak 1991, Wigand and Nowak 1992) despite consider- 
able migration by other species indicates juniper has a high level of 
tolerance or adaptability to climate change. 

Vegetation change has occurred coincidently on a global scale; 
for example, in eastern North America (Jacobsen et al. 1987, 
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Jackson and Whitehead 1991), in Europe (Iverson 1973), in the 
near and middle East (Brice 1978), and in tropical forests (Johnson 
and Mayeux 1992). 

Evidence from New Zealand and North America indicates that a 
result of 2 million years of climatic variation is many genetically 
variable plant species (Rattenbury 1962, Mitton and Jeffers 1989, 
Ogden 1989, Schoonmaker and Foster 1991). Some plant species 
include a wide range of climatic races (Bradshaw and McNeilly 
1991). Genetically depauperate populations, by contrast, can be 
more susceptible to extinction (Ellstrand 1992). The effect of cli- 
mate change may be accentuated with greater environmental varia- 
tion (Cheplick 1991) such as in xeric and ecologically heterogene- 
ous environments where genetic diversity generally increases 
(Nevo and Beiles 1989). Ogden (1989) has proposed the term 
“coenospecies”for species that have more or less frequently hybrid- 
ized in the past and now possess a gene pool whose constitutent 
taxa have varied over time in both their ecological isolation and 
taxonomic distinction. Such inter-fertile species complexes can 
increase biodiversity (Wayne and Bazzaz 199 1) and are observed in 
several woody genera today (Stebbins 1950, McArthur et al. 1988, 
Andersson 1990). 

Hybridization appears to facilitate the ability of some plant 
species to adapt to (Rattenbury 1962, Ogden 1989, Andersson 
1990) or evolve in response to (McArthur et al. 1988) changes in 
climate. For some species, hybridization may be the only source of 
adequate variation to survive changing environmental conditions 
(Bradshaw and McNeilly 1991). DNA analyses of Utah juniper in 
western Nevada indicate various levels of hybridization with west- 
ern juniper (J. occidentalis australis Hook) (authors’unpublished 
data). Hybridization is currently evident in the vicinity of the 
woodrat midden sites and may help explain how juniper was able 
to persist over most of 30,000 years of climate change. 

Other genera in the southwestern U.S. also exhibit the uial 
for increased genetic variability from hybridization. An e,__....gle is 
sagebrush (Artemisiu spp.). Range contractions and expansions 
and associated hybridizations in response to changing climate are 
felt to have been important in its evolution (Shultz 1986, McArthur 
et al. 1988, Welch and McArthur 1990). Other examples include 
rabbitbrush (Chrysothamnus spp.) (Anderson 1986a, 1986b), and 
saltbush (Atriplex spp. L.) (Stutz 1978, 1984; Sanderson et al. 
1990). 

Implications for Vegetation Dynamics 
Plant species present today in the Great Basin and around the 

world survived past climate changes by adapting, migrating, or 
both. Adaptability has limits, however, and is highly variable 
between species (Bradshaw and McNeilly 1991). Each species 
responds differently, usually indirectly (Bond and Richardson 
1990), and on different time scales (Webb 1986, Huntley 1991) to 
changes in specific climatic variables. For most North American 
and European plant species, adaptation on site appears limited, 
and migration may be the principle means of coping with climate 
change (Turekian 1971, Iverson 1973, Bradshaw and McNeilly 
199 1). 

Plant remains from ancient woodrat middens (Betancourt et al. 
1990) and pollen from lakes, ponds, marshes, and dry caves (Bry- 
ant and Holloway 1985; Schoonmaker and Foster 1990, 1991) 
indicate that adaptation, as well as migration, played a role in the 
response of some plant species to climate change. Individualistic 
and highly variable plant responses (Huntley and Birks 1983; 
Wigand 1987; Ogden 1989; Webb 1987; Nowak 1991; Schoon- 
maker and Foster 1991) have resulted in variable community com- 
position on a site over time (Huntley 1991; Jablonski 1991; Pren- 
tice et al. 1991). Alterations of competitive interactions, species 
composition, and community dynamics by changes in climate have 



continued to the present (Neilson 1986,1987; Nowak 1991; John- 
son and Mayeux 1992). Like climate, some past communities have 
no modem analogs (Webb 1987, Anderson et al. 1989, Huntley 
1990, Thompson 1990, Jacksonand Whitehead 1991, Nowak 1991, 
Schoonmaker and Foster 1991). 

The ongoing plant adaptations to climate change may be facili- 
tating (accommodating) the thresholds, multiple steady states, and 
multiple successional pathways widely observed for many plant 
communities. The ball and trough figures from Krebs (1985) as 
applied by Laycock (199 l), Allen and Hoekstra (1992), and George 
et al. (1992) can be modified to diagrammatically model the com- 
plex changes in successional processes in response to climate 
change in a simplified form (Fig. 4). For all parts of Figure 4 the 
horizontal axis represents change from herbaceous annuals through 

Herbaceous Herbaceous Woody 
Annual Perennial Perennial 

Fig. 4. A simplified bail and trough analogy of changing vegetation struc- 
ture and species composition with changing climate and changing com- 
munity dynamics over long periods of time. Comparisons are for a 
situation with one herbaceous perennial and one woody perennial stable 
point. The community is represented by the ball and the surface variation 
represents the stable points, the threshold between them, and the sur- 
rounding potential for change over the range of species compositions for 
a given site, environment, and climatic condition for each point in time. 
Axes are relative. 

shrubs or trees for a hypothetical semiarid plant community in the 
American southwest. The intermediate position could be repres- 
ented by perennial grass. The vertical axis represents a relative level 
of a potential for vegetation change along the gradient. Any dis- 
turbance of the stable state in Figure 4A, for example, activates the 
potential of the community to return to the stable point when the 
disturbance is removed. The patterns of return would be complex, 
nonlinear, and vary in rate and stability over time (Kay 1991), 
depending on the direction of change (Wissel 1984). 

The long axis in Figure 4 represents effective precipitation, that 
useful for the biotic processes of plants. Effective precipitation 
increases to the upper right and decreases to the lower left. A 
change from upper right to lower left could result from either a 
shift in seasonality from spring/summer to more winter precipita- 
tion (Neilson 1986), a reduction in total precipitation, an increase 
in temperature, or a combination of changes. Variation in precipi- 
tation, and associated vegetation changes, can also indirectly inter- 
act with disease, insect infestation, or changes in fire intensity and 
frequency (Bond and Richardson 1990, Ryan 1991). 

Variation among species in responses to decreasing effective 
precipitation can add a second woody perennial stable point with a 
threshold between it and the perennial grass stable point (Fig. 4B). 
Grazing may reduce herbaceous perennial dominance sufficiently 
to push the community across the threshold to dominance by 
woody perennials. In this instance a relatively low level of man- 
agement effort may be sufficient to cause the vegetation to recross 
the threshold and return the community to perennial grass domi- 
nance. Following a fire at either stable point, the community may 
return temporarily to one dominated by herbaceous perennials. 

An additional change in climate to even less effective precipita- 
tion could cause the situation in Figure 4C. The woody perennial 
community is now more stable, with a threshold harder to recross 
to the original community. Under these conditions it may be 
possible for different communities to exist in equivalent environ- 
ments, differing only in disturbance history. It may also be possible 
for the same disturbances to have different effects in different 
locations of the same community. Fire could move the community 
to the left along the X-axis (Fig. 4C) followed by a return to 
perennial grass dominance. Grazing may move the community to 
the right across the threshold. Once the threshold is crossed vegeta- 
tion dynamics following fire might change. Analogs of these pro- 
cesses are also present in the paleoecological record (Bond and 
Richardson 1990, Schoonmaker and Foster 1991). 

Vegetation change may lag behind or be in disequilibrium with 
climate change for as much as 500 years from vegetation momen- 
tum or inertia (Fig. 4D) (Davis 1986, Webb 1986, Magnuson 1990) 
or even 1,000 years (Prentice et al. 1991). Even a grazing distur- 
bance of limited intensity that reduced perennial grass dominance 
for Figure 4D could carry the community across the low threshold 
if the potential for change already existed because the climate had 
changed. Significant environmental changes would be required to 
reverse this situation. Fire, in contrast, might not result in the loss 
of perennial grass on the site as long as the dominant grass species 
were not reduced by direct damage. However, once the threshold 
to woody species dominance is cross the dynamics of fire might be 
changed. Figure 4D may describe the dynamics for many south- 
western plant communities (Neilson 1986, Archer 1989) that were 
present when settlement began. 

Further reductions in growing season precipitation could result 
in the loss of all potential for dominance by herbaceous perennials 
(Fig. 4E). This is typical of the woody plant dominance in many 
arid and semiarid communities possibly caused by a reduced fire 
frequency (Archer 1989) resulting from reduced fine fuels. 

This model can also be modified to describe the effects of intro- 
ducing a preadapted annual species, such as cheatgrass (Bromus 
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tectorum L.) and other annuals into a perennial dominated com- 
munity (George et al. 1992). Many ecosystems appear to be sus- 
ceptible to such introductions (Johnson and Mayeux 1992) and 
they represent changes in the conditions on a site (Svejcar and 
Tausch 1991) that affect competitive interactions among species 
(Melgoza et al. 1990). More recent expansions in the ranges of 
introduced annuals may be encouraged by continuing changes in 
climate (Tausch et al. in press). Once present, these species appear 
to be creating new stable states and altering thresholds (Fig. 5) 

Herbaceous Herbaceous Woody 
Annual Perennial Perennial 

Fig. 5. A modificaton of Fig. 4D to incorporate the potential modification 
of thresholds, successional potential, and stable points by the introduc- 
tion of an alien annual grass. The community is represented by the ball 
and the surface variation represents the stable points, the thresholds 
between them, and the surrounding potentials for change over the range 
of species compositions for a given site and environment. Axes are 
relative. 

through both increased tire frequency (Whisenant 1990, Young 
and Tipton 1990) and altered competitive interactions (Tausch et 
al. in press). The height of thresholds between the new annual 
herbaceous stable point and the herbaceous perennial and woody 
perennial stable points (Fig. 5) may depend on disturbance and 
precipitation patterns. Annual dominate may or may not occur 
following fire, depending on site conditions and associates species 
composition. For example, fire encourages dominance by annuals 
in the more xeric but not necessarily in the more mesic areas of the 
sagebrush steppe. 

Figures 4 and 5 represent a simplified series of changes in vegeta- 
tion structure in response to changing environmental conditions. 
They are an abstraction of the ability of communities to persist 
over some range of disturbance, and then shift to and persist in 
some new structure when that range is exceeded. Along the gra- 
dient in effective precipitation the particular species or functional 
group dominating each stable state could vary with small-scale 
environmental and topographic differences between sites. Patterns 
and rates of change apparently can also vary around and between 
stable states. In a different location both perennial communities in 
Figure 4 could be woody dominated. An example is a douglas fir 
community existing under inertia and converted to ponderosa pine 
by logging or fire. Following fire, trajectories of vegetation change 
may differ in grazed and ungrazed subalpine forest (Baker 1991). 

Figures 4 and 5 also only show a maximum of 2 to 4 stable states 
on 3 axes. In reality, more complex, nonlinear surfaces defined by 
several environmentally based axes, with an intricate interaction of 
several stable states and thresholds between them, are possible 
(Westoby et al. 1989a, 1989b; Laycock 1991; Friedell991). Many 
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factors can be involved, with each likely to be important on differ- 
ent temporal and spatial scales (Pimm 1991). 

Figures 4 and 5 can be used to illustrate many of the patterns of 
vegetation change observed over the last century (Neilson 1986, 
Archer 1989, Schlesinger et al. 1990). Where the balance between 
woody and herbaceous dominance was tenuous, such as perennial 
grass persisting by vegetation inertia (Fig. 4D), livestock may have 
been an additional factor affecting the rate more than the direction 
of change (Johnson and Mayeux 1992). Although grazing and 
changes in fire frequency may have played a part in the observed 
vegetation changes, simultaneous climate change associated with 
the end of the “Little Ice Age” also appears to have played a role 
(Neilson 1986, 1987). The need for a model based on climate 
change is thus supported by the rapidity, sometimes in only 2 to 3 
decades, with which changes in southwestern vegetation occurred 
following settlement (Young et al. 1978, West 1983). 

Conclusions 

The ecosystem idea represents a paradigm (Higashi and Burns 
1990) used to synthesize principles of ecological science into a set of 
concepts or models to interpret the highly complex, nonlinear 
causal networks or developmental pathways of energy, matter, and 
information flows (Burns 1990, Kay 199 1). These models of ecosys- 
tem dynamics have been largely based on assumptions of equili- 
brium conditions (Schoonmaker and Foster 1991). Equilibrium 
conditions, however, are an artifact of the temporal and spatial 
scales of the observations of which they are based (DeAngelis and 
Waterhouse 1987). From the approximately 100,000 to 1.6 million 
years of available vegetation change data, it is apparent that 
today’s communities are composed of species that arrived at differ- 
ent times, from different sources, and that had to cope with differ- 
ent biotic interactions (Ogden 1989, Huntley 1991, Schoonmaker 
and Foster 1991). Past vegetation changes generally coincide with 
climate variations that records of temperature (Eddy and Bradley 
1991) and lake level fluctuations (Smiley et al. 199 1) indicate have 
been occurring for about 2 million years. Each combination of 
species, environment, and topography is in some way unique in 
both space and time. There is no “natural vegetation” in the com- 
mon usage or interpretation of the term based on equilibrium 
conditions. Many ecological principles and concepts, and the eco- 
system paradigms derived from them will need revision to incorpo- 
rate the past, present, and future spatial and temporal variation. 

Today, no area is without some level of human impact (West 
1993). Future communities can never be exactly what they were 
(Box 1992). Our current knowledge is still insufficient to fully 
grasp, much less predict, the interactions between future climate 
change and terrestrial ecosystems (Mooney 1991). Overall, the 
history of climate change; our land use impacts; our alteration of 
atmospheric chemistry and the potential effects of such alteration 
on current plant growth (Bazzaz and Garbut 1988) and future 
climate; the introduction of exotic species; and other human altera- 
tion of environmental conditions make present and future condi- 
tions unique and the long-term consequences unknown. 

Because every community is influenced by many spatial and 
temporal factors, nonmanagement is impossible. A hands-off 
approach is also management, and will usually result in commun- 
ity dynamics that are new and possibly undesirable (Box 1992, 
Diamond 1992, West 1993). Management principles need revision 
to address nonequilibrium theories (Johnson and Mayeux 1992). 
This will involve an ongoing interaction with nature (Botkin 1990) 
through continuous management and monitoring of the direction 
and rates of vegetation change (West 1991). 

Concepts that need changing based on the patterns of the past 
include that of habitat type and potential natural community. 
Changes in environmental conditions can potentially change dom- 
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inance patterns and species composition, effectively changing the 
habitat type or potential natural community. Present condition 
and trend methods are based on the concept of a single end-point 
community with a specific species composition. Such efforts to 
identify only one hypothetical community as the potential for a site 
are no longer justifiable. In reality we can have a number of 
communites to choose from, many of which are structurally and 
functionally similar despite differences in species composition 
(Johnson and Mayeux 1992). Wherever multiple possibilities 
occur, they and their conditions of existence need to be recognized 
and understood. 
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Because more than one stable point exists, we need to consider 
what the best desired community might be from within the site 
capabilities and its potential uses. An important part of the deci- 
sion will be to base management on the sustainment of ecosystem 
function, which can probably be achieved by various combinations 
of species (Johnson and Mayeux 1992). Knowledge of past climate 
changes of at least the late Quaternary, and associated changes in 
environmental conditions and species composition, can be as 
important as knowledge of the present for understanding plant 
community dynamics and their implications for management. 
Extrapolation of this knowledge for prediction of future functional 
assemblages will be one of our most difficult tasks (Mooney 1991). 

Literature Cited 
Adam, D.P. 1985. Quatemary pollen records from California, p. 125-140. 

In: V.M. Bryant, Jr., and R.G. Holloway (eds.), Pollen records of 
late-Quaternary North American sediments. Amer. Assoc. Stratigraphic 
Palynologists, Dallas, Tex. 

Adam, D.P. 1988. Palynology of two upper Quaternary cores from Clear 
Lake, Lake County, California. U.S. Geol. Survey Professional Paper 
1363. 

Botkin, D.B. 1999. Discordant harmonies. Oxford Univ. Press, N.Y. 
Box, T.W. 1992. Rangelands, desertification, and Clements’ghost, a view- 

point paper. Rangelands 14:329-331. 
Bradshaw, A.D., and T. McNeilly. 1991. Evolutionary response to global 

climate change. Ann. Bot. 67:5-14. 
B&e, W.C. 1978. The environmental history of the Near and Middle East 

since the last ice aae. Academic Press N Y ,_.._. 
Bryant, V.M. Jr., ad R.G. Holloway (eds.) 1985. Pollen records of late 

Quatemary North American Sediments. Amer. Assoc. Stratigraphic 
Palvnoloaists. Dallas. Tex. 

Burkbardt,>.W., and E.W. TisdaIe. 1976. Causes of juniper invasion in 
southwestern Idaho. Ecology 57:472-484. 

Burns, T.P. 1990. The power of the ecosystem concept and paradigm. 
Physiol. Ecol. Japan 27:191-197. 

CbepIick, G.P. 1991. A conceptual framework for the analysis of pheno- 
typic plasticity and genetic constraints in plants. Oikos 62283-291. 

Davis, J.O., R. EIston, and G. Townsend. 1976. Coastal geomorphology of 
the south shore of Lake Tahoe: suggestion of an alti~hennailowst%td. 
Holocene environmental change in the Great Basin. Nevada Archaeolon- 
ical Survey Res. Paper 6. Reno, Nev. 

Davis, M.B. 1986. Climatic instability, time lags, and community disequili- 
brium, p. 269-284. In: J. Diamond and T.J. Case (eds.). Community 
ecology. Harper and Row, N.Y. 

DeAngelIs, D.L., and J.C. Waterbousc. 1987. Equilibrium and non- 
equilibrium concepts in ecological models. Ecol. Monogr. 57: l-21, 

Diamond, J. 1992. Must we shoot deer to save nature? Natural History, 
Aug. 1992, p. 2-8. 

Allen, T.H.F., and T.W. Hoekstra. 1992. Toward a unified ecology. 
Columbia Univ. Press, N.Y. 

Anderson, L.C. 19868. Cytogeography of Chrysothamnus viscidflorus, p. 
93-97. In: E.D. McArthur and B.L. Welch (eds.), Proc. Symp. The 
Biology of Arremisia and Chrysorhamnus. USDA Forest Serv. Inter- 
mountain. Res. Sta. Gen. Tech. Rep. INT-200. Ogden, Utah. 

Anderson, L.C. 1986b. Sympatric subspecies in Chrysothamnus nauseo- 
sus, p. 98-103. In: E.D. McArthur and B.L. Welch (eds.), Proc. Symp. 
The biology of Artemisia and Chrysothamnus. USDA Forest Serv. 
Intermountain Res. Sta. Gen. Tech. Rep. INT-200. Ogden, Utah. 

Anderson, P.M., P.J. Bartlein, L.B. Brubaker, K. Gajeuski, and J.C. 
Ritcbie. 1989. Modem analogues of late Quatemary pollen spectra from 
the western interior of North America. J. Biogeography 16:573-596. 

Andersson, L. 1990. The driving force: Species concepts and ecology. 
Taxon 39:375-382. 

Archer, S. 1989. Have southern Texas savannahs been converted to wood- 
lands in recent history? Amer. Natur. 134:545-561. 

Archer, S., and F.E. Smeins. 1992. Non-linear dynamics in grazed ecosys- 
tems: Thresholds multiple steady states and positive feedbacks, p. 4-6. 
In: Is the Range Condition Concept Compatible with Ecosystem 
Dynamics? Proc. Symp. 1992 Annual Meeting Sot. Range Manage., 
Spokane, Wash. 

Eddy, J.A., and R.S. Bradley. 1991. Science capsule, University Corpora- 
tion for Atmospheric Research, Offtce of Interdisciplinary Earth Stu- 
dies. EarthQuest 5(1):supplement. 

ElIstrand, N.C. 1992. Gene flow by pollen: implications for plant conserva- 
tion genetics. Oikos 63:77-86. 

Foster, D.R., P.K. Scboonmaker, and S.T.A. Pickett. 1998. Insights from 
paleoecology to community ecology. Trends Ecol. Evol. 5:11&122. 

Friedel, M.H. 1991. Range condition assessment and the conoeot of thresh- 
olds: A viewpoint. J. Range Manage. 44:422-426. 

Furgurson, E.B., and G.F. Mobley. 1992. Lake Tahoe: Playing for high 
stakes. Nat. Geog. 181:112-132. 

Geist, V. 1989. Did large predators keep humans out of North America? p. 
282-293. In: J. Glutton-Brock (ed.), The walking larder: Patterns of 
domestication, pastoralism, and predation. Unwin Hyman, London. 

George, M.R., J.R. Brown, and W.J. Clawson. 1992. Application for 
nonequilibrium ecology to management of Mediterranean grasslands. J. 
Range Manage. 45~436440. 

Gould, S.J. 1991. Abolish the recent. Natur. Hist., May 1991. p. 16-21. 
Grayson, D.K. 1991. Late Pleistocene mammalian extinction in North 

America: taxonomy, chronology and explanations. J. World Prehistory 
5:193-232. 

Baker, W.L. 1991. Livestock grazing alters succession after fire in a Colo- 
rado subalpine forest, p. 84-90. In: S.C. Nodvin and T.A. Waldrop 
(eds.), Fire and environment: Ecological and cultural perspectives. 
USDA Forest Serv. Gen Tech. Rep. SE-69. Asheville, N.C. 

Barbour, M.G., and W.D. Billings (eds.). 1988. North American terrestrial 
vegetation. Cambridge Univ. Press, Cambridge, UK. 

Bazzu, F.A., and K. Garbut. 1988. The response of annuals in competitive 
neighborhoods: effects of elevated COs. Ecology 69:937-946. 

Bennett, K.D. 1999. Milankovich cycles and their effects on species in 
ecological and evolutionary time. Paleobiology 16: 11-21. 

Benson, L.V. 1991. Timing of the last highstand of Lake Lahontan. J. 
Paleolimnology 5:115-126. 

Heusser, C.J. 1985. Quaternary pollen records from the Pacific Northwest 
coast: Aleutions to the Oregon-California boundary, p. 141-165. In: 
V.M. Bryant, Jr. and R.C. Holloway (eds.), Pollen records of Late 
Quaternary North American sediments. Amer. Assoc. Stratigraphic 
Palynologists. Dallas, Tex. 

Heusser, L.E., and J.E. King. 1988. North America: With special emphasis 
on the development of the Pacific Coastal forest and prairie/forest 
boundary prior to the last glacial maximum, p. 193-236. In: B. Huntley, 
and T. Webb III (eds.), Vegetation history. Kluwer Acad. Publ., 
Dordrecht, Netherlands. 

Higashi, M., and T.P. Burns. 1990. Enrichment of ecosystem theory, p. 
l-38. In: M. Higushi and T.P. Burns (eds.), Theoretical studies of 
ecosystems: The network perspective. Cambridge Univ. Press, Cam- 
bridae. UK. 

Benson, L.V., and R.S. Thompson. 1987. Lake-level variation in the Lah- 
ontan Basin for the past 50,000 years. Quat. Res. 2869-85. 

Benson, L.V., DR. Currey, R.I. Dorn, K.R. Lajoie, C.G. Oviatt, S.W. 
Robinson, G.I. Smith, and S. Stine. 1990. Chronology of expansion and 
contraction of four Great Basin lake systems during the past 35,OOO 
years. Paleogeography, Paleoclimatology, Paleoecology 78:241-286. 

Huntley;B. 1990. Dissimilarity mapping between fossil and contemporary 
pollen spectra in Europe for the past 13.OOOvears. Ouat. Res. 33:360-376. 

Huntley, B. 1991. How plants respond to climate change: Migration rates, 
individualism and the consequences for plant communities. Ann. Bot. 
67: 15-22. 

JOURNAL OF RANGE MANAGEMENT 46(5), September 1993 446 



Httntley, B., and J.B. Birks. 1983. An atlas of past and present pollen maps 
for Europe: O-13,000 years ago. Cambridge Univ. Press, Cambridge, 
UK. 

Huntley, B., and T. Webb III. 1989. Migration: Species’ response to ch- 
matic variations caused by changes in the earth’s orbit. J. Biogeogr. 
16:5-19. 

Demon, J. 1973. The development of Denmark’s nature since the last 
glacial. Denmarks Geologiske Underspgelse V. Raekke. NR. 7-C. C.A. 
Reitzels Forlog. Copenhagen, Denmark. 

Jnblonski, D. 1991. Extinctions: A paleontological perspective. Sci. 
253~754-757. 

Jackson, S.T., and DR. Whitebead. 1991. Holocene vegetation patterns in 
the Adirondack Mountains. Ecology 7264-653. 

Jaeobson, G.L. T. Webb, and EC. Grimm. 1987. Patterns and rates of 
vegetation change during the deglaciation of eastern North America, p. 
277-288. In: W.F. Ruddiman and H.E. Wright (eds.), The geology of 
North America. Vol. K-3. Geological Sot. Amer., Boulder, Cola. 

Johnson, H.B., and H.S. Mayeux. 1992. Viewpoint: A view on species 
additions and deletions and the balance of nature. J. Range Manage. 
45:322-333. 

Jorgenson, S.E. 1990. Ecosystem theory, ecological buffer capacity, uncer- 
tainty and complexity. Ecol. Modeling. 52:125-133. 

Kay, J.J. 1991. A nonequilibrium thermodynamic framework for discuss- 
ing ecosystem theory. Environ. Manage. 15:483-495. 

Krebs, C.J. 1985. Ecology: The experimental analysis of distribution and 
abundance, 3rd ed. Harper and Row, N.Y. 

Kurten, B., and E. Anderson. 1980. Pleistocene mammals of North Amer- 
ica. Columbia Univ. Press, N.Y. 

Laycoek, W.A. 1991. Stable states and thresholds of range condition on 
North American rangelands: A viewpoint. J. Range Manage. 44:427-433. 

Lewin, R. 1987. Domino effect invoked in ice age extinctions. Science 
238:1509-1510. 

Lindstrom, S. 1990. Submerged tree stumps as indicators of mid-Holocene 
aridity in the Lake Tahoe Basin. J. Calif. Great Basin Anthropol. 
12146-157. 

Magnuson, J.J. 1990. Long-term ecological research and the invisible 
present. Bioscience 40:495-501. 

MeArthur, E.D. B.L. Weleh, and S.C. Sanderson. 1988. Natural and 
artificial hybridization between big sagebrush (Artemisia tridentata) 
subspecies. J. Heredity 79:268-276. 

Melgoza, G., R.S. Nowak, and R.J. Tauseh. 1990. Soil water exploitation 
after fire: Competition between Bromus tectorum (cheatgrass) and two 
native species. Gecologia 83:7-13. 

Mitchell, J.M. 1976. An overview of climatic variability and its causal 
mechanisms. Quat. Res. 6481-493. 

Mitton, J.B., and R.M. Jeffers. 1989. The genetic consequences of mass 
selection for growth rate in Englemann spruce. Silvae Genetica 38:6-12. 

Mooney, H.A. 1991. Biological response to climate change: An agenda for 
research. Ecof. App. I:1 12-l 17. 

Morrison, R.B. 199la. Introduction, p. 1-12. In: R.B. Morrison (ed.), 
Quaternary Nonglacial Geology: Conterminous U.S. Geological Sot. 
Amer., Boulder, Colo. 

Morrison, R.B. 1991b. Quaternary stratigraphic, hydrologic, and climatic 
history of the Great Basin, with emphasis on Lakes Lahontan, Bonne- 
ville, and Tecona. o. 283-320. In: R.B. Morrison (ed.). Ouaternarv 
nonglacial geology: Conterminous U.S. Geological Sot. Amer:, Boulder, 
Cola. 

Neilson, R.P. 1986. High-resolution climatic analysis and southwest bio- 
geography. Science 232:27-34. 

Neilson, R.P. 1987. Biotic regionalization and climatic controls in western 
North America. Vegetatio 70:135-147. 

Nevo, E., and A. Be&s. 1989. Genetic diversity in the desert: Patterns and 
testable hypotheses. J. Arid Environ. 17:241-244. 

Nilsson, T. 1982. The Pleistocene. D. Reidel Publ, Dordrecht, Holland. 
Nowak, C.L. 1991. Reconstruction of post-glacial vegetation and climate 

history in westernNevada: Evidence from plant macrofossils in Neoroma 
middens. M.S. Thesis, Univ. Nevada, Reno. 

Ogden, J. 1989. On the coenospecies concept and tree migrations during the 
oscillations of the Pleistocene climate. J. Royal Sot. New Zealand 
191249-262. 

Owen-Smith, N. 1987. Pleistocene extinctions: The pivotal role of meg- 
aherbivores. Paleobiology 13:35 1. 

Pimm, S.L. 1991. Balance of nature? Univ. Chicago Press, Chicago, Ill. 
Prentice, I.C., PJ. Bartleim, and T. Webb, III. 1991. Vegetation and 

climate change in eastern North America since the last glacial maximum. 
Ecology 722038-2056. 

Rattenbury, J.A. 1962. Cyclic hybridization as a survival mechanism in the 
New Zealand forest flora. Evolution 16348-363. 

Ryan, K.C. 1991. Vegetation and wildland fire: Implications of global 
climate change. Environ. Int. 17:169-178. 

Sanderson, S.C., H.C. Stutz, and E.D. MeArthur. 1990. Geographic dif- 
ferentiation in Atriplex confertifolia. Amer. J. Bot. 77:490-498. 

Savage, M. 1991. Structural dynamics of a southwestern pine forest under 
chronic human influence. Ann. Assoc. Amer. Geo. 81:271-289. 

Sehleshrger, W.G., J.F. Reynolds, G.L. Cunningham, L.F. Huenneke, 
W.W. Jarell, R.A. Virginia, and W.G. Whitford. 1990. Biological feed- 
backs in global desertification. Science 247:1043-1048. 

Seholes, D J. 1990. Change in nature and the nature of change: Interactions 
between terrestrial ecosystems and the atmosphere. S. African J. Sci. 
86:350-354. 

Sehoonmaker, P.K., and D.R. Foster. 1989. Stand-level forest history in 
central New England investigated by pollen analysis. Bull. Ecol. Sot. 
Amer. 70:256. 

Sehoonmaker, P.K., and D.R. Foster. 1990. Long-term forest history from 
pollen in soils and hollows versus stem reconstruction: A comparison of 
techniques and results. Bull. Ecol. Sot. Amer. 71:317. 

Schoonmaker, P.K., and D.R. Foster. 1991. Some implications of paleo- 
ecology for contemporary ecology. Bot. Rev. 57:204244. 

Shultz, L.M. 1986. Taxonomic and geographic limits of Artemisia subge- 
nus Tridentatae (Beetle) McArthur (Aiteiaceae; Anthemidae), p. 20-28. 
In: E.D. McArthur and B.L. Welch (eds.), Proc. Symp. The Biology of 
Artemisiaand Chrysothamnus. USDA Forest Serv., Intermountain Res. 
Sta. Gen. Tech. Rep. INT-200. Ogden, Utah. 

Smiley, T.H., R.A. Bryson, J.E. King, G.J. Kukia, and G.I. Smith. 1991. 
Quatemary paleoclimates, p. 1344. In: R.B. Morrison (ed.), Quaternary 
nonglacial geology: Conterminous U.S. Geol. Sot. Amer. Boulder, Cole. 

Sprugel, D.G. 1991. Disturbance, equilibrium, and environmental variabil- 
ity: What is ‘natural’ vegetation in a changing environment? Biol. Cons. 
58:1-18. 

Stebbins, G.L., Jr. 1950. Variation and evolution in plants. Columbia 
Univ. Press, N.Y. 

Stutz, H.C. 1978. Explosive evolution of perennial Atriplex in western 
North America. Great Basin Natur. Memior. 2161-168. 

Stutz, H.C. 1984. A tour of chenopods in western Utah, p. 2-l 1. In: A.R. 
Tiedmann, E.D. McArthur, H.C. Stutz, R. Stevens, and K.L. Johnson 
(eds.), Proc. Symp. Biology of Atriplex and Related Chenopods. USDA 
Forest Serv., Intermountain Res. Sta. Gen. Tech. Rep. INT-172. Ogden, 
Utah. 

Svejerr, T., and J.R. Brown. 1991. Failures in the assumptions of the 
condition and trend concept for management of natural ecosystems. 
Rangelands 13:165-167. 

Svejear, T., and RJ. Tauseh. 1991. Anaho Island, Nevada: A relic area 
dominated by annual invader species. Rangelands 13:233-236. 

Tauseh, R.J., T. Svejcar, and J.W. Burkhardt. (in press). Patterns of 
annual grass dominance on Anaho Island: Implications for Great Basin 
vegetation management. In: S.B. Monson (ed.), Symp. Ecology, Man- 
agement, and Restoration of Intermountain Annual Rangelands, USDA 
Forest Serv., Gen. Tech. Rep. Ogden, Utah. 

Thompson, R.S. 1990. Late Quaternary vegetation and climate in the Great 
Basin, p. 200-239. In: J.L. Betancourt, T.R. Van Devender, and P.S. 
Martin (eds.), Fossil packrat middens: The last 40,000 years of biotic 
change. Univ. Arizona Press, Tucson. 

Thompson, R.S. 1991. Pliocene environments and climates in the western 
United States. Quat. Sci. Rev. IO:1 15-132. 

Thompson, R.S., L. Benson, and E.M. Hattori. 1986. A revised technology 
for the last Pleistocene lake cycle in the central Lahontan Basin. Quat. 
Res. 25:10-10. 

Turekian, K.K. (cd.). 1971. The late Cenozoic glacial ages. Yale Univ. 
Press, New Haven, Conn. 

van Donk. J. 1976. O** of the Atlantic Ocean for the entire Pleistoeene 
Epoch Memior. Geol. Sot. Amer. 145:147-164. 

Wahl. E.W.. and T.L. Lawson. 1970. The climate of the mid-nineteenth 
century United States compared to the current normals. Monthly 
Weather Rev. 98:259-265. 

Waiker, D.A. 1982. Vegetation’s fourth dimension. New Phytol. 90:419429. 
Wayne, P.M., and F.A. Bazzaz. 1991. Assessing diversity in plant commun- 

ities: The importance of within species variation. Trends Ecol. Evol. 
6:400-404. 

Webb, T., III. 1986. Is vegetation in equilibrium with climate? How to 
interpret the late-Quaternary pollen data. Vegetatio 67:75-91. 

446 JOURNAL OF RANGE MANAGEMENT 46(5), September 1993 



Webb, T., HI. 1987. The appearance and disappearance of major vegeta- 
tional assemblages: Long term vegetational dynamics in eastern North 
America. Vegetatio 69: 177-l 87. 

Webb, T., HI. 1991. The spectrum of temporal climatic variability: Current 
estimates and the need for global and regional time series, p. 61-81. In: 
R.S. Bradely (ed.), Globalchanges and the past. Univ. Corp. for Atmos. 
Res., Office of Interdisciplinary Earth Studies, Boulder, Colo. 

Webb, R.H., and J.L. Betaneouvt. 1990. The spatial and temporal distribu- 
tion of radiocarbon ages from packrat middens, p. 85-102. In: J.L. 
Betancourt, T.R. VanDevender, and P.S. Martin (eds.), Packrat mid- 
dens: The last 40,000 years of biotic change. Univ. Arizona Press, 
Tucson. 

Welch, B.L., and E.D. McArthur. 1990. Keynote address: Big sagebrush- 
its taxonomy, origin, distribution and utility, p. 3-18. In: H.G. Fisser 
(ed.), Proc. 14th Wyoming Shrub Ecology Workshop. May 1985, Univ. 
Wyoming, Laramie. 

West, N.E. 1983. Great Basin-Colorado Plateau sagebrush semi-desert, p. 
331-349. In:N.E. West (ed.), Temperate deserts and semi-deserts. Elsev- 
ier Sci. Pub., Co., N.Y. 

West, N.E. 1991. Benchmarks for rangeland management and environmen- 
tal qualty, p. 3 l-44. In: L.F. James, J.O. Evans, M.H. Ralphs, and R.D. 
Child (eds.), Noxious range weeds, Westview Press, Boulder, Colo. 

West, N.E. 1993. Biodiversity on rangelands. J. Range Manage. 46:2-13. 
Westoby, M., B. Walker, and I. Noy-Meir. 19899. Opportunistic manage- 

ment for rangelands not at equilibrium. J. Range Manage. 42:266-274. 
Westoby, M., B. Walker, and I. Noy-Meir. 1989b. Range management on 

the basics of a model which does not seek to establish equilibrium. J. 
Arid. Environ. 17:235-239. 

Witisenant. S.G. 1990. Changing fire frequencies on Idaho’s Snake River 
Plains: Ecological and management implications, p. 4-10. In: E.D. 
McArthur. E.M. Romnev. S.D. Smith, and P.T. Tueller (eds.), Proc _ ___. 
Symp. Cheatgrass Invasion, Shrub Dieoff, and Other Aspects of Shrub 
Biology and Management. USDA Forest Serv., Intermountain Res. Sta. 
Gen. Tech. Rep. INT-276, Ogden, Utah. 

Wigand, P.E. 1987. Diamond Pond, Hamey County, Oregon: Vegetation 
history and water table in the eastern Oregon desert. Great Basin Natur. 
47:427-458. 

Wipnd, P.E., and C.L. Nowak. 1992. Dynamics of Northwestern Nevera 
nlant communities during the last 30,000 years, p. 40-62. In: C.A. Hull. 
jr., V. Doyle-Jones, and B. Widawski (eds.),.The history of water: 
Eastern Sierra Nevada, Owens Valley, White-lnyo Mountains, Vol. IV. 
White Mountain Res. Sta. Symp. Univ. of California Press, Berkeley. 

Wisscl, C. 1984. A universal law of the characteristics return time near 
thresholds. Oecologia 65: 101-107. 

Winograd, LJ., T.B. Coplen, J.M. Landwehr, A.C. Riggs, K.R. Ludwig, 
B.J. Szabo, P.T. Kolesar, and K.M. Revesz. 1992. Continuous 500,ooO 
year climate record from vein calcite in Devils Hole, Nevada. Science 
258:255-260. 

Young, J.A., R.E. Eckert, Jr., and R.A. Evaus. 1978. Historical perspec- 
tives regarding the sagebrush ecosystem, p. I-13. In: The Sagebrush 
Ecosystem: A Symposium. Utah State Univ., College Natur. Resour., 
Logan. 

Young, J.A., and F. Tipton. 1990. Invasion of cheatgrass into arid envi- 
ronments of the Lahontan Basin., p. 37-40. In: E.D. McArthur, E.M. 
Rommey, SD. Smith, and P.T. Tueller (eds.), Proc. Symp. Cheatgrass 
invasion, shrub dieoff and other aspects of shrub biology and manage- 
ment. USDA Forest Serv., Intermountain Res. Sta. Gen. Tech. Rep. 
INT-276. Ogden, Utah. 

JOURNAL OF RANGE MANAGEMENT 46(5), September 1993 447 



J. Range Manage. 
46:446-451, September 1993 

Factors influencing eastern redcedar seedling 
survival on rangeland 
THOMAS L. SCHMIDT AND JAMES STUBBENDIECK 

Authors are researchforester, USDA Forest Service, North Central Forest Experiment Station, 1992 Folwell Ave., 
St. Paul, Minn. 55108: and professor of ecology, Department of Agronomy, University of Nebraska, Lincoln 
68583-0915. At the time of the study, the senior author was associate forester, Department of Forestry, Fisheries and 
Wildrife University of Nebraska, Lincoln. 

Abstract 

Eastern redcedar (Jun@erus virginiana L.) is the most rapidly 
expanding woody species on rangeland in the Great Plains. Rea- 
sons for the expansion and management solutions have not been 
determined. The objective of this study was to determine the effect 
of year of establishment, grazing impacts, and aspect on the survi- 
val of eastern redcedar seedlings. Subplots of 10 transplanted 
eastern redcedar seedlings were replicated at 2 sites in west-central 
Nebraska. Plots were established in 1987 and 1988 under 3 differ- 
ent grazing levels: actively grazed, actively grazed until 1987 and 
then fenced from grazing, and not grazed for 250 years. Split-plots 
within the 3 grazing levels were established on 3 different aspects: 
north-facing, south-facing, and flat. Seedling survival was evalu- 
ated 6,18, and 30 months after establishment period. The year that 
the seedling was established htfhrenced seedling survival after 18 
months. Grazing effects and aspect were significant factors in the 
survival of eastern redcedar seedlings for all 3 evaluation periods. 
Highest survival for grazing effects occurred where eastern red- 
cedar seedlings were transplanted into plots that were grazed until 
1987 and then fenced (57% f 1.5%). Lowest survival rates concem- 
ing grazing were for areas that were not grazed for?50 years (40% 
f 3.0%). North-facing slopes had the highest survival after 30 
months (65% f 2.4%). South-facing slopes had the lowest survival 
after 30 months (34% f 2.9%). Land managers may be able to 
reduce eastern redcedar seedling establishment on grazed range- 
lands through different grazing practices. 

Key Words: aspect, grazing effects, Juniperus virginiana, popula- 
tion biology, seedling establishment 

Encroachment of eastern redcedar (Juniperus virginiana L.) on 
rangeland may cause loss of forage production, changes in grass- 
land plant species composition, livestock handling problems, and 
loss of wildlife species dependent on grassland habitat. Eastern 
redcedar is the most rapidly expanding woody species on range- 
land in the Great Plains and is increasing in terms of tree size, 
acreage occupied, and number of locations (Wilson and Schmidt 
1990). In Oklahoma, eastern redcedar occupied 0.6 million ha in 
1950 (Bidwell et al. 1990). Grumbles (1989) estimated that by 1989, 
eastern redcedar had infested more than 4 million ha in Oklahoma 
and over 550,000 ha in east-central Texas. Eastern redcedar 
expanded in Nebraska from about 21,900 ha in 1955 to over 76,100 
ha in 1983 (Schmidt and Kuhns 1990). 

Rangelands invaded by eastern redcedar have been observed 
adjacent to rangelands where invasion was absent (Owensby et al. 
1973). Reasons for such presence or absence and management 
solutions are unknown. However, control of wildfires, genetic 
adaptability, expanded seed sources, and soil disturbance are 
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primary factors responsible for expansion. Burkhardt and Tisdale 
(1976) found that juniper stands in Idaho were originally confined 
to poorer soils and rocky ridges by wildfires. Owensby et al. (1973) 
concluded that eastern redcedar invasion was restricted by fire 
and/or cutting. Crockett (1985) felt that soil disturbance was the 
overriding factor allowing eastern redcedar establishment. Com- 
mon disturbances included overgrazing, cultivation, abandoned 
cropland, fence or other construction, or even sand-blowouts. 

The rate of eastern redcedar invasion declined as growing- 
season stocking rate of cattle increased in the absence of fire or 
mechanical removal (Blan 1970). Stritzke (1985) said that proper 
range management did not prevent invasion by eastern redcedar. 
Owensby et al. (1973) concluded that heavier cattle stocking rates 
reduced eastern redcedar invasion rates, and that eastern redcedar 
appeared to invade all upland range sites equally. Slope exposure 
did not significantly alter eastern redcedar populations, and inva- 
sion was accompanied by other woody species. 

Grazing can impact the level of plant competition for eastern 
redcedar seedlings, plant species composition, the degree of soil 
compaction, and the amount of bare soil (Owensby et al. 1973, 
Engle 1985, Clary and Holmgren 1987, Stritzke and Bidwell 1990). 
Grazing can also cause physical damage to eastern redcedar seed- 
lings through trampling and/or breakage (Fitter and Jennings 
1975). 

Our goal was to gain an understanding of selected factors that 
may influence establishment and survival of eastern redcedar on 
rangelands. Specific objectives were to determine (1) the effect of 
year of establishment on the survival of transplanted eastern red- 
cedar seedlings; (2) grazing effects on the survival of transplanted 
eastern redcedar seedlings; and (3) effect of aspect (slope exposure) 
on the survival of transplanted eastern redcedar seedlings. 

Study Areas and Methods 

Transplanted 2 year-old eastern redcedar seedlings were selected 
as the evaluation population for this study. Study sites were 
selected in Lincoln and Thomas counties, Neb. The Lincoln 
County plots were about 35 km south and 9 km east of North 
Platte, Neb. (lat. 41’ OO’/ long. 100030’). The soil type was Coly silt 
loam, a fine-silty, mixed calcareous, mesic Typic Ustorthent 
(National Cooperative Soil Survey 1987). Average annual precipi- 
tation is 508 mm with about 8% occurring from April through 
September. Temperature extremes range from -37’C to 44°C (Soil 
Conservation Service 1978). Specific precipitation and monthly 
average air temperature minimums and maximums were measured 
at Curtis, Neb. (National Oceanic and Atmospheric Administra- 
tion 1991), about 6 km from the plots. 

The native vegetation at the Lincoln County site was mixed 
prairie; little bluestem [Schizachyrium scoparium (Michx.) Nash] 
and sideoats grama [ Bouteloua curtipendula (Michx.) Torr.] were 
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the most abundant species. In 1987, grasses accounted for 66 to 
92% of the overall plant composition at the Lincoln County site. 
The remaining 8 to 34% was comprised of forbs and woody species. 
Nomenclature was based on Stubbendieck et al. (1992). Ground 
cover (bare ground and litter) and plant composition were 
obtained with the modified single-point method of sampling (Cook 
and Stubbendieck 1986). 

The Thomas County plots were about 4 km west of Halsey, Neb. 
(lat. 42’ OO’/long. 100’ 00’). The soil type was Valentine sand, a 
mixed, mesic Typic Ustipsamment (National Cooperative Soil 
Survey 1986). Average annual precipitation is 520 mm with about 
80% occurring between April and September. Temperature extremes 
range from -36” C to 46’ C (Soil Conservation Service 1965). 
Specific precipitation and monthly average air temperature min- 
imums and maximums were measured at the NOAA station near 
Purdum, Neb. (National Oceanic and Atmospheric Administra- 
tion 1989), about 9 km from the plots. 

Native vegetation at the Thomas County site was sandhills 
prairie. The most abundant species were sand bluestem [Andro- 
pogon gerardii var. paucipilus (Nash) Fern.], switchgrass (Puni- 
cum virgatum L.), and threadleaf sedge (Carexfilifolia Nutt.). At 
the Thomas County site in 1987, grasses and sedge accounted for 
47 to 72% of the overall plant composition. The remaining 28 to 
53% was comprised of forbs and woody species. 

The experimental design was a split-split plot. Each site repres- 
ented a separate block. Main plots were located on areas which 
were subjected to 3 different domestic livestock grazing practices: 
current season-long summer grazing (June 15th to October 1st); 
season-long summer grazing up to the first year of transplanted 
eastern redcedar seedlings establishment (1987) and then fenced 
from cattle; and not grazed for 250 years. The Lincoln County 
grazed plots were located in a rangeland pasture about 130 ha in 
size with an average stocking rate of 2.1 ha animal unit (AU).’ 
season-‘. The Thomas County grazed plots were located in a range- 
land pasture about 620 ha in size with an average stocking rate of 
5.7 ha AU’ season-‘. The season-long summer grazing up to the 
first year of transplanted eastern redcedar seedling establishment 
(1987) and then fenced from cattle plots were about 0.4 ha in size at 
both sites. The not grazed for 250 years plots were located in areas 
that had been excluded from grazing by domestic livestock 
through fencing. Other herbivores, such as deer and grasshoppers, 
were not excluded from the plots that excluded domestic livestock. 

Three different aspects within the 3 different grazing plots were 
designated as split-plots and were located on north, south, and flat 
aspects. The north- and south-facing split-plots at both sites had 
slopes of 25 to 35% The flat aspect split-plots at both sites had 0 to 
2% slopes. Years of establishment (1987 and 1988) were the split- 
split plots. 

Within each of the 9 split-plots (3 aspects within each of 3 
grazing practices), 6 sampling units of 10 eastern redcedar seed- 
lings each (a total of 60 seedlings per split-plot) was transplanted in 
1987 and 1988 at both sites. With 9 split-plots planted for 2 years at 
2 locations, 2,160 seedlings were planted. The seedlings were hand- 
planted about 40 cm apart with no site treatment before planting. 

The eastern redcedar seedlings were 2-year-old plants that aver- 
aged between 20 cm and 30 cm in height with root lengths of about 
20 cm. The seedlings were transplanted while dormant in early 
spring (average planting date of 1 April). This planting date was 
selected to represent the average period for naturally occurring 
seedlings at the sites to initiate growth. No cultural practices, such 
as watering or weed control, were applied. Seedling survival was 
evaluated 6 months, 18 months, and 30 months after planting (3 
growing seasons). Any green appearing on any part of a plant 
qualified it as being alive. Seedling survival data were analyzed by 
analysis of variance with tests of hypotheses using specified Type 
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III mean squares as error terms (point in time analysis), means, and 
repeated measures as univariate tests of hypotheses for within 
subject effects (responses over time). 

Eastern redcedar seedling survival results are presented 2 ways: 
(I) in terms of their survival at the end of each growing season 
(analyzed as main effects, i.e., without time as an interaction); and 
(2) as responses over time (results interacting with time). The 
statistical analysis for responses over time utilized adjusted 
PR>F’s to avoid biases that are inherent with split-split plot 
correlation’s not equaling zero (Milliken and Johnson 1984). Dif- 
ferences in results were considered significant at p10.10. 

Results and Discussion 

Mean seedling survival was higher at the Lincoln County site 
than at the Thomas County site after 6,18, and 30 months. Year of 
establishment did not influence survival of seedlings at 6 months 
(Table 2). However, after 18 and 30 months, year of establishment 
affected seedling survival. Year of establishment was also a factor 
in eastern redcedar seedling survival response over time (Table 3). 

Precipitation was a factor for survival relative to year of estab- 
lishment. Precipitation totals for 1987 through 1990 revealed fluc- 
tuations in amounts and when it occurred (Fig. I). The highest 
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Fig. 1. Annual precipitation from 1987 through 1990, by growing season 
and total. 

total annual precipitation occurred in 1987; however, the most 
precipitation received during the growing season (1 April through 
30 September) occurred in 1988. Greatest eastern redcedar seedling 
survival after 6 months was recorded in 1988 (Table 1). However, 
18 months after planting, the 1987 plantings had greater survival. 
Precipitation for 1987 and 1988 was above average, and in 1989 
and 1990, precipitation was below-average(Fig. 1). The 1987 plant- 
ings had 2 years of above-average precipitation compared to only 1 
year of above-average precipitation for the 1988 plantings. We 
attributed the long-term higher survival for 1987 plantings to the 
additional year of above-average precipitation. 

Overall survival during the 30-month evaluation period changed 
5% in the 1987 plantings. In comparison, the total change in 
percent survival of the 1988 plantings was 29% The 1988 plantings 
had above-average conditions in the first growing season, which 
resulted in above-average survival. However, the growing condi- 
tions during the second and third seasons for the 1988 plantings 
were below average, which resulted in the 29% change in overall 
survival after 30 months. Survival depended on weather conditions 
that were beneficial for establishment occurring in the particular 
year of establishment. It appeared that precipitation occurring 
during late spring of the year of establishment resulted in higher 
eastern redcedar survival initially. However, total precipitation 
during the years following establishment resulted in higher long- 
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Table 1. Mean survival (%) (*SE) over 3 growing seasons for transplanted 
eastern redcedar seedlings for year of establishment, grazing practice, 
grazing practice with year of establishment, aspect, and aspect with year 
of establishment. 

Months after establishment 
6 18 30 

____________%_____________ 
Year of establishment” 
1987 
1988 
Grazingb 
Fenced from grazing (FG) 
Grazing (G) 
No grazing (NG) 
Grazingc 

FG 1987 
FG 1988 
G 1987 
G 1988 
NG 1987 
NG 1988 
Aspcctb 
Flat 
North 
South 
Aspect’ 
Flat 1987 
Flat 1988 
North 1987 
North 1988 
South 1987 
South 1988 

61 f 3.7 58 f 3.6 
70 f 1.7 44 f 2.6 

73 f 1.9 
65 f 2.8 
59 f 3.0 

69 f 2.5 
76 f 1.5 
63 f 2.9 
66 f 2.0 
51 f 3.4 
67 f 1.7 

66 f 2.4 
75 f 2.1 
55 f 2.3 

62 f 2.2 
69 f 1.3 
75 f 2.5 
75 f 1.6 
47 f 3.9 
64f 1.6 

60 f 3.1 
52 f 3.1 
42 f 3.0 

66 f 2.6 
54 f 2.5 
61 f 2.7 
42 f 2.5 
48 f 3.3 
37 f 2.3 

50 f 2.4 
67 f 2.3 
37 f 2.9 

58 f 2.0 
41 f 1.7 
73 f 2.5 
61 f 1.8 
44 f 3.8 
31 f 1.8 

56 f 3.5 
41 f 2.5 

57 f 1.5 
48 f 3.1 
40 f 3.0 

64 f 2.7 
51 f 2.4 
58 f 2.4 
38 f 2.6 
46 f 3.2 
34 f 2.4 

46 f 2.6 
65 f 2.4 
34 f 2.9 

55 f 1.6 
38 f 1.7 
72 f 2.3 
58 f 1.7 
42 f 3.8 
26 f 1.7 

"=n=108 
b=nI 72 
c=n= 36 

term survival. 
Grazing effects on the vegetation were a significant factor in the 

survival of eastern redcedar seedlings for all 3 evaluation periods 
(Table 2). The 3 grazing treatments also resulted in different survi- 
val over time (Table 3). Areas fenced from grazing had the highest 
seedling survival (Table 1). The areas that had not been grazed for 
250 years had the lowest mean seedling survival. Survival of 
eastern redcedar seedlings declined over time for all 3 grazing 
treatments. The decline in survival over time was highest for the 
no-grazing treatments and smallest for the fenced-from-grazing 
treatments. Eastern redcedar seedling survival advantages gained 
in the fenced-from-grazing and grazed areas were maintained over 
time and were the most pronounced at the end of the 30-month 
period. 

This impact of grazing on eastern redcedar seedling survival is 
probably not due to actual grazing of the seedling by cattle but to 
the secondary impacts of grazing such as decreasing plant competi- 
tion (Butler and Goetz 1984, Clary and Holmgren 1987). Highest 
levels of bare ground (60%) and lowest levels of litter (26%) and 
plant cover (14%) were recorded for the grazed treatments. In 
comparison, the not grazed for 250 years had 41v0 bare ground, 
39% litter, and 20% plant cover. The multiple impacts on the site 
that resulted from grazing effects appeared to improve the growing 
environment for eastern redcedar seedlings, giving them a competi- 
tive advantage. The primary factor that contributed to the 
improved growing environment for eastern redcedar seedlings was 
lowered plant competition. 

Table 2. Probability levels for main effects-year of establishment (Yofe = 
1987,1988), grazing practice (Graz = grazed, no grazing for 2 50 years, 
and grazed until 1987 and then fenced from grazing), and aspect (Asp q  
north, south, and tint) on 2 sites; with interactions from ANOVA of 
transplanted eastern redcedar seedling survival. 

Source DF Error term Time Pr>F 

Months 
Yofe 1 Site*graz*asp*yofe 6 

18 
30 

Graz 2 Site*graz 6 
18 
30 

Aspect 2 Site*graz*asp 6 

:: 

0.41 
0.09** 
0.06** 
0.02** 
0.01** 
0.01** 
0.09+* 
0.06** 
0.03** 

Graz*aspect 4 Site*graz*asp 6 0.78 
18 0.88 
30 0.77 

Graz*yofe 2 Site*graz*yofe 6 0.86 
18 0.90 
30 0.89 

Aspect*yofe 2 Site*graz*asp*yofe 6 0.78 
18 0.95 
30 0.98 

Graz*asp*yofe 4 Site*graz*asp*yofe 6 0.99 
18 0.99 
30 0.99 

** = significant Pr > F at the 5 0.10 level. 

Table 3. Probability levels for transplanted eastern redcedar seedling sur- 
vival results overtime (repeated measures analysis of variance univariate 
tests of hypotheses for within subject effects). 

Source DF Pr>F 

Year of establishment*time 2 0.01** 
Grazing practice*time 2 0.06** 
Grazing practice*year of establishment*time 4 0.08** 
Aspect*time 2 0.01** 
Aspect*year of establishment*time 4 0.01.. 
Grazing practice*aspect*time 4 0.74 
Grazing practice*aspect*year of establishment*time 7 0.60 

** = significant Pr > F at the 5 0.10 level. 

Year of establishment with grazing treatment over time interac- 
tions were important due to conditions in any year which directly 
impacted the effect of grazing on survival. Factors that can vary 
between years include weather conditions, forage production, and 
management practices such as stocking rate. The interaction of 
year of establishment with grazing treatment over time resulted in 
significant differences in the survival of eastern redcedar (Table 3). 
The 1987 plantings for all 3 grazing treatments had moderate 
declines in survival, while the 1988 plantings for all 3 grazing levels 
had significant declines over the 30 months of the study (Table 1). 
These changes over time were related to year of establishment and 
grazing. The highest survival over time was for 1987 plantings, 
which were fenced from grazing. Grazing effects on seedling survi- 
val, in combination with year of establishment effects, remained 
important and interacted over the 30-month time period. 

Aspect was an important factor in the establishment of eastern 
redcedar seedlings primarily because of related micro-climatic 
effects. Micro-climatic effects that provide advantages for estab- 
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lishing eastern redcedar include improved moisture availability 
and lower temperatures on north-facing slopes. In Nebraska, 
north-facing slopes had slower snow melt, which resulted in 
improved moisture availability. These same slopes were not 
exposed to direct sunlight resulting in lowered temperatures. The 
impact of aspect on eastern redcedar seedling survival was signifi- 
cant (Table 3). The highest survival was recorded on the north- 
facing slopes, with the lowest survival found on south-facing slopes 
(Table 1). A significant difference occurred between aspects 
through the 30 months of the study. The greatest change in survival 
from 6 months to 30 months occurred on south-facing and flat 
aspects. These sites experienced a 2 1% decrease in seedling survival 
over the 30-month time period. In comparison, survival on north- 
facing slopes decreased 10% over the same time span. The differ- 
ence in survival between the 3 different aspects increased each year; 
however, the greatest difference between aspects in terms of seed- 
ling survival occurred after 6 months. 

Conclusions 
The critical point concerning spread of eastern redcedar on 

rangelands is to understand the factors that impact the long-term 
survival and establishment, and what management schemes can be 
developed to discourage establishment. Grazing resulted in im- 
proved eastern redcedar establishment, possibly because the pres- 
ence of cattle adversely impacted competing plants, which reduced 
competition to the new seedlings. Aspect and year of establishment 
are factors affecting seedling survival that cannot be altered. How- 
ever, land managers can influence grazing and the interaction of 
grazing with the above factors on any tract of land. Thus, grazing 
management could be directed at developing management practi- 
ces that will result in fewer trees being established. The knowledge 
that north aspects and years of favorable weather are more likely to 
be susceptible to eastern redcedar invasion, could allow grazing 
management alternatives to be made on these sites in critical years. 
Future research and management efforts should be directed at 
determining management alternatives that will discourage eastern 
redcedar seedling establishment during periods of above average 
precipitation with a focus on north-facing slopes. 
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Abstract 

Forage quality and quantity from palatable grasses, like creep- 
ing blueatem [Schizachyrium scoparium (Michx.) Nash var.poly- 
cladus (Schriber & Ball) Bruner (Syn S. stoloniferum Nash.)], are 
limited, especially in winter when cows graze Florida range. We 
anticipated that N fertilizer (0,40,60,120 kg ha“), P (0,25 kg ha*‘) 
and K (0,100 kg ha-‘) would increase bluestem yield, tiller density, 
and forage quality. Within sample dates yield and tiller density 
increased linearly with N rate. For example 31 days after fertiliza- 
tion, intercepts for equations predicting yield were 319 kg ham1 and 
124 rn-’ with coefficients of 1.2 and 0.29, respectively, where the 
independent variable is N rate. Over sample dates yield responses 
to N rate were quadratic and tiller densities were cubic. Reproduc- 
tive tiller density was increased by N fertilization (1989 tiller den- 
sity, no. me2, = 30 + 0.29N). Neither yield nor tiller density was 
a&&d by P fertilizer, but K fertilizer increased reproductive tiller 
density, hence fail yield. After 3 years of fertilization, N had 
negative quadratic and negative linear effects on yield and tiller 
density, respectively. Tissue N concentration in the fail was 
reduced with N fertilization because of increases in reproductive 
growth (1988 calendar 145 days postfertilization, g kg’ = 5.7 - 
0.041 N + 0.00031 N2). Fertilization of creeping bluestem is not a 
recommended practice when bluestem is to be grazed in fall and 
winter. 

Key Words: sub-tropical range, N,P,K fertilization, soil N,S&z- 
achyrium scoparium 

Forage yield of some Florida range has increased as a result of 
roller chopping and deferment of grazing for a growing season 
after treatment (Yarlett 1965). The increase is attributed to a 
decrease in saw-palmetto (Serenoa repens [Bartr.] Small) and 
pineland threeawn (Aristidastricta Michx.) cover with increases in 
grasses such as creeping bluestem (Schizachyrium scoparium 
[Michx.] Nash var. polycludus [Schribner & Ball] Bruner [Syn S. 
stolontjbum Nash.]) (Yarlett and Roush 1970). Although creeping 
bluestem, which is a strongly rhizomatous variety of S. scoparium, 
is capable of relatively high yield in small plots (Kalmbacher et al. 
l981), creeping bluestem yield may be only 300 to 400 kg ha-’ on 
range in good condition (Kalmbacher et al. 1984). Creeping blue- 
stem is palatable and forms about 40% of the dry matter in cattle 
diets year-round (Kalmbacher et al. 1984), but digestibility is at 
best only sufficient for cow maintenance (Long et al. 1986a). 
Burning (Kalmbacher et al. 1985) and time and frequency of graz- 
ing (Kalmbacher et al. 1986, Long et al. 1986b) resulted in short- 
lived (4 to 6 months) improvements in protein and digestibility. 

Fertilization (usually with N, P, and K-singly or in combina- 
tions) in the Northern Great Plains has resulted in improved spe- 
cies composition, increased forage production, and protein (Goetz 
1975), as well as increased water-use efficiency and palatability 
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(Wight 1976). In Colorado, N, P, K fertilization improved botani- 
cal composition and yield on poor condition range (Currie 1976). 
Some researchers believe that fertilization can be a valuable tool 
for range improvement when plant and soil responses are known 
and applied on a range site basis (Goetz 1969). Graves and 
McMurphy (1969) concluded that Oklahoma range containing low 
quality vegetation should not be fertilized. There have been reports 
that fertilization has resulted in undesirable shifts in botanical 
composition (Houston and Hyder 1975, Owensbyand Smith 1979, 
Pettit and Deering 1974, Pettit and Fagan 1974, Rauzi 1978, and 
Wilson et al. 1966). 

In Florida, White (1977) reported a 250% increase in bluestem 
(Andropogon spp.) forage resulting from N, P, and K fertilization 
of pine plantations. Lewis (1970) applied raw-rock phosphate to 
Florida range with and without chopping and concluded that P 
fertilization was a valuable treatment because of its favorable 
influence on chemical and botanical composition, palatability, and 
forage yield. Based on these 2 studies it seems that fertilization may 
have positive effects on creeping bluestem range. The purpose of 
this research was to determine if N, P, or K or their combination 
would result in greater tiller density, yield, and quality of creeping 
bluestem. 

Materials and Methods 

Experimental Sites, Design, and Treatments 
Research was conducted on 2 experimental sites at the Univer- 

sity of Florida’s Ona Agricultural Research and Education Center 
in south central Florida (27” 25’N, 8 1’ 55’W). The 1988 site was a 
Pomona fine sand (sandy, siliceous, hyperthermic Ultic Haplquod) 
with an average organic matter (OM) content (0 to 15 cm depth) of 
34 g kg-’ and pH 4.4. The 1989 site was an Ona fine sand (sandy, 
siliceous, hyperthermic Typic Haplaquod) with an OM content of 
52 g kg“ and pH 4.4. The 1988 site will be referred to as Experiment 
A, and this site was fertilized in 1988, 1989, and 1990, and vegeta- 
tion was sampled in 1988 and 1990. The 1989 site, Experiment B, 
was a repeat of Experiment A, and B was fertilized and sampled 
only in 1989 because of damage by feral hogs in 1990. Both experi- 
mental sites were selected because of good stands of creeping 
bluestem and little cover from saw-palmetto. 

Experiments were split-plots with 4 levels of N (0,40,80, 120 kg 
ha-‘) forming whole-plots (6 by 6 m), which were replicated 4 times. 
Whole plots were separated by a 6-m alley to avoid lateral move- 
ment of N (Dantzman and McCaleb 1969). Whole plots were 
divided in half and sub-plots were assigned a 22 factorial in P and K 
(0 or 25 kg ha-’ P or 0 or 100 kg ha-’ K). 

Ammonium nitrate, triple super phosphate, and muriate of 
potash were applied by hand. For Experiment A this was 15 April 
1988,2 June 1989, and 15 April 1990, and for Experiment B this 
was 5 May 1989. Fertilization of Experiments A and B was delayed 
in 1989 because of prolonged drought. 

JOURNAL OF RANGE MANAGEMENT 46(5), September 1993 



Yield and Tiller Density 
Within each sub-plot (64), a permanent, 6-m transect was estab- 

lished on 15 April 1988 in Experiment A and 5 May 1989 -in 
Experiment B. A l-m* quadrat (6 m by 0.166 m) made from PVC 
pipe was laid between the transect markers at the beginning of the 
growing season on 18 April 1988 for Experiment A and 30 May 
1989 for Experiment B. On these initial dates, total tillers of 
creeping bluestem were counted, but not cut. 

In Experiment A, the l-m2 quadrat was laid parallel to, but not 
super-imposed on, the permanent transect on 13 May, 6 June, 7 
July, and 4 August 1988 (different place on each date). On 7 
September, the final sample date of 1988, the quadrat was placed 
again on the permanent (initial) transect. The permanent transects 
in Experiment A were sampled again for yield and tiller density on 
24 September 1990. In Experiment B, the quadrat was employed 
on 5 June, 26 June, 24 July, and 23 August 1989 in locations 
adjacent to the permanent transect. On 24 September, the final 
sample of 1989, the quadrat was on the permanent transect. At 
each of these 5 dates in each year creeping bluestem tiller density 
and yield were determined. In September, vegetative and repro- 
ductive tillers were counted separately. Creeping bluestem was cut 
at the soil surface, dried (60° for 48 hours), ground, and stored for 
N, P, and K analyses. 

On each sample date in Experiment A (1988 only), soil within the 
quadrat was sampled (upper 0 to 15 cm) and was analyzed for P 
(Mehlich I) and K at the University of Florida’s Soil Testing 
Laboratory (Hanlon and DeVore 1989). Samples were frozen until 
they were analyzed for NH4’ and NOs-. This involved 1 N KC1 
extraction (Hanlon and DeVore 1989). The spodic horizon was 
sampled for P concentration on May 1991. 

Tissue from each sample date in Experiments A and B was 
analyzed for N, P, and K concentrations. A representative sub-set 
(154 out 697) was analyzed for N (Gallaher et al. 1975, Hambleton 
1977), and N was predicted (standard error of calibration ~0.30, R2 
= 0.98) in the remainder of the samples using near-infrared reflec- 
tance spectroscopy (Norris et al. 1976). Tissue was ashed at 5OO“C 
for 6 hours, and nutrients were extracted using 0.3 m HCl. Solu- 
tions were analyzed for K using an atomic absorption spectropho- 
tometer and for P using a calorimetric method (Murphy and Riley 
1962). 

Data Analyses 
Data were analyzed using general linear models procedure. 

Since it was believed that initial tiller number would have an effect 
on yield, this variable, obtained at the initial tiller counts of Exper- 

iments A and B, was used as a covariate in yield analyses. Yield, 
tiller density, and tissue mineral content data from Experiments A 
and B were analyzed as a split-split plot with years (sites) as the 
whole plot treatment. When there was no interaction with year, 
data are presented as average over sites. Values for R2 were calcu- 
lated after removing those sources of variation not associated with 
the regressor variable. In order to provide sufficient decimal places 
for higher order coefficients and reduce equation size, the inde- 
pendent variables (N rate or days) in equations for predicting g kg-’ 
N in tissue are divided by 10. 

Results and Discussion 

Rainfall amount and distribution were similar to the 45-year 
average for May to September 1988 (Kalmbacher and McCloud 
1989) compared to this period in 1989 (Kalmbacher and Whitty 
1990). In 1988, only May was below (-12 mm) the 45-year average 
for that month, while all other months were above average rainfall, 
especially July (+63 mm) and August (+ 112 mm), causing saturated 
soils. In 1989, which was the driest year in 46 years at Ona, May to 
September were -189 mm below average. May to September 1990 
were -73 mm below the 47-year average rainfall. 

Effects of N Fertilizer on Yield and Tiller Density 
There were no interactions of N fertilizer and year in spite of 

rainfall differences between years. Increasing N fertilizer increased 
dry matter yield linearly within each sample date of Experiments A 
and B (Table 1, Fig. la). Although linear within sample dates, over 
sample dates N fertilizer responses were quadratic because yield 
increases within a N level were greater at each successive date. 
Whereas, 1.2 kg ha-’ of dry matter resulted from each additional kg 
ha-’ of N at 3 1 days after fertilization, at 55 days 2.5 kg ha-’ of dry 
matter resulted, and at 83 days, 7.3 kg ha-’ of dry matter resulted 
from each kg ha-’ of N, etc. 

The growth curve for unfertilized creeping bluestem, repres- 
ented by: kg ha-’ = 248 - 0.643D+O.O53D2, where D is days since 
fertilization (Table 1), is a reliable prediction of yield upon which 
to compare the effect of the addition of N fertilizer. Yields of 
unfertilized bluestem in this study were similar to yields of 
unburned, unfertilized creeping bluestem cut throughout the grow- 
ing season in an earlier study (Kalmbacher et al. 1985). In this (and 
earlier) research with unburned, unfertilized creeping bluestem, 
there was very little reproductive growth when no N was applied, 
which will be discussed and related to yield later. 

Total tiller density increased linearly with N fertilizer within 
each sample date for both Experiments A and B, and there were no 

Table 1. Equations for creeping bluestem dry matter yield (kg hil) and tiller density (no. m”) illustrated in Fig. 1. 

Yield Tiller density 

Coefficient Coefficient 

Equations at: Intercept Linear Quadratic R* Intercept Linear Quadratic Cubic R* 

Dayst 
31 319 1.23 0.18 124 0.29 0.93 
55 390 2.50 0.22 127 0.48 0.14 
83 706 7.30 0.33 I18 0.65 0.24 

112 987 15.88 0.36 93 0.47 0.17 
1453 (1988) 1151 39.85 0.57 133 0.45 0.24 
145$(1989) 1827 11.85 0.37 

N level4 
0 248 a.64 0.053 0.01 54 3.56 -0.052 0.00021 0.008 

40 I38 4.39 0.086 0.07 8 6.48 -0.088 0.00035 0.014 
80 341 -5.01 0.208 0.19 -35 9.04 -0.119 0.00046 0.022 

120 253 -2.29 0.209 0.23 8 7.10 -0.086 0.00031 0.012 

TIndependent variable is rate (kg ha-‘). This calculates yield or tiller density over N levels within a sample date. 
$Yield depended on year at 145 day. 
gIndependent variable is days since fertilization. This calculates yield or tiller density over dates within an N level as shown in Fig. 1. 
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(a) Yield From a cattle production standpoint, the increase in yield as a 
result of additions of N fertilizer is not desirable because of the 
large amounts of reproductive growth. Since Florida range is 
utilized primarily from September to March, forage quality is 

n l * 0 already low during this period (Long et al. 1986b). Culms (nodes 
and internodes) and inflorescences makeup about 54 and 2170, 
respectively, of the unfertilized creeping bluestem dry matter at 
anthesis, and they contain about 10 g kg-’ crude protein and 250 g 
ha-’ in vitro organic matter digestibility (IVOMD) (Kalmbacher 
1983). Even 80 kg ha-’ of N, which resulted in about 4,000 kg ha-’ of 
dry matter and about 90 reproductive tillers m-‘, would not be 
beneficial because of the relatively low total yield and poor quality. 
For perspective, a Florida rancher could apply about 70 kg ha-’ of 
N to bahiagrass (Paspalum notatum Flugge) in March and get 

0 1 / / I I , , 

about 10,000 kg ha-’ of forage at an average 100 g kg-’ crude 
protein and 540 g kg-’ IVOMD over the following 9 months 

(b) Tiller density 
2mr 

180 - 

p- 

i 140- 

2 
120 - 

100 - 

80' " " 'I " I '1 
31(M) 55(169) 83(197) 112(226) 145(259) 

Days after Fertilization (Calendar Day) 

Fig. 1. Effect of N-fertilization on average dry matter yield and tiller 
density of creeping bluestem in Experiments A (1988) and B (1989). Data 
are prediction curves and least-square means. Equations are in Table 1. 
Ona, Fla. 

year X N fertilizer interactions (Table 1, Fig. 1 b). Although linear 
within sample date, over sample dates N fertilizer responses were 
cubic. Tiller density increased from 12 to 19 to 26 me2 for each 40 kg 
ha-’ increase in N between 31,55, and 83 days after fertilization, 
respectively. At 112 days after fertilization, 40 kg ha-l increments 
of N fertilizer resulted in incremental increases of 19 tillers rne2. 
Each N level followed a different cubic response over time. Such a 
cubic pattern for total tiller density is biologically real and has been 
reported earlier for creeping bluestem (Kalmbacher et al. 1985). 
There is probably a depression in tiller density due to rain- 
saturated soil and high temperatures in August (calendar day 226), 
followed by an increase in density when conditions improve in the 
fall. 

Increases in N fertilizer resulted in a quadratic increase (no. mm2 = 
-3 + 2.08N - O.O094N* [N is kg ha-‘]) in reproductive tiller density in 
1988 and a linear increase (no. m-2 = 30 + 0.292N) in 1989 (Data not 
shown). Increases in reproductive tiller density were largely 
responsible for sharp increases in yield at calendar day 226 and 259 
(Fig. la). Creeping bluestem begins culm elongation in August, so 
greater reproductive tiller density as a result of N fertilization 
results in greater yield. Experiment A had a large quadratic 
increase in reproductive tiller density, going from 0 to 110 tillers 
rnm2. Experiment B (1989) had a linear response, going from about 
25 to 60 tillers me2. This difference between years in response of 
reproductive tillers was responsible for the interaction (year X N) 
for yield at 145 days after fertilization (Table 1). 

(Summer et al. 1991). 
Following 3 annual fertilizer applications, yield of creeping 

bluestem in Experiment A on 24 September 1990 followed a nega- 
tive quadratic response (kg ha-’ = 520 + 16.4 N - 0.14Nr [N is kg 
ha-‘]) to N fertilizer with yield increasing up to 80 kg ha-’ of applied 
N, then declining at 120 kg ha-’ (Data not shown). Yields were only 
a fraction of what they had been 2 years earlier (Fig. la). Note that 
0 N treatment was lower in yield in 1990 compared to 1988, which 
may be due to 2 consecutive years of lower than average rainfall. 
Instead of positive linear relationships as found during the first 
year (Table l), all N levels followed a negative response (no. rn-’ q  

88 - 0.45N) for total tiller density in 1990. There was a loss of 1 tiller 
my2 for every 2.2 kg ha-’ of N applied. 

Creeping bluestem was compared to 4 native grasses grown with 
and without N, P, and K fertilization at the SCS plant material 
center in Arcadia, Fla. After 3 years of treatment, Roush and 
Yarlett (1973) described a “weakness in general vigor of creeping 
bluestem grown under fertilization” that was not explainable when 
contrasted with unfertilized plants grown in the same row. 

We have recently found (unpublished data) survival of creeping 
bluestem plants from better seed-producing lines was very poor 
when they were grown on N-P-K fertilized sites. (Kalmbacher et al. 
1991). There was abundant reproductive growth, which was desir- 
able for our purposes of seed evaluation, but there was little 
tillering, which is essential to the following year’s growth. 

Creeping bluestem generally produces little reproductive growth 
if not grazed or burned. Yarlett and Roush (1970) reported 1 
reproductive to 5 vegetative tillers. White and Terry (1979) found 
fire stimulated flowering in creeping bluestem the first growing 
season after burning, and grazing during the first growing season 
resulted in a decline in tiller density. Our experiments were on 
range grazed October to March, rather than in the growing season. 
Additionally, cows grazed the experimental areas only lightly in 
winter so there was no removal of apical meristems and consequent 
reduction in tiller density. 

Tissue and Soil N 
Tissue N concentration in creeping bluestem depended on N 

fertilizer, sample date, and year (Table 2, Fig. 2). Tissue N concen- 
tration declined over sample dates in both years at rates that 
depended on year and N fertilizer. Note that the independent 
variables (N rate and days) must be divided by 10 before substitut- 
ing in all equations in Table 2. In 1989, N concentration in fertilized 
grass was slightly higher than that of unfertilized grass at 5 June 
(Fig. 2b, 3 1 days after fertilization) because of the absence of rain. 
Nitrogen concentration in fertilized grass increased between 5 June 
and 26 June (52 days post) as rain moved N into the root zone. 
After 26 June 1989, tissue N concentration in all treatments 
declined at about the same rate. 
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Table 2. Eqnations for creeping bluestem tissue N-concentrations iiins- 
trated in Fig. 2. 

Equation Coefficient 

for N at: intercept Linear Quadrat Cubic Quartic R2 

1988 
Dwt 

0 
26 
55 
83 

117 

N level3 
0 

40 
80 

120 

Days 
0 

21 
49 
79 

ill 

N level 
0 

40 
80 

120 

11.1 1.108 -0.043 0.91 
9.3 0.366 0.76 
7.5 -0.036 0.019 0.61 
6.3 -0.278 0.023 0.19 
5.7 -0.414 0.031 0.49 

11.2 
14.6 
17.4 
18.2 

-0.818 0.029 
-1744 0.078 
-2.041 0.077 
-2.017 0.076 

1989 

0.92 
0.94 
0.96 
0.96 

10.2 0.236 0.54 
11.8 0.938 -0.048 0.75 
10.4 0.204 0.50 
8.1 0.125 0.23 
7.2 -0.543 0.108 -0.005 0.13 

10.1 1.468 a.384 0.021 0.76 
11.4 4.317 -I .656 0.195 -0.0075 0.92 
12.5 4.963 -I .985 0.242 -0.0096 0.94 
12.8 3.999 -1.465 0.161 -0.0059 0.94 

tlndependent variable is N rate divided by 10. This calculates N content (g kg“) over N 
level within harvest date. 
flndependent variable is dates since first sampled divided by 10. This calculates N 
content over time within an N level. 

There are 2 reasons for the decline in N concentration in tissue 
over time. The first is the dilution of N as plant dry matter accumu- 
lated. Early in summer, when the plant is leafy and yields are low, N 
is more concentrated in tissue than after August when much dry 
matter has accumulated, especially as a result of reproductive 
growth. The dilution of N was probably responsible for higher N 
concentration in unfertilized bluestem compared to fertilized 
bluestem at fall dates, when for instance at 7 September 1989 
unfertilized bluestem contained 5.7 g kg“ of N while bluestem 
receiving 120 kg ha-’ of N contained 5.3 g kg-‘. Similar differences 
occurred at 111 and 145 days after fertilization in 1988 and at 100 
and 142 days in 1989. 

A second reason for the decline in tissue N concentration over 
time was the diminishing supply of N from the soil as the season 
progressed (Fig. 3). On 29 April 1988, 14 days after application of 
N (and after 7 mm rain), soil NH4’ concentration increased linearly 
over fertilizer treatments from 8 to 42 mg kg-‘. Concentration of 
NOs- in soil increased linearly from 5 to 19 mg kg-’ at this date. 
Rainfall was more typical of south Florida in 1988, that is, the 
rainy season began in late May and continued throughout Sep- 
tember with periodic flooding of soils in July and August. Concen- 
trations of NH4’ and NO,- in soil declined steadily after 29 April 
such that there were no differences in NH4’ or NOs- concentrations 
between N-fertilizer treatments after June 8. 

Effects of P and K Fertilizer 
Application of P had no effect (-0.05) on yield or tiller density 

in creeping bluestem. Applied P increased (PCO.05) concentration 
of P in the upper 0 to 15 cm of soil sampled at all 5 dates in 1988. 
Averaged over all 1988 dates, soil P (0 to 15 cm) was 10 mg kg-’ 
when no P was applied and 13 mg kg-’ when 25 kg ha-’ P was 
applied. 

In spite of low amounts of Mehiich I extractable Pin the upper 0 

N (kg ha” ) 

0 40 80 120 
n l l c 

(a) 1988 
20 - 
18 - 

16 - 
‘; l4- 
212 - 

mlo - 

8- 

6- 
4- 

10 - 

0 (28) 26 (W 55 (83) 83 (111) 117 (145) 

(b) 1989 

16 - 

14 - 

‘: 
2 12 - 

m 10 - 

8- 

6- 

41 
0 (31) 21 (52) 49 (80) 79 (110) 111 (142) 

Days Since First Sample (since fertilization) 

Fig. 2. Nitrogen (DM basis) of whole-plant samples of creeping biuestem 
depended on N-fertilizer rate and year. These data are prediction curves 
and least-square means for Experiment A (1988) and B (1989). Equations 
are in Table 2. 

to 15 cm of soil, many grasses in Florida do not yield more with 
additions of P fertilizer. For example, yield of bahiagrass did not 
increase after addition of up to 30 kg ha-’ of P following initial 
application at establishment (McCaleb et al. 1966). Apparently, 
there is little demand for P in pasture where recycling occurs, but 
more importantly, the spodic horizon of Florida soils contains 
large amounts of inherent P, and fertilizer P accumulates in the 
spodic horizon (Dantzman and McCaleb 1969). The spodic 
horizon in Experiment A, which was at an average depth of 0.45 m 
below the soil surface, contained an average 10 mg kg-’ of P (range 
of 4 to 32 mg kg-‘), which was about the same as that in the 0 to 
15-cm layer. Our levels of extractable P in the spodic horizon were 
not high compared to that reported by Dantzman and McCaleb 
(1969), who reported a range of 45 to 3,200 mg kg-’ at the Ona 
AREC. 

Concentration of P in tissue was increased by application of P 
only on 13 May and 7 September 1988 in Experiment A, but no 
response was observed at individual dates in Experiment B. When 
averaged over all Experiment A or B dates, P content in tissue 
depended on N. When 25 kg ha-’ of P was applied, P concentration 
in tissue is described: g kg-’ = 1.46 - 0.00026N (Experiment A) or g 
kg-’ q  1.12 - 0.00018N (Experiment B), where N is kg ha-‘. When 
no P was applied, there was a cubic response over N rates in 
Experiment A (P in g kg-’ = 1.32 - 0.0097N + 0.00023Nr - 
0.0000014N3) and no significant regression in Experiment B. 

Application of K increased (X0.05) creeping bluestem yield in 
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29 April 12 May 8 June 

Y = 8.1 + 0.26N Y = 5.9 + 0.11 Y = 6.2 + 0.13N 
w l * 

R*= 0.53 R2= 0.66 R*= 0.56 

! 29 April 12 May 8 June 

Y = 6.0 + 0.13N Y = -1.3 + 0.13N Y = -.05 + 0.02N 

40 80 

Nitrogen Fertilizer (kg ha-’ ) 

Fig. 3. Effect of N-fertilization on concentration of NOj and NH4+ in soil 
(dry basis) from Experiment A (1988). Data are prediction curves and 
least-square means. Onr, Fla. 

Experiments A and B (no interaction with year) at August (1,720 
and 2,160 kg ha-’ with 0 and 100 kg ha“ K, respectively), and 
September (2,320 and 3,760 kg ha-’ with 0 and 100 kg ha-’ K, 
respectively) sample dates. Apparently, the increase in yield at 
these times was due to an increase in density of reproductive tillers 
when K fertilizer was applied. When 100 kg ha-’ of K was applied, 
reproductive tiller density increased (P<O.Ol) from 47 to 70 tillers 
mm2 and total tiller density increased from 142 to 176 tillers m-‘. 
Vegetative tiller density was not different (DO.05) between K 
levels and averaged 99 tillers m-‘, 

Extractable K in soil was increased at every Experiment A 
sample date with the addition of 100 kg ha-’ of K, and analysis over 
sample dates within year indicated soil K concentration depended 
on level of N applied. When no K was applied, soil K concentration 
was the same over levels of N, but when N was applied to plots also 
receiving 100 kg ha“ of K, soil K concentration declined: mg kg-’ = 
46 - O.O52N, where N is kg ha-‘. This indicates that the growth 
response of creeping bluestem resulted in greater demand for K 
and more extraction of K from the soil in the presence of N. 

Tissue K concentration in Experiment A was increased at every 
sample date by application of K, but K concentration was not 
affected on any sample date in Experiment B. The effect of K on 
this response in 1988 was inconsistent because tissue K increased 
on 13 May and 7 July 1988, then decreased at August and Sep- 

tember sampling dates. The decrease at later sample dates may be 
due to dilution of tissue K because of the increase in tiller density, 
hence yield, as a result of K application. 

When analyzed over all 1988 sample dates, applying 100 kg ha“ 
of K increased 1988 average tissue K concentation when 25 kg ha-’ 
of P was also applied (5.9 g kg-’ for +K +P vs 5.1 g kg-’ for-K +P), 
but applying K without P did not increase tissue K (5.7 g kg-’ for 
-K-P vs 5.6 g kg-’ for +K -P). Without K, P decreased tissue K (5.7 
g kg-’ for-K -P vs 5.1 for-K +P). With K, applying P resulted in no 
difference in tissue K (5.6 g kg-’ for +K -P vs 5.9 g kg-’ for +K +P). 

Conclusions 

Addition of N up to 120 kg ha-’ increased creeping bluestem dry 
matter yield linearly at each of 5 sample dates on 2 sites (years). 
Over sample dates, yield was quadratic, depending on N rate. Tiller 
density increased linearly to N rates within a sample date and 
quadratically over sample dates. Reproductive tiller density was 
greatly increased by N fertilization. Addition of 25 kg ha-’ of P had 
no effect on yield or tiller density. Applying 100 kg ha-’ of K 
increased tiller density and yield on both sites (years). 

Considering the large increase in reproductive tiller density of 
creeping bluestem as a result of N and K fertilization, the increase 
in yield for cattle forage is undesirable because of the poor forage 
quality associated with reproductive growth if forage is to be 
grazed in fall and winter. Yield and tiller density in creeping 
bluestem annually receiving N fertilization treatments for 3 years 
were reduced quadratically and linearly, respectively, as a result of 
increasing N rates. Fertilization of creeping bluestem is not a 
recommended practice when bluestem is grazed in fall and winter. 
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Abstract 

Economic injury levels (EILs)--the minimum density of insects 
that would be required to warrant treatment-were estimated for 
the 4 most common insecticides sprayed on grasshoppers in 
Alberta. The results indicate that under the assumed conditions 
spraying was rarely profitable unless the pests were at very high 
outbreak levels P30/m3), the benefits of control lasted more than 
1 season or the producers’treatment costs were substantially sub- 
sidized by a provincial government rebate program. Estimates vary 
considerably depending on several parameter values. The most 
important variables were the cost, life, and efficacy of treatments, 
the derived price of forage, and assumptions regarding gras- 
shopper population dynamics. 

Key Words: economic injury, grasshoppers, pesticides 

This study compares 4 common methods of controlling range- 
land grasshoppers in southern Alberta. Although a considerable 
literature exists on the control of grasshopper infestations of cereal 
grains and other high-priced crops, less research has been under- 
taken for rangeland forage (Pfadt and Hardy 1987, Davis et al. 
1992). The paper’s main objective is to estimate the minimum 
number of grasshoppers/m2 required before control became pro- 
fitable for beef cattle ranchers in 1985 and 1986. As ranchers 
received rebates of 50% on the cost of chemicals, it is postulated 
that this incentive made ranchers less tolerant of smaller infesta- 
tions than if they had been required to pay the entire cost of pest 
management themselves. A model developed at New Mexico State 
University (Tore11 and Huddleston 1987, Tore11 et al. 1989) is used 
to estimate Economic Injury Levels (EILs)-the lowest densities of 
insects that would be profitable to control. The model is based on 
the biological research of Hewitt and Onsager (1982,1983) most of 
which was conducted in Montana where cool-season grassland 
similar to southern Alberta’s range is common. The 4 chemicals 
chosen for this study-Carbofuran, Deltamethrin, Chlorpyrifos 
and Carbaryl-represent 96% of all grasshopper chemical control 
used by farmers and ranchers participating in a government rebate 
program in Alberta in 198 c -?d 1986. Statistics on the amount 
sprayed and on the cost of. ication are not normally collected 
on a province-wide basis. During these 2 years, however, the more 
than 5,000 agricultural producers who applied for financial assist- 
ance to help combat a large outbreak of grasshoppers were 
required to provide such information. 

Carbofuran, Deltamethrin, Chlorpyrifos, and Carbaryl can be 
applied by ground based or aerial equipment as either a liquid 
spray or as a dry bait. Regardless of plant habitat, they are toxic to 
grasshoppers and kill by body contact, vapour ingestion, or direct 
ingestion. In the mid-1980s, 3 main species of grasshoppers were 
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prevalent in southern Alberta--Melanoplus infantilis, Camnula 
pellucida and Melanoplus sanguinipes. It is assumed that the con- 
sumption of forage among species was homogeneous and the 
efficacy of each chemical was invariant with respect to grasshopper 
species. 

Economic Analysis of Grasshopper Control 

The economic model assumes that the primary loss from range- 
land grasshoppers is decreased forage yield. It does not include 
such secondary losses such as reduced forage quality, migration to 
cropland and the nuisance cost associated with insect populations. 
Ignoring qualitative difference is particularly important since it 
means that the unit price of forage is the same whether pests are 
present or not. The model does not include the possible cost of 
“externalities,” such as pollution, associated with spraying chemi- 
cals on rangelands. 

Let X represent some known (or projected) level of pest infesta- 
tion measured after the majority of grasshoppers are at the 4th 
instar stage but before an artifical control program is initiated: 

X” = Xe’l’ (1) 
Population X will grow or decline at rate erl if left untreated. Let Z 
represent the new density of a grasshopper infestation after control 
and p the efficacy of control. If: 

Z=(I-p)XwhereOSfiIl (2) 

then: 

X, = Z& (3) 

the lower treated population is assumed to grow or decline at rate 
er2. 

Let T denote the expected number of years that benefits from a 
rangeland pest control program are expected to last. Over a grow- 
ing season, the potential amount of forage saved by initiating 
control is estimated by taking the difference between the forage the 
uncontrolled grasshoppers would have destroyed [D(X,,)] and the 
amount controlled pests eat or waste [D(X,)]. The total amount of 
forage saved (S) over T years is then 

T 

S q  ~oID[X(x,91 - D[xcGO)D (4 

where t = 0 is the year treatment is applied. 
Given an estimate of preventable damage from (4), the net 

present value of forage saved over the full life of the treatment (T) 
is: 

T 

NPV = zOvS(X., X,)( l+i)“-C (5) 

where v = the value of forage, i = the interest rate and C = the sum of 
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fixed and variable treatment costs. If NPV is positive, the value of 
forage saved over the life of the treatment is greater than the cost of 
control, indicating a positive economic return. If it is negative, 
artificial control measures are not economically justified based 
solely on the value of forage that would otherwise be lost to 
grasshoppers. 

The discrete-choice economic injury level is defined to be that 
level of grasshopper infestation (X*) where the net present value of 
forage saved over time is just equal to the cost of control: 

T 
NPV =s+vS[XY(X*,t). XdX*,t)](l+i)-I-C E 0 (6) 

Information Required for Analysis 

Information about the following variables is required for eco- 
nomic analysis of grasshopper control on rangeland: (1) pest popu- 
lation dynamics, (2) grasshopper survival rate, (3) efficacy of con- 
trol, (4) forage destruction, (5) estimated forage value, (6) cost of 
treatment, (7) age of pest treated, (8) life of treatment, and (9) the 
discount rate. Each of these factors influences the economic injury 
level. 

Pest Population Dynamics 
Two growth rates are assumed: one for treated infestation and 

the other for untreated. The effects of immigration to and emigra- 
tion from neighboring land are considered to cancel each other out. 
Entomologists have tried with little success to predict grasshopper 
outbreaks (Tore11 and Huddleston 1987). Numerous factors, in- 
cluding the weather, available food supply, and natural disease, 
affect the size of populations. Untreated populations are assumed 
to remain constant at level X from season to season (rl ~0). Treated 
populations are assumed to be reduced to a lower level and then to 
double every year for the duration of the control agent’s life (TZ = 
.695). This is because fewer grasshoppers are competing for avail- 
able food at lower densities and because natural parasites are 
sometimes killed by chemical treatments. 

Grasshopper Survival Rate 
The natural daily survival rate of grasshoppers is a function of 

the size of their population as well as various external factors such 
as natural predators, disease and weather. The rate is assumed to 
be somewhat lower at higher densities-for example, approxi- 
mately 98.5% for 4 fourth instar nymphs/m* but only 96.0% for 
32/m2--because the competition for available food is greater 
(Onsager 1984). Paradoxically, the daily survival rate of treated 
infestations (i.e., those insects remaining after control agents are 
applied) is assumed to be higher than the survival rate of untreated 
infestations because the chemicals used to kill grasshoppers often 

Table 1. Cost of insecticides in Alberta (CdnS). 

cost Participation 
1985 1986 1985 1986 

----S/hectare--- -_% of farmers spraying- 
Carbofuran s 5.30 5.41 51 68 
Deltamethrin 10.15 10.34 22 15 
Chlorpyfifos 13.51 13.63 9 9 
Carbaryl 18.59 19.86 8 4 

[Crop Protection Branch, Alberta Agriculture] 

kill the insects’ natural enemies as well (Onsager 1983). 

Efficacy of Control 
Every treatment’s effectiveness will vary depending on the 

temperature and precipitation when it is applied, as well as on 
terrain, vegetation and how uniformly it is sprayed (Tore11 and 
Huddleston 1987). In general, recommended insecticides applied 
under “acceptable conditions”can be expected to provide at least a 
90% reduction in grasshopper infestations within a few days. 
Hence, p is assumed to be equal to 0.9. 

Forage Destruction 
An average grasshopper on cool-season grassland consumes 9, 

22, and 53 mgs of forage per day in the fourth instar, fifth instar, 
and adult stages, respectively (Onsager 1983). Grasshopper popu- 
lations in southern Alberta are similar to those on cool-season 
grasslands of Montana (Shewchuk 1991). Using these rates in 
conjunction with estimates of the average daily survival rate of 
grasshoppers, Tore11 and Huddleston’s (1987) model calculates the 
average daily forage destruction rate, D(X). 

Value of Forage 
The value of grass and forage can be assessed only indirectly. 

The derived value of forage will vary, depending on a number of 
factors including livestock prices, the cost of production, the qual- 
ity of the rangeland, alternative forage sources and seasonal supply 
limitations. For western Canada, range is valued between $7.00 
and $1 l.OO/AUM (Shewchuk) 1991). A value of %lO.OO/AUM is 
used for average conditions and sensitivity analysis was under- 
taken for seven $2.00 increments from a minimum of $4.OO/AUM 
to $16.OO/AUM. Ranchers are treated as price-takers. In other 
words, decisions they take about combating grasshopper infesta- 
tions are not assumed to affect the value of AUMs in their region. 
Further, all lost forage is considered to have an opportunity cost- 
i.e., the plant life harvested by grasshoppers is assumed to have 
otherwise been used as an input to cattle production and, hence, to 
have a value measured in dollars per AUM. 

Table 2. Ronomic injury levels measured in fourth instar grasshoppers/m’ (100% chemical cost/zero application cost). 

Value of forage %8/ AUM $lO/AUM $lZ/AUM 

Life of treatment (yrs.) 1 2 3 1 2 3 1 2 3 

1985 
----Grasshoppers/m2---- 

Gwofuran $5.38/ha 
Deltamethrin $10.28/ha 
Chlorpyrifos $13.68/ha 
Carbaryl $18.43/ha 

1986 
Carbofuran 
Deltamethrin 
Chlorpyrifos 
Carbarvl 

. . . . 
$5.481 ha 

$10.48/ha 
$13.80/ha 
$20.10/ha 

65 
* 
l 

* 

68 
* 
* 
* 

23 
72 

* 
* 

25 
* 
* 
* 

13 
50 

* 
* 

13 
51 

* 
* 

43 
* 
* 
* 

46 
* 
* 
l 

13 
51 
l 

* 

13 
53 

* 
* 

6 32 6 
32 * 37 
53 * 60 

* * * 

8 32 8 4 
34 * 39 25 
56 * 61 41 

* * * * 

4 
22 
39 
68 

l EIL > 73 grasshoppers/m’. 
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Table 3. Economic injury levels measured in fourth instar grasshoppers/ml (50% chemical cost/zero application cost). 

Value of forage $8/ AUM $lO/ AUM SIZ/AUM 
Life of treatment (yrs.) 1 2 3 I 2 3 I 2 3 

1985 
Carbofuran 
Deltamethrin 
chlorpyrifos 
Carbaryl 

1986 
Carbofumn 
Deltamethrin 
Chlorpyrifos 
Carbarvl 

$2.701 ha 
$5.15 

S6.45/ha 
$4.43/ha 

$2.75/ba 
$5.25 

$6.901 ha 
SlO.05lha 

I5 
60 

5 
* 

I5 
63 

* 
* 

2: 
37 
65 

4 4 8 4 4 6 4 4 
23 13 41 13 6 30 6 4 
37 25 68 25 I5 49 I5 8 
72 46 * 49 32 * 34 23 

----Grasshoppers/mz---- 

4 8 4 4 6 4 4 
13 41 I1 6 30 6 4 
25 68 25 I3 49 I5 8 
41 * 44 30 * 32 20 

l EIL > 73 grasshoppen/mz. 

The cost of control varies depending on the type of agent used, 
the size of the area treated and the method of application. In 
addition, government rebates and other forms of public subsidies 
affect the cost actually borne by the producer. Data on the cost of 
grasshopper control is not normally collected in Canada. How- 
ever, cost of control data was compiled for a provincial govem- 
ment rebate program in Alberta in 1985 and 1986 and is presented 
in Table 1. The values are averages based on data collected from 
more than 5,000 farmers and ranchers. The values represent the 
price of the insecticides only and do not include fixed treatment 
costs such as labour and equipment. Provincial survey of custom 
spraying in the region for the years 1985 and 1986 (Alberta Agricul- 
ture) as well as Madder and Stemeroff (1986) suggests a fixed cost 
of application equal to $lO.OO/ ha. 

Age of Pest Treated 
The amount of forage potentially saved from grasshopper con- 

sumption is a function of the stage in the grasshopper’s life that 
treatment takes place. As the efficacy of treatment is not related to 
the age of the grasshopper, the optimal time to treat them is as soon 
as an identified economic threshold has been reached. Treatment is 
assumed to be initiated as pests reach the fourth instar level of 
development. 

Life of Treatment 
There is no conclusive evidence about how long treatments are 

likely to offer measurable benefits. Estimates range from 1 to 5 
years (Pfadt and Hardy 1987). The 4 chemicals examined have an 
expected life of 1 to 3 years. 

Discount Rate 
In 1985 and 1986, the prime lending rate in Canada averaged 

10.58% and 10.52%, respectively. The real rates of interest were 
6.63% and 6.43%. During the same period, most Canadian farmers 
received new, short-term loans from banks at a nominal interest 
rate of approximately 11.5%. When adjusted for inflation, the real 
rate was between 7.0% and 8.0%. A discount rate of 7% is used in 
this study. Sensitivity analysis was conducted for discount rates of 
5%, lo%, and 15%. 

Economic Injury Levels 

Tables 2 and 3 present estimated economic injury levels based on 
varying only the price of forage and the number of years the 
treatment is expected to be effective: treatment efficiency = 90%; 
the discount rate = 7%; the untreated pest population’s annual 
growth rate is constant, the treated population doubles each year; 
control is initiated at the start of the fourth instar stage and natural 
predators are assumed to be killed by the insecticides. Further, the 
unrealistic assumption is made that there is no cost of application. 
The model’s results suggest that under the assumed conditions it 

Table 4. Economic injury levels measured in fourth instu grasshopper/m% 

Value of forage $/AUM $lO/AUM Sl2/AUM 

Life of treatment (yrs.) I 2 3 I 2 3 I 2 3 

(100% chemical cost/ 100% application cost paid by rancher) 
- - - - Grasshoppers/m* - - - - 

Carbofuran Sl5.48/ ha’ l * l * * 68 * 73 49 
Deltamethrin $20.48/ha * l * * * * * l * 
Chlorpyrifos f23.80/ ha * * * * * * l * l 

Carbaryl S30.10/ha * * * * * * * * * 

(50% chemical cost/ 100% application cost paid b,y rancher) 
Carbofuran Sl2.75/ha l 70 * 73 49 l 54 35 
Deltamethrin Sl5.25/ha * * * l * 65 * 73 49 
Chlorpyrifos $16.98/ha * * l * * l I) * 59 
Carbaryl $20.251 ha * * * + * * * * l 

(5% cheniical cast/5% application cost paid by rancher) 
Carbofuran S7.75iha * 47 30 * 32 I8 61 20 13 
Deltamethrin $lO.ZS/ha * 73 49 * 51 32 * 37 23 
chlorpyrifos %11.90/ha * * 63 * 65 44 * 49 32 
Carbaryl $15.05/ha * * l * * 65 l 73 46 

*EIL > 73 grasshopprs/m2. 
‘Note: The per/ha costs reported here are the sum of chemical and application cost. 
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would rarely be profitable for ranchers to control grasshoppers 
infesting forage unless pests were at extremely high outbreak 
levels-more than 50 grasshopper/ m2, the benefits from spraying 
lasted more than 1 season, or the producer’s treatment costs were 
substantially subsidized. Even in this unrealistic example-with 
the cost of application assumed to be zero-the price of chemicals 
must be reduced by 50% (e.g., through a government rebate pro- 
gram) before all 4 agents are worth spraying on medium to low 
densities of grasshoppers infesting rangelands. 

Table 4 compares 3 different categories of insecticide treatment: 
(1) 100% of the chemical cost plus 100% of the application cost paid 
by the rancher; (2) 50% of the chemical cost plus 100% of the 
application cost paid by the rancher; and (3) 50% of the chemical 
cost plus 50% of the application cost paid by the rancher. In each 
category, 3 different forage values and periods of treatment effec- 
tiveness are considered. All other parameters remain fixed as 
before. Under a program similar to the one implemented by the 
government of Alberta where farmers were reimbursed for 50% of 
the cost of the chemical, Carbaryl is never profitable at infestation 
levels less than 73/m2. Chlorpyrifos and Deltamethrin are profita- 
ble only at high densities, when the price of forage is high and when 
the benefits of control are considered to last at least 3 years. 
Carofuran is profitable at somewhat lower economic injury levels. 
None of the agents is profitable if a treatment’s effectiveness is 
limited to a single season. 

Table 5 summarizes the results of sensitivity analysis undertaken 
for the least expensive and most commonly used insecticide, Car- 
bofuran. A complete set of results can be found in Shewchuk 
(1991). Average conditions produce an economic injury level of 32 
fourth instar grasshoppers/m* while the various sensitivity ana- 
lyses produce economic injury level estimates ranging from4 to 73. 
The most important factors affecting the economic injury levels are 
the derived value of the forage saved by control, the cost, life, and 
efficacy of treatment and the various underlying biological assump- 
tions related to pest population dynamics. The choice of a discount 
rate and the exact age of the pest when treated are less crucial. It is 
noteworthy that the length of time benefits from control are 
assumed to continue is critical at first but virtually irrelevant after 
the third season. It is also important to note that economic injury 
levels are very high when chemical effectiveness falls below 80%. 
This suggests that alternative technologies such as biological 
agents, even if low priced, would not be economically justified 
unless they performed almost as quickly and effectively as chemical 
agents. 

Finally, if ranchers delay too long to initiate control, it may not 
be rational to spray at all. Although very high economic injury 
levels exist for populations already halfway through the adult 
stage, these are probably misleading if 2 or more years of benefits 
are assumed because population allowed to develop this far will 
have laid a sizable number of eggs in the ground for next season. 
When benefits from a chemical are reduced to a single season under 
such circumstances, treatment is not profitable (Table 5). 

There is a common perception that the economic returns from 
the use of pesticides are often high. In a recent survey of the 
relevant literature, Stemeroff and Culver (1987) found that for 
each dollar spent on treatment, benefits range from a loss of $1.02 
to a gain of % 13.85. The majority of expenditures on insecticides 
surveyed in Canada produce positive economic returns of at least 3 
to 1. A number of crops were studied-fruit, corn, cotton, potatoes 
and onions-in several provinces and states. Forage, however, was 
not included. Given that the profitability of control varies widely 
from crop to crop, it should not be automatically assumed that 
killing grasshoppers infesting pasture is economic. The results of 
this study support the findings of other studies of grasshopper 
control on rangeland (Tore11 et al. 1989, Davis et al. 1992) that 
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Table 5. Economic injury levels for carbofuran measured in fourth instar 
grasshoppers/m2 (Sensitivity Analysis-Various Conditions) 

4th Instar 4th Instar 

-Grasshoppers/ m2- 
Average conditions’ 
Forage 

$61 AUM 
$81 AUM 

$lO/AUM 

-Grasshoppers/ m2- 
32 

73 
46 
32 
20 
I5 
8 

Annual growth rates 
(Untreated population) 

Decrease by Half 
Constant 

Double 
(Treated population) 

Constant 
Double 

Triple 

49 
32 
18 $l2/AUM 

$l4/AUM 
Sl61AUM 

Discount Rate 
5% 
7% 

10% 
15% 

Treatment Life 
I year 
2 years 
3 years 
4 years 
5 years 

Treatment Cost 
%3.75/ha 
%5.oo/ha 
$6.251 ha 
$7.751 ha 
$8.751 ha 

$lO.OO/ ha 
$ll.25/ha 
%12.5O/ha 
Sl2.75/ha 

30 
32 
32 
32 

* 
32 
18 
18 
I8 

4 
II 
20 
32 
39 
49 
61 
70 
73 

Treatment Efficacy 
99% 
95% 
9% 
85% 
80% 
75% 
7% 

Stages of Control 
Before 4th Instar 
Before 5th Instar 

Before Adult 
l/4 After Adult t$ 
l/4 After Adult 7 
I / 2 After Adult4 

I / 2 After Adult t 

25 
32 
37 

I3 
I8 
33 
39 
51 
65 

* 

33 
35 
44 
56 

* 
73 

* 

[# + Two-Year Treatment Lie] 
[t q  One-Year Treatment Life] 

Predators Not Killed 
(Assume Lower Survival 

Rate after Treatment) 
23 

l 

‘Average Conditions: Forage q  $lO/ AUM; Discount Rate q  7%; Treatment Life = 2 
years; Treatment Cost = $7.75; Annual Untreated Growth Rate = Constant; Annual 
Treated Growth Rate = Double; Treatment Efficacy = 90%; Control Initiated 
Before Fourth Instar Stage; Predators Assumed Killed. 

> 73 at 4th Instar. 

economic control would not be possible except at extreme out- 
break levels or very high forage values. Whenever costs are sub- 
stantially subsidized, individual agricultural producers are likely to 
perceive the true benefits of treatment differently than society. In 
the words of Tore11 et al. (1989) under such circumstances: “A 
rancher would like to see much lower densities of rangeland pests 
controlled than the tax-paying public would care to pay for” (p. 
1292). To the extent that the assumptions made in this investiga- 
tion are valid, the results suggest that government rebates should 
not apply for most rangeland areas of Canada unless secondary 
benefits such as a reduction in the spread of grasshoppers to higher 
value crops, etc., are considered. 
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Abstract 

Over the past 2 centuries, the island of Kaho‘olnwe has suffered 
the ravages of war, slash-and-burn agriculture, and overgrazing. 
Today, much of the island is barren and severely eroded. A 
research project initiated in 1988 has sought to identify effective, 
economical techniques to revegetate portions of the island. Treat- 
ments included drill seeding plus several rates of fertilization with 
monoammonium phosphate (11-52-O). Some treatments also 
include jute netting for soil moisture conservation and erosion 
control. The effect of windbreak fencing was evaluated across all 
treatments. Drill seeding plus broadcast application of at least 62 
kg ha-t N plus 291 kg ha” P,O, was the most cost-effective treat- 
ment. Jute netting and windbreak fencing significantly enchanced 
plant production, but the high cost of materials and maintenance 
limits their use to critical areas. The planted species with greatest 
promise for the windy, semiarid conditions on Kaho‘olawe were 
buffelgrass (Cenchrus ciliuris L.), bermudagrass [Cynodon dac- 
tylon (L.) Pers.] and weeping lovegrass [Eragrostis curvulu 
(Schmd.) Nees]. Although not included in the seed mixture, Aus- 
tralian saltbush (Atriplex semibaccata R. Br.), a naturalized spe- 
cies, responded favorably to fertilization. A subsequent, larger- 
scale revegetation project using a specially modified chisel plow 
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seeder to scarify, plant, and apply in-furrow fertilization in a 
single-pass operation reduced the cost and improved the results of 
the revegetation process. 

Key Words: fertilization, jute netting, windbreak fence, drill 
seeding 

Kaho‘olawe, smallest of the 8 major islands of the Hawaiian 
Archipelago, suffers from a long history of natural and man- 
induced exposure to the forces of erosion. The island measures 
about 17.7-km long by IO.5km wide, comprising some 11,340 ha. 
The highest point is the rim of an extinct volcano at 449 m above 
sea level. Kaho‘olawe lies in the rain shadow of HaleakalH on Maui. 
Climatic records for the island are scant, but estimated annual 
precipitation is approximately 500 mm (Department of the Navy 
1979), with most of it falling from November through March. In 
addition to the low precipitation, Kaho‘olawe is the windiest of the 
Hawaiian Islands (Stearns 1940). Deflected by Haleakala, the 
persistent northeasterly tradewinds accelerate across the interven- 
ing channel, reaching an average speed of about 9 m s-l at Kaho‘o- 
lawe (Department of Geography, University of Hawaii 1973). 

Much of Kaho‘olawe may have been covered with a scrub forest 
at one time (Cuddihy and Stone 1990). Today, however, approxi- 
mately a third of the island is barren, while the remainder is 
dominated by the introduced shrub kiawe [Prosopis pallida 
(Humb. & Bonpl. ex Willd.) Kunth] and a variety of introduced 
grasses and forbs. The only native species contributing significant 
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biomass arepili grass or tanglehead [ Heteropogon contortus (L.) 
P. Beauv. ex Roem. & Schult.], ma‘o or Hawaiian cotton (Gossy- 
pium tomentosum Nutt. ex Seem.), ‘ilima (Sida fallax Walp.), 
‘uhaloa (Waltheria indica L.), and ma’o or hoary abutilon [Abu- 
tilon incanum (Link) Sweet]. 

The disturbance of native vegetation on Kaho‘olawe probably 
began with slash-and-burn agriculture practiced by early Hawaiians 
(Kirch 1982). Intense interisland warfare before the arrival of 
European explorers left the island “nearly overrun with weeds, and 
exhausted. . .of inhabitants” (Vancouver 1798). The population 
had declined from an estimated peak of 800 around 1500 A.D. to 
approximately 60 at the time of European discovery (Hommon 
1980), presumably in response to a depleted natural resource base. 
In 1779 the crew of Captain Cook described the island as “barren,” 
“desolate,“and an “altogether poor island”(Beaglehole 1967). The 
same explorers that lamented the poor condition of the island 
unwittingly contributed to its further deterioration by introducing 
goats as gifts to native monarchy, thus accelerating soil erosion. 
Beginning in 1859, ill-fated sheep and cattle ranches exacerbated 
the declining condition of Kaho‘olawe. Reports over the next 
half-century place livestock populations as high as 20,000 sheep, 
9,000 goats, and 200 head of cattle (Anonymous 1875, Bagot 1884). 
By 1916 approximately a third of the island was completely 
denuded, and from 1 to 3 m of topsoil had been blown or washed 
into the Pacific Ocean, leaving behind a wind-swept hardpan (Judd 
1916). 

With the entrance of the United States into World War II, 
Kaho‘olawe was acquired by the U.S. military and became a target 
for offshore gunnery and aerial bombing practice. While military 
use of the island may have caused further deterioration in areas of 
intense impact, there has been no apparent increase in the size of 
denuded hardpan areas since military training began (Department 
of the Navy 1979). The U.S. Navy has, nonetheless, undertaken the 
responsibility to improve the condition of the island. 

Transplanted grass and legume seedlings have not survived well 
on Kaho‘olawe (Whitesell et al. 1974), perhaps due to their 
dependence on adequate rainfall soon after transplanting. Attempts 
to establish vegetation by broadcast seeding have likewise met with 
little success (author’s observation). This manuscript describes a 
study, begun in 1988, aimed at identifying effective, economical 
measures to revegetate portions of the island. 

Materials and Methods 
The study site was in a broad, relatively flat swale near the center 

of the island. The area supported less than 2% plant cover, com- 
posed primarily of isolated clumps of Australian saltbush (Atri- 
plex semibaccata R. Br.). Since its introduction to Kaho‘olawe 
around 1918 (Stearns 1940), Australian saltbush has become one 
of the dominant plants on the hardpan area. Soil analyses indicate 
that the soil of the central hardpan is predominantly of clay loam 
texture (Warren et al. 1988). Iron and aluminum hydrous oxides, 
well known for phosphorus fixation (Sanchez 1976), dominate the 
clay component. Nitrogen, extractable phosphorus, and organic 
carbon levels are very low, while potassium content is very high. 
Soil pH tends to be slightly acidic. The soil surface is very hard and 
often polished and/or striated by blowing soil particles. 

To create soil surface conditions suitable for planting, the entire 
study site was chiseled to a depth of approximately 10 cm during 
November 1988. The surface soil was very dry at the time of 
planting in December of that year. However, subsurface soil mois- 
ture conditions were surprisingly good; moisture was evident to a 
depth of at least 45 cm, due to previous rains. 

Five experimental blocks were established adjacent and parallel 
to each other. Within each block, 7 adjacent strips 60-m long and 
1.8-m wide were laid out to accommodate 6 revegetation treat- 

ments and an unplanted control. All strips were oriented parallel to 
each other and parallel to the prevailing wind direction. 

Each strip except the control was planted with a single longitud- 
inal pass of a rangeland drill. The drill planted 5 rows in a total 
swath of 1.5 m. A mixture of 6 grasses and 1 legume (Table 1) was 
planted at a depth of 2.5 cm. Species selection was limited to 

Table 1. Seeding rates (pure live seed) for grsss and legume species 
included in a mixture evaluated for revegetation on Kabo‘olawe. 

Grasses Seeding rate 

T-4464’ buffelgrass (Cenchrus ciliuris L.)* 
‘WW Ironmaster’ yellow bluestem [Bothriochloa 

ischaemum (L.) Keng]* 

1.1 kg ha-’ 
0.6 

Plains bristlegrass [ Serariu leucopilu (Scribn. & Merr.) K. 
Schum.] 

1.1 

Buffalograss [Buchlot dactyloides (Nutt.) Engelm.] 
‘NK-37’ bermudaerass r Cvnodon dactvlon (L.lPers.1 

1.7 
0.7 

Green panicgrass(Pan&n maximum Jacq. var. - 1.1 
trichoglume) 

Legume 

Glycine [ Glycine wighrii (Wight & Arnott) Verde.] 

*De-awned 

7.1 

introduced species because seeds of native species were not com- 
mercially available. Cracked corn was mixed with the seed prior to 
planting to improve uniformity of distribution. Seeds were covered 
by dragging 6cm diameter steel pipes behind the drill. 

Four strips in each block were selected for fertilizer treatments. 
One strip was fertilized with 3.6 kg ha-’ nitrogen (N) plus 17.1 kg 
ha-’ phosphorus (PzOb) applied in-furrow by the drill. Two strips 
were fertilized by broadcast application of 62 kg ha-’ N plus 29 1 kg 
ha-’ PzOS, and 1 strip was broadcast at 123 kg ha“ N plus 582 kg 
ha-’ PaOr,. All fertilizer was applied as a granular form of 
monoammonium phosphate (11-52-O). The use of a high ratio of 
phosphorus to nitrogen is common in subtropical and tropical 
regions where phosphorus-fixation by iron and aluminum hydrox- 
ides is a problem (Sanchez 1976). Within each block, 1 unfertilized 
strip and 1 strip fertilized at 62 kg ha-’ N plus 291 kg ha-’ P&5 were 
covered with woven jute netting. The fabric, supplied in rolls 1.2 m 
wide, provided approximately 3540% coverage of the soil surface. 
It was secured to the soil surface with 15-cm long staples imme- 
diately following seeding and fertilization. 

To evaluate the potential benefits of wind abatement on plant 
establishment, a single 1.2-m tall, high-density polyethylene plastic 
windbreak fence was erected across the entire study site. The fence 
was attached to galvanized steel posts and situated perpendicular 
to the prevailing wind direction, approximately 12-m downwind of 
the windward edge of the experimental blocks. This configuration 
allowed an evaluation of the effects of wind abatement in each 
treatment strip on both the windward and leeward sides of the 
fence. Elliptical apertures in the windbreak fence provided approx- 
imately 37% porosity, which is ideal for a wind barrier (van Eimern 
et al. 1964). To avoid disturbance associated with wind turbulence 
at the ends ofwindbreaks, the fence was extended 4.5 m beyond the 
edge of the study site on both sides. 

Data were collected at the study site during January 1991, 
approximately 25 months after planting. A 0.25-m*quadrat was 
placed on the ground at 2-m intervals along the central axis of each 
treatment strip, beginning at the windbreak fence and proceeding 
to the end of the strip in both the windward and leeward directions. 
Percent foliar cover in each quadrat was visually estimated by 
species and as a total, and recorded by cover class (Daubenmire 
1959). Data were summarized using class midpoints. A 3-way 
analysis of variance (ANOVA) was used to determine differences 
between treatments, blocks, and distances from the windbreak 
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fence. Duncan’s multiple range test was used to separate means 
where differences were shown to be significant in the ANOVA. The 
relative success of plant species across all treatments, blocks and 
distances from the windbreak fence was evaluated by paired com- 
parison f-tests (SAS Institute Inc. 1988). The difference in percent 
foliar cover between any given pair of species was calculated for 
every quadrat, and the mean difference was tested to determine if it 
was significantly different from zero. The analysis was repeated for 
all possible combinations of species. A 95% level of probability was 
used for all analyses. 

Results and Discussion 
Twenty-five months after planting, treatments that included 

fertilization with at least 62 kg ha-’ N plus 291 kg ha-’ PzOs 
produced significantly more foliar cover than other treatments 
(Fig. 1). Treatment strips fertilized at 3.6 kg ha-‘N plus 17.1 kg ha-’ 
Pfis had no more vegetation than the unplanted strips. Foliar 

Treatment 

Unplanted control 

Seed only A 

Seed 81 jute netting 
F 

A 

Seed & 

fertilization rate 1 

- 

B 

- 7 - - 

fertilization rate 2 

- 

0 10203040506070 
Foliar Cover (%) 

Fig. 1. Percent foliar cover by treatment, averaged across all blocks and 
distances from the windbreak fence, 25 months after planting on Kaho‘o- 
lawe. Fertilization rate 1 = 3.6 kg hit nitrogen (N) $1” 17.1 kg ha” 
phosphorus (P OS), rate 2 = 62 kg hi’ N plus 291 kg ha- 
= 123 kg ha -’ N2plus 582 kg ha” 

P 
Pz05. Means followed by t 

05, and rate 3 
t e same letter 

are not significantly different at P=O.OS, according to Duncan’s multiple 
range test. 

cover increased as fertilization increased. The rate of increase, 
however, appeared to diminish between the 2 higher rates of fertili- 
zation, indicating that elevated levels of fertilization would not 
greatly enhance vegetation response. When applied at the maxi- 
mum rate, the cost of fertilizer was approximately $560 ha-‘. 

The most effective treatment was the combination of seed, jute 
netting, and 62 kg ha-’ N plus 291 kg ha-’ PzOs. Overall, this 
treatment produced 6 1% foliar cover. Jute netting apparently con- 
served soil moisture and provided protection from soil erosion. 
Unusually heavy precipitation during the 2nd year of the study 
generated large volumes of runoff that concentrated primarily on 2 

of the treatment blocks. On the block that suffered the greatest 
damage, foliar cover for the treatment with seed, jute netting, and 
62 kg ha-’ N plus 29 1 kg ha-’ PzOs averaged 5 1% while the next best 
treatment averaged only 14%. Across the 3 treatment blocks that 
suffered only minimal erosion, the same treatment produced 63% 
foliar cover compared to 60% foliar cover on the next best treat- 
ment. Unfortunately, at a cost of $14,000 ha“ for materials shipped 
to Hawaii, use of jute netting must be reserved for critical areas 
where less costly methods are ineffective. 

Across all treatments and blocks, significantly more foliar cover 
was recorded at 4 to 6 m downwind of the windbreak fence than 
anywhere else (Fig. 2). This location, centered at a downwind 
distance of 4 times the height of the fence, corresponds precisely 
with the area of greatest wind reduction recorded for other barriers 
of similar permeability (Heisler and DeWalle 1988). Although 
some degree of wind reduction has been estimated to extend up to 9 
times the height of similar barriers on the windward side and up to 
25 times on the leeward side (Grace 1977), the benefit in this study 
was limited to a range of 2 to 10 m on the lee side and immediately 
adjacent to the fence on the windward side (Fig. 2). This area 
corresponds roughly with a 50-70% reduction in wind velocity 
(Heisler and DeWalle 1988). With such a limited range of apparent 
benefit, windbreak fences would have to be erected with a parallel 
spacing of approximately 12 m for maximum effectiveness. The 
cost of materials would be approximately $5,700 ha-‘. Labor and 
maintenance add considerably to the cost. Throughout the study, 
the whipping action of the winds caused abrasion and tearing of the 
plastic fence by the metal fence posts. Sandwiching the fence 
between 2 lengths of wood lath prior to attaching it to the posts 
significantly reduced, but did not eliminate, the problem. Across 
all treatments, blocks, and distances from the windbreak fence, 
Australian saltbush provided significantly more foliar cover than 
any other species (Fig. 3). Even though it was not included in the 
seed mixture, the existing seed bank responded favorably to 
seedbed preparation and fertilization. The drought tolerance, 
prostrate growth form, and prolific seed production of Australian 
saltbush are desirable characteristics. 

Buffelgrass ranked 2nd in foliar cover. Buffelgrass, as well as the 
3rd ranking species, bermudagrass, spread by rhizomes and stol- 
ons, respectively, and their dense, mat-forming growth form make 
them ideal for erosion control. Both species are well adapted to the 
dry conditions on Kaho‘olawe and have shown promise in the past 
(Whitesell et al. 1974). In protected areas near the windbreak fence, 
buffelgrass and bermudagrass sometimes formed a nearly closed 
canopy. 

Glycine, the legume, ranked 4th in percent foliar cover. In open 
areas, it has a prostrate growth habit preferred for erosion control. 
However, in the presence of trees and shrubs, its aggressive twining 
or climbing habit may harm woody plants (authors’ observation). 
Consequently, it will not be recommended for future revegetation 
efforts on Kaho’olawe. Siratro [Macroptilium atropurpureum 
(DC) Urb.], another twining legume that arrived as an apparent 
contaminant with the glycine seed, will be discouraged in future 
plantings for the same reason. 

Of the remaining species, only weeping lovegrass [Eragrostis 
curvula (Schrad.) Nees] contributed greater than 1% cover. This 
species was not included in the seeding mixture, and probably 
arrived as a contaminant with one of the other grasses. The relative 
success of weeping lovegrass, despite the extremely low input, 
indicates that it is a species deserving attention as a candidate for 
future revegetation efforts on Kaho‘olawe. 

The less successful species occurred only occasionally on the 
study area and contributed only minimal foliar cover in the quad- 
rats where they were present. However, despite their minimal 
contribution, some of those species consistently out-produced oth- 
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planting on Kaho‘olawe. Means with the same letter are not significantly different at P = 0.05, according to Duncan’s multiple range test. 
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ers. Although differences in productivity sometimes met the crite- 
ria for statistical significance, the amount of foliar cover was 
insignificant in terms of revegetation potential, and none of those 
species will be recommended in the future. 

Based on the information from this experiment, an 8-ha 
watershed on Kaho‘olawe was treated in January 1990. A chisel 
plow seeder equipped with separate boxes for fluffy seed, fine seed, 
and grain and modified to include a fertilizer box was purchased. 
The modified drill was able to scarify the soil, plant, and fertilize in 
a single-pass operation, significantly reducing personnel, equip- 
ment, and fuel requirements. A mixture of T-4464’buffelgrass (1.1 
kg PLS ha-‘), ‘NK-37’ bermudagrass (0.67 kg PLS ha-‘), and 
weeping lovegrass (1 .O kg PLS ha-‘) was planted. Annual ryegrass 
[Lolium multiflorum (Lzim.)] was included at a rate of 22.4 kg bulk 
ha-’ to produce a fast-growing cover crop. Fertilizer was applied 
in-furrow at a rate of 70 kg ha-’ N plus 179 kg ha-‘P& using a 
granular formulation of diammonium phosphate (18-46-O). In 
January 1992, 2 years after planting, average foliar cover on the 
watershed was 55% (litter from the annual ryegrass contributed an 
additional 17% ground cover) compared to 6% on adjacent 
untreated areas. The success of the project, despite the absence of 
windbreaks and jute netting, may be attributable, at least in part, to 
the increased ratio of N to P& in the fertilizer, the use of a cover 
crop, and the addition of weeping lovegrass to the seed mixture. 
Weeping lovegrass contributed 3 1% of the total foliar cover on the 
watershed. 

Conclusions 

Adequate fertilization is the apparent key to revegetation suc- 
cess on Kaho‘olawe. In-furrow fertilization at approximately 70 kg 
ha-’ N plus 180 kg ha-’ PZOS provided excellent results when com- 
pared to past attempts to revegetate the island. Jute netting and 
windbreak fencing significantly enhanced plant production, but 
the high cost of materials and maintenance limits their use to 
critical areas where other methods are ineffective. Buffelgrass, 
bermudagrass, and weeping lovegrass showed the greatest poten- 
tial for revegetation. Glycine, a legume, also produced significant 
biomass, but its aggressive climbing characteristic may threaten 



woody species. Yellow bluestem, plains bristlegrass, buffalograss, 
and green panicgrass showed little promise for Kaho‘olawe. 
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Technical Note: 
A containerized technique for studying 
systems 
RUSSELL K. ENGEL, JAMES T. NICHOLS, AND JOE E. BRUMMER 

root 

Abstract 

Quantifying root responses of naturally growingrange plants to 
treatments is difficult. The objective of this study was to develop a 
containerized technique to study individual plants growing in the 
field under near natural environmental conditions. Three contain- 
ers were evaluated: 15 X 100 cm nylon (2,000 pores/cm’) sacks, 15 
X 100 cm polyvinyl chloride (PVC) tubes, and 30 X 100 cm PVC 
tubes. The 15 X 100 cm PVC tubes were easiest to handle, and 
plants grown in these containers appeared similar in size and 
growth form to adjacent, undisturbed plants. Survival rate for 165 
sand bluestem (Andropogon halliiHack.) plants grown for 2 years 
in the 15 X 100 cm PVC tubes was 98.8%. This survival rate was 
achieved despite clipping treatments during the second year. 

Key Words: root/shoot study, Andropogon helIE, Cidamovilfa 
Iongifolilr 

Studying root systems of individual range plants in their natural 
environment is difficult. Determining what constitutes an individ- 
ual plant of a rhizomatous species is not easy, while the recovery 
and study of complete root systems is even more difficult. The 
importance of understanding root systems has long been recog- 
nized. Attempts to study root systems date back to the early 1700’s 
(Troughton 1957, Bohm 1979). 

Techniques that have been used to study the development and 
growth of roots in situ include: excavation, monoliths, auger or 
cores, profile walls, glass walls, tracers, and containers (Bohm 
1979). Only the excavation and container techniques allow for 
recovery of complete, individual root systems. Excavation tech- 
niques such as the one described by Weaver (1954) are time con- 
suming and become prohibitive when large numbers of samples are 
required. 

Containerized techniques allow for the recovery of complete 
root systems and can facilitate taking a large number of samples. 
Materials used for containers have included: asbestos, cement, 
clay, wood, metal, glass, nylon, and plastic (Bohm 1979). Most 
containerized studies have been conducted in greenhouses under 
“optimum”conditions. A technique is needed which allows for the 
study of entire plants under near natural growing conditions. The 
technique should be easily employed to facilitate taking multiple 
replications and allow for plant survival and development. 

The objective of this study was to develop a containerized tech- 
mque to study individual plants growing in the field under near 
natural environmental conditions. 

Materials and Methods 

Two experiments were conducted at the Gudmundsen Sandhills 

Laboratory near Whitman, Nebr., from 1988 through 1991 on a 
Valentine fine sand (mixed mesic Typic Ustipsamment). The study 
was located on a sands range site in excellent range condition. 
Vegetation of the study area included a mixture of tall-, mid-, and 
short-grass species. Sand bluestem (Andropogon h&i Hack.), 
prairie sandreed [ Calamovilfa longifolia (Hook.) Scribn.], and 
little bluestem [Schizachyrium scoparium (Michx.) Nash] each 
contributed about 20% to above-ground dry matter production in 
the study area. Precipitation for the 4 growing seasons is shown in 
Table 1. 

Trial 1 
This trial was conducted in 1988 to determine which containers 

allowed for the survival and development of prairie sandreed and 
sand bluestem plants. Container sizes and materials included: 15 X 
100 cm nylon (2,000 pores/cm2) sacks, 15 X 100 cm polyvinyl 
chloride (PVC) tubes, and 30 X 100 cm PVC tubes. 

Rhizomes with associated buds and roots were collected in 
mid-April by excavating at 15 X I5 X 25 cm block of soil around 
vegetative tillers produced the previous year. The excavated soil 
was sifted to remove other plant material and used for planting the 
rhizomes (with associated buds and roots) in 15.cm diameter 
greenhouse pots. Plants were grown in the greenhouse for 3 weeks 
and then acclimatized in cold frames for 1 week. Most ofthe plants 
developed only 1 tiller while in the greenhouse. Secondary tillers 
that emerged were removed to standardize plant material prior to 
transplanting to containers in the field. Additional pruning was not 

Fig. 1. Tractor-mounted auger usedtodrillhoks to place containersinthe 
ground. A tarp was used to collect soil for placement in containers and to 
minimize disturbance to the area. 
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done after the plants were established in the containers. 
Containers were arranged in a 1.5-m grid and placed in the 

ground by drilling a hole the size of the container with a tractor- 
mounted auger (Fig. 1). All PVC tubes had a wooden plug at the 
bottom with holes covered with nylon to allow for water drainage 
and containment of root growth. Soil from the hole was collected 
on a tarp which was placed around the auger. The soil was hand 
sifted to remove plant material and placed inside the containers 
with near natural stratification. Plants were transferred (at the 2. to 
3-leaf stage ofgrowth) from the cold frames to the containers in the 
field during mid-May. Supplemental water was added at the time 
of transplanting. Five replications of the 15 X 100 cm nylon sacks 
and PVC tubes were used for both sand bluestem and prairie 
sandreed. Five replications of the 30 X 100 cm PVC tubes were 
used for sand bluestem. 

Trial 2 
Based on the results from Trial I, the I5 X 100 cm PVC contain- 

ep. was selected for further investigation with sand bluestem. For 
this trial, 88 and 77 sand bluestem &ants were placed in containers 
during the spring of 1989 and 1990, respectively. Procedures used 
in trial I for establishing plants in the tubes were repeated for trial 
2. Both sets of plants were allowed to grow for 1 year. During the 
second growing season, 12 replications (plants) were clipped to a 7 
cm stubble height at mid-month for each of the following defolia- 
tion schedules: (I) June; (2) July; (3) August; (4) June and August; 
(5) June, July, and August; and (6) October. Survivability of 
containerized sand bluestem plants was determined under these 
clipping treatments. 

Plants placed in containers in 1989 received small amounts of 
supplemental water 3 times during June of 1989. This was required 
due to inadequate precipitation (Table 1). Water was added when 
plants appeared stressed (wilted). Fenvalerate [Cyano(3-phen- 
oxyphenyl)methyl+chloro-alpha-( I-methylethly) benzeneacetate] 
was applied (as needed) to control grasshoppers throughout the 
study. 

Following the second growing season, tubes were removed from 
the ground. Hooks were attached to the top of the tubes and 2 
people lifted them out of the ground. A plunger was used to hold 

the soil columns in place as the tubes were pulled off with a hand 
winch (Fig. 2). This resulted in an intact soil column containing the 
entire root system which could then be washed free of soil for 
further evaluation. 
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Results and Discussion 

Trial 1 
Sixty percent of both sand bluestem and prairie sandreed plants 

grown in the 15 X 100 cm nylon sacks survived the initial growing 
season. From visual observations, these plants appeared smaller 
than undisturbed “natural” plants growing in the vicinity. 

All of the sand bluestem plants in the 30 X 100 cm PVC tubes 
survived the initial growing season. These plants appeared larger 
and more robust than the natural plants. Two of these plants 
produced large reproductive culms during the first growing season. 

Two of the sand bluestem plants grown in the 15 X 100 cm PVC 
tubes were destroyed by grasshoppers. Seventy-five percent of the 
remaining sand bluestem and prairie sandreed plants survived the 
initial growing season. These plants appeared similar in size and 
growth form to the natural plants (Fig. 3). 

This trial indicated that sand bluestem and prairie sandreed 
plants could survive in all 3 containers. Plants grown in the 15 X 
100 cm PVC tubes appeared more similar to adjacent, undisturbed 
plants in size and growth form than plants grown in either of the 
other 2 containers. In addition, these tubes could be pulled and 
handled manually, whereas the other 2 containers proved difficult 
to extract. Soil had to be removed from around the nylon sacks and 
the 30 X 100 cm PVC tubes were heavy (approximately 125 kg). 

Trial 2 
During the second trial, only sand bluestem and the 15 X 100 cm 

PVC tubes were evaluated. An average of 98.8% (88/ 88 in 1989 and 
75/77 in 1990) of plants survived the establishment year. One 
hundred percent of these plants survived the second year during 
which clipping treatments were imposed. To achieve this surviva- 
bility rate, plants required small amounts of supplemental water 
during the spring of 1989 and the application of Fenvalerate to 
control grasshoppers. Throughout the trial, containerized plants 
appeared similar to the natural plants in size and growth form. 

The 15 X 100 cm PVC containers were easy to handle and 
reusable since they are not destroyed during extraction of the root 

system and will not deteriorate over time. This technique resulted’ 
in intact soil columns containing complete root systems which can 
be sectioned into depth increments. The capability then exists for 
detailed measurements to be taken on roots as well as shoots for 
each plant. With the aid of a computerized imaging machine 
(Harris and Campbell 1989), root length and area (2 dimensional) 
measurements can be easily obtained. Various other physical and 
chemical attributes of roots and shoots can be measured such as 
production, carbohydrate content, and mycorrhizal associations. 

Conclusion 
Sand bluestem and prairie sandreed plants survived and deve- 

loped in all containers investigated in this study. Plants grown in 
the 15 X 100 cm PVC tubes appeared similar to the adjacent, 
naturally growing plants in both size and growth form. These tubes 
were also easiest to handle and could be reused. This technique 
allowed for the isolation, recovery, and study of complete individ- 
ual plants grown under near natural conditions. Detailed mea- 
surements of complete root systems as well as shoots can be taken 
with this technique. Due to the simplicity of the procedure, a large 
number of containers can be concentrated in a small area. This 
technique should be adaptable to a wide variety of plants and soil 
types, which would improve our ability to study entire plants and 
how they react to various treatments in different environments. 
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Book Reviews 
Natural and Prescribed Fire in Pacific Northwest Forests. 

Edited by J.D. Walstad, S.R. Radosevich and D.V. Sand- 
berg. 1990. Oregon State University Press, Corvallis. 
336~. US $25.00 hardbound. ISBN 0-87071-359-O. 
The focus of this book is the practice of prescribed fire as a 

silvicultural tool in the management of Pacific Northwest forests. 
It is intended to be a regional coverage only, compiling the 25 years 
of advances made in the use of fire in the management of the 
region’s forests. The purpose of the book, as stated by the editors, is 
to provide decision makers with an understandable source of 
information to better address issues regarding the use and regula- 
tion of fire in the region’s forests. 

The topics in the book span the full realm of fire management 
and include chapters addressing the history and ecology of tire in 
Pacific Northwest forests, applications of prescribed fire, forest 
protection considerations, effects on forest productivity and non- 
timber resources, public attitudes and perceptions about pres- 
cribed burning, economics of prescriptions, and amelioration of 
losses from prescribed fire. The book contains only one chapter 
addressing fire in rangeland ecosystems. The chapters do not give a 
comprehensive coverage of the regional literature but provide a 
good coverage of topics at an introductory level. Each chapter is 
preceded by an executive summary which is helpful as a preview of 
the contents but also helps the author(s) prepare the reader for a 
more detailed discussion of the chapter’s topic. Very useful 
appendices contain a list of common and scientific names for 
organisms mentioned in the text, a table of English-to-metric 
conversion factors, and a glossary of terms. 

The book provides a good, comprehensible introduction for the 
layman to the use of prescribed fire on forestlands and can serve as 
an excellent reference text across several undergraduate elemen- 
tary forest resource courses where fire is included as a topic.- 
Benjamin Z. Zamora, Washington State University, Pullman, 
Washington. 

Mushrooms and Truffles of the Southwest. By Jack S. 
States. 1990. The University of Arizona Press, Tucson. 
Published with the assistance of the Transition Zone Hor- 
ticultural Institute, Inc., The Arboretum at Flagstaff. 232 
p. US $19.95 cloth, US $9.95 paper. ISBN O-8165-1 162-4 
cloth, O-8165-1 192-6 paper. 
The first publication of its kind to cover the broad range of fungi 

and fungus relatives found in the American Southwest, this book 
emphasizes mushrooms and truffles most commonly encountered 
in that region. The geographic scope includes Arizona, New Mex- 
ico, and parts of Colorado, Utah, Nevada, California, and north- 
ern Mexico. 

Maps included illustrate major life zones, particularly conifer- 
ous forests where mushrooms are most frequently found on public 
land. Major landmarks, including cities, highways, and mountain 
ranges, are provided. Keys lead to descriptions and corresponding 
color illustrations for 156 of the major mushrooms and truffle 
species. Additional descriptive references for 155 other species are 
included. A useful and unique feature of this guide is a cross- 
reference to other mushroom field guides that contain additional 
color illustrations and descriptions of many of the fungi listed. 
Serious mushroom hunters rely on a second reference for identifi- 
cation, especially if the intent is to consume the mushroom. A 
bibliography of references and suggested readings has been pro- 
vided. Scientific terminology is kept at a minimum. Terms of 
special significance have been italicized in the text and are defined 

in the glossary. Notations on toxicity and edibility are provided. 
In his introduction, States begins with the statement, “Mush- 

rooms are neither plant nor animal. They are the reproductive 
bodies of fungi that typically appear above ground in forests and 
meadows, and they are just as numerous and varied as flowering 
plants.” Their wide range of shape, size and color attracts the 
attention of artist and naturalist alike. They make a fascinating 
study and their popularity is increasing. This guide to Southwest’s 
mushrooms is a useful tool for the curious and serious observer.- 
Jan Weidemann, Vernon, Texas. 

Countryside Planning Policies for the 1990s. By Andrew W. 
Gilg. 1991. C.A.B. International, Wallingford, England. 
290 p. US $80.00 hardbound. ISBN O-85198-744-3. 
This volume is an encyclopedic treatment of rural land use 

planning in Great Britain in the aftermath of Margaret Thatcher. 
To use the author’s own words. 

[The] [Alpproach [is] based on letting each policy prop- 
osal speak for itself. If the book reads at times like a list, this 
is because it is meant to read like a list. Commentary on each 
proposal is kept to a minimum, and analysis is left to the 
reader. 

The material is divided into two sections. The first is three 
chapters which cover the political and policy context of rural land 
use planning in Britain in the early 1990’s. This includes a fairly 
standard review of general political theory followed by a discussion 
of Thatcherism as a radical transformation of British politics. The 
section also includes a textbook treatment of policy options in 
rural land use planning replete, as promised, with numerous stand- 
ard charts and matrices depicting goals, prescriptions and the like. 
The section ends with more specific discussion of how rural land 
use policies were transformed by Thatcher’s “new conservatism”. 

Part two is a chapter by chapter treatment of rural policy prop- 
osals by subject area (the environment as a whole, the countryside 
as a whole, agriculture, forestry, land use planning socio-economic 
issues, conservation and recreation). All of this is followed by a 
very brief appraisal chapter the chief feature of which is a chart 
which divides the policy proposals covered in the book into two 
categories: evolutionary and revolutionary. 

The text of the book is terse, dry, and, from the viewpoint of an 
American, very British. One gets the sense that it was written 
largely as an undergraduate text book with no particular scholarly 
purpose other than to familiarize the reader with the essential facts 
of the subject area. However, most undergraduates with whom this 
reviewer is familiar would find the turgid prose of this book very 
difficult to force his or her way through. Thus, this reviewer can see 
limited interest in the volume by the audience of JRM. 

What is particularly disappointing is that trends in British rural 
land use planning could be conceptualized and analyzed in such a 
way as to be very interesting to a variety of international audiences. 
An American audience, for example, might see elements of the 
future of its own rural areas in the experiences of a society which 
measures the history of rural Anglo-Saxon settlement in millennia 
rather than a few scant centuries. To elicit such interest, however, 
would require that the author go well beyond the seed catalog 
approach adopted in this book and to analyze the important forces 
influencing rural policy and rural society and the consequences of 
such forces.-Matthew Carroll, Washington State University, Pul- 
lman, Washington. 
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The PROCEEDINGS OF THE IVth INTERNATIONAL RANGELAND CONGRESS WHICH CONVENED IN 
MONTPELLIER, FRANCE, 22-26 April 1991, are now available. They consist of three volumes with a total of 
1,260 pages. Vol. 1 and 2 are 592 and 401 pages long, respectively. They contain the 255 original articles 
accepted by the Scientific Committee and presented at the Congress by regularly registered participants. These 
articles are gathered into 16 different subject matter symposia. Vol. 1 includes symposia 1 to 6 dealing with: 
Ecological Basesof RangeScience (11 articles), Dynamicsof Rangeland Ecosystems (32art.), Functioning and 
Productivity of Rangeland Ecosystems (16 art.), Ecophysiology of Range Plants (17 art.), Range Resources (11 
art.), Ecological Adaptation and Phytogenetic Resources (24 art.), Plant/Animal Interactions (19 art.), Descrip- 
tive and Geographic Aspects of Woody and Herbaceous Range (20 art.). 

Vol. 1 also contains a detailed statistical analysis report on the geographic origin of participants, their 
disciplines, thegeographicorigin of the papers presented, the number of participants and papers by country and 
geographic area, subject matter, etc. 

Vol. 2. includes symposia 9 to 16 addressing the following subjects: Selection and Intake of Plants by 
Herbivores (21 papers), Performance and Productivity of Domestic and Wild grazing Animals (11 papers), Range 
ProductionSystems (13 papers), Diagnosisand Improvement Method in RangeUtilization (12 papers), Rational 
Management of Rangeland Systems (6 papers), Utilization and Control of Woody Ranges (10 papers), Socio- 
Economic and Legal Aspects (15 papers), Education and Training, North-South Relationship (16 papers). 

Vol. 3 contains the Syntheses of each of the 16 Symposia, their Conclusions and Recommendations, the 4 
Plenary Lectures, various speeches delivered at the ‘Forum of Development Actors’, Historical Notes on IRCs, 
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