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Viewpoint: Selection for improved drought 
response in cool-season grasses 

DOUGLAS A. JOHNSON AND KAY H. ASAY 

Authors areulant uhvsioloaist and research geneticist, USDA-ARS, Forage and Range Research Lab.. Utah State 
Univ., Logan 84322:63k. - 

Abstract 
Water limits the establishment, growth, and production of cool- 

season grasses on semiarid rangelands, and plant improvement 
programs for these areas must be capable of screening breeding 
lines for response to drought. Although many techniques to evalu- 
ate various morphological and physiological characteristics have 
been proposed, few have been used successfully in plant breeding 
programs. Consequently, a need exists to identify and develop 
rapid, reliable screening techniques that can assess integrated plant 
response to drought in large plant populations. Improved seedling 
emergence has been achieved in Russian wildrye [PsathyrostucIrys 
junceu (Fischer) Nevski] by selecting for emergence from a deep 
seeding depth and long coleoptiles. Water uptake by roots is criti- 
cal, and screening for enhanced seedling root growth in cool- 
season grasses offers considerable promise. In spite of the impor- 
tant role that stomata1 control has in regulating plant water loss, 
limited success has been achieved in incorporating desirable stom- 
atal characteristics into improved grass cultivars. Although osmotic 
adjustment appears beneficial in some crop species, more research 
is needed before cool-season grasses should be selected based on 
osmotic adjustment. Selection for improved water-use efficiency in 
cool-season grasses based on carbon isotope discrimination is a 
promising approach. Successful incorporation of these various 
traits into improved cool-season grass cultivars necessitates close 
cooperation between breeders and physiologists. 

Key Words: carbon isotope discrimination, genetic variation, her- 
itability, osmotic adjustment, plant breeding, plant improvement, 
seedling emergence, water loss, water uptake, water-use efficiency 

Water deficits limit the growth and production of cool-season 
grasses on semiarid rangelands. Adaptations that allow cool- 
season grasses to avoid or withstand the influence of drought must 
be considered in plant improvement programs. Although many 
techniques are available to evaluate morphological and physiolog- 
ical characteristics related to drought adaptations, few have been 
successfully used in plant breeding programs. Most of this reseach 
has involved annual crop species such as wheat ( Triticum aestivum 
L.), corn (Zea rnays L.), sorghum (Sorghum bicolor [L.] Moench), 
and rice (Oryzasativa L.) (Blum 1988,1989; Srivastava et al. 1987; 
Ludlow and Muchow 1990; Richards 1991; White and Singh 
1991). Very little research has focused specifically on cool-season 
forage grasses (Wright 1975, Johnson 1980, Johnson et al. 1981, 
Asay and Johnson 1983a, Frank et al. 1987). In this review we 
examine selection criteria and techniques for improving response 
to drought for cool-season perennial grasses and synthesize perti- 
nent information available from annual crops. The most promising 
directions of research to pursue in this important area for cool- 
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season grasses are identified and discussed. 

The Challenge 

The diverse characteristics that allow plants to adapt to drought 
can be categorized as follows: (1) drought escape, (2) dehydration 
avoidance, and (3) dehydration tolerance (Turner 1986). Because 
drought escape refers to “the ability of a plant to complete its life 
cycle before serious soil and plant water deficits develop,” this 
classification category does not strictly apply to perennial species, 
which extend their life cycle beyond more than 1 growing season. 
Consequently, only the classification categories of dehydration 
avoidance and tolerance are relevant to perennial cool-season 
grasses. 

Any heritable characteristic or combination of characteristics 
could be used to select breeding lines for improved response to 
drought. Although researchers have proposed many possible char- 
acteristics that could be used in selection, few have been success- 
fully used to improve agronomic performance under drought. This 
lack of success probably results from a combination of factors 
including limited opportunities for multidisciplinary researchers to 
work closely with plant breeders; a poor understanding of inte- 
grated plant response to drought; complex genetic control of mul- 
tiple mechanisms involved in plant performance; difficulty in 
selecting a target environment where the genetic variation in the 
breeding population is not masked by environmental effects; and 
lack of repeatable, precise screening techniques for use in a plant 
breeding program. 

Few locations throughout the world have multidisciplinary team 
efforts where physiologists work closely with breeders to improve 
the performance of cool-season forage grasses under drought. As a 
result, most breeders rely on empirical selection procedures to 
identify superior plants. However, understanding the physiologi- 
cal basis of plant response to drought would allow breeders to 
screen for components of-drought resistance. As Ludlow and 
Muchow (1990) indicated, traits to improve drought response too 
often are based only on theory, laboratory studies, or correlations. 
In addition, the manner in which these traits are inherited and their 
influence on field performance seldom have been documented. 
Without increased, closer interaction between forage breeders and 
physiologists, progress for improving drought response in cool- 
season grasses will be slow. 

Much is known of individual morphological, anatomical, and 
physiological characteristics that enable plants to grow and survive 
under drought (Hsiao 1973; Fischer and Turner 1978; Turner and 
Kramer 1980; Turner and Begg 1978, 1981; Schulze 1988; Ludlow 
1989). Relatively little is known about the genetic mechanisms that 
condition these characteristics. Austin (1989) emphasized that no 
single plant attribute is likely the primary determinant of successful 
growth and survival in water-limited environments. Consequently, 
more attention should be focused on understanding integrated 
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plant responses to drought. 
Another important factor to consider is the interaction of meta- 

bolic pathways involved between the level of plant organization 
where the particular plant characteristics are being selected and the 
plant level at which improvement is desired (Passioura 1981). 
Possible characteristics for selection can be categorized according 
to the molecular, membrane, organelle, cellular, tissue, organ, 
whole plant, and community levels of plant organization. Pas- 
sioura (1981) noted that improved plant response at the plant 
community level can be achieved more effectively by selecting at 
the whole plant or organ level rather than at the molecular or 
membrane level. In most instances, as the span increases between 
the level of plant organization where selection occurs and where 
the desired response is evaluated, the number of interacting genetic 
factors involved in successfully transferring this characteristic 
increases markedly. 

During the last 100 years, the economic value of a wide range of 
agronomically important crops has increased subsantially due to 
both improved cultural practices and the breeding of new crop 
cultivars. Most of these breeding programs have involved selection 
at the whole plant or organ level and have been tied closely to field 
evaluation. Improving the drought response of cool-season grasses 
should involve similar approaches and incorporate newly emerg- 
ing technology. 

Opportunities for genetic advance, as indicated by the magni- 
tude of genetic variances and heritability values, typically decline 
as the severity of drought increases. This was demonstrated in 
experiments with alfalfa (Medicugo sutivu L.), the RS wheatgrass hybrid 
[Elytrigiu repens (L.) Nevski X E. spicuta (Pursh) D.R. Dewey], 
and crested wheatgrass [Agropyron desertorum (Fisch. ex Link) 
Schult.] under both field and greenhouse line-source sprinkler 
systems (Rumbaugh et al, 1984, Asay and Johnson 1990). As is 
typical in most plant breeding situations, trait means, genetic 
variances, and heritabilities declined markedly as less irrigation 
water was applied. Genetic differences in the drier sections of the 
plots were masked by differences in the microenvironment, which 
indicates that selection would be more effective if made at interme- 
diate rather than extreme levels of drought. 

Mahon (1983) also observed that the existence of significant 
genetic variability in a physiological character within a single 
environment does not ensure that selection will isolate plants with 
superior expression of the character over a range of environments. 
Drought varies temporally as well as in duration and intensity, 
which makes identification of a target environment for selection 
extremely difficult. Mahon (1983) also concluded that many stu- 
dies of genetic variability for various physiological characteristics 
are based on performance in controlled environments and usually 
represent potential expression of the characteristic. The expression 
of this potential may be greatly diminished or entirely 
masked by other limiting factors in the field environment. Kramer 
(1980) emphasized the critical role of the field environment in 
influencing the expression of genetic potential of selected charac- 
ters through effects on rates and duration of physiological 
processes. 

Levitt (1964), Hanson (1972), Cooper 1974), and White and 
Singh (1991) stressed the importance of developing reliable 
methods of screening plants for the desired characteristics. John- 
son (1980) and Johnson et al. (198 1) stated that such techniques 
should (1) enable researchers to assess plant performance at the 
critical developmental stage, (2) be completed in a relatively short 
time, (3) use small quantities of plant material, and (4) be capable 
of screening large populations. 

Several procedures have been proposed to evaluate characteris- 
tics associated with plant water relations (Turner 1981); most, 
however, are too laborious and time-consuming to use in a plant 

breeding program. In addition, these characteristics typically fluc- 
tuate throughout the day or during the season, vary with degree of 
drought and plant age, and may not provide an integrated measure 
of plant response. An obvious need exists to develop rapid, reliable 
screening techniques that can evaluate integrated plant response to 
drought in large numbers of breeding lines. 

Improved Seedling Emergence 

The ability of seedlings to become established is crucial for stand 
success (Benjamin 1990, Ries and Svejcar 1991); and for many 
species, advantages gained at the seedling stage are retained 
through the mature plant stage (TeKrony and Egli 1991). Harper 
(1977) provided a useful definition of establishment, defining it as 
the time “when the seedlings have expanded a photosynthetic 
surface and are theoretically capable of pursuing an existence 
independent of their seed reserves. ‘* Seedlings are particularly sus- 
ceptible to drought because they have low photosynthetic capacity 
and only limited carbon and nutrient reserves. Rapid germination, 
early root initiation, and rapid root extension help seedlings com- 
pete with weedy species and avoid drought caused by evaporative 
water losses in the upper soil layers. In addition, vigorous growth 
or dry matter accumulation during the early, cool part of the 
growing season increases water-use efficiency. Although the rela- 
tionship between seedling emergence and improved response to 
drought is somewhat indirect, rapid seedling emergence and devel- 
opment has important implications concerning adaptation to 
drought in cool-season grasses. 

“Seedling vigor” is a useful, but somewhat vague term that often 
is used to describe the general aggressiveness of seedling emergence 
(Kneebone 1972, McKelll972). Kneebone (1972) defined seedling 
vigor as the ability to grow rapidly in the seedling stage, thereby 
increasing the probability of stand establishment. Improving seed- 
ling emergence may make it possible to place seed at a deeper soil 
depth where soil water conditions may favor germination. 

Seedling vigor in many cool-season grasses is related to seed size; 
large-seeded strains emerge sooner from deeper planting depths 
and grow more rapidly than do small-seeded strains (Murphy and 
Arny 1939; Plummer 1943; Rogler 1954; Kaltonet al. 1959; Tossell 
1960; Lawrence 1963; Hunt and Miller 1965; Trupp and Carlson 
1971; Asay and Johnson 1980, 1983b; Berdahl and Barker 1984). 
Consequently, seed weight has been recommended as an easily 
measured, reliable selection criterion for improving seedling vigor. 
A number of researchers, however, found differences in seedling 
vigor independent of seed weight and recommended the inclusion 
of additional criteria such as seedling emergence from a deep 
planting depth (Kalton et al. 1959; Tossell 1960; Lawrence 1963; 
Asay and Johnson 1980, 1983b) and coleoptile length (Hunt and 
Miller 1965, Berdahl and Barker 1984). 

Some cool-season grasses have been bred and selected success- 
fully for improved emergence. Lawrence (1963) selected Russian 
wildrye [ Psathyrostuchys junceu (Fischer) Nevski] breeding 
lines for heavy seed weight and subsequently screened their emer- 
gence from a 5.0-cm planting depth. After 4 cycles of selection, the 
Russian wildrye cultivar ‘Swift’ was released (Lawrence 1979), 
which has improved establishment capability and produces large 
plants in the establishment year. Asay et al. (1985a) screened 
breeding lines of Russian wildrye for their ability to emerge from 
deep seeding depths and developed the cultivar ‘Bozoisky-Select.’ 
Asay et al. (1985b) evaluated seed weight, emergence from deep 
seeding depths, and agronomic characteristics of breeding lines of 
crested wheatgrass [ Agropyron desertorum (Fisch. ex Link) 
Schult. x A. cristurum (L.) Gaert.] and released the cultivar ‘Hyc- 
rest.’ Hycrest has demonstrated excellent seedling emergence and 
stand establishment characteristics in field trials throughout the 
Intermountain Region (Asay et al. 1986). A more recent Russian wildrye 
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cultivar ‘Mankota,’ which was selected primarily for dry matter 
yield along with coleoptile length and emergence from a 5-cm 
depth, has demonstrated improved stand establishment capability 
(Berdahl et al. 1992). Results from the above studies conclusively 
show that improved seedling emergence can be achieved in Russian 
wildrye and crested wheatgrass by selecting for high seed weight, 
emergence from deep seed placement, and coleoptile length. 

Water Extraction 

The amount of water available to a plant critically depends on 
soil water uptake by roots. Many researchers have examined root 
growth, development, and water transport in the past 15 years, and 
this research has been reviewed by Taylor and Klepper (1978), 
Feldman (1984), Boyer (1985), and Passioura (1988). Perennial 
plants from dry regions generally have increased root to shoot 
ratios (Caldwell 1975). These ratios indicate the large amount of 
carbon and nutrient allocations to root systems, and also reflect 
root turnover and mortality rates in these environments. Many 
plants modify their rooting behavior during drought by allocating 
a relatively greater proportion of total carbon and nutrients to root 
growth at the expense of shoot growth (Brouwer 1966, Davidson 
1969). Curtailing shoot growth permits additional root growth for 
subsequent exploration for soil water, a beneficial trade-off only if 
sufficient water is available deeper in the soil profile. 

Plummer (1943) attributed success or failure of establishment of 
12 range grasses to total root development before summer drought. 
Crested wheatgrass, the most successful range grass, had the long- 
est roots and the most roots at the seedling stage. Rapid and 
extensive root development was essential in the early growth and 
survival of seedlings of Russian wildrye and crested wheatgrass on 
western rangelands (Hassanyar and Wilson 1978), permitting them 
to successfully compete with cheatgrass (Bromus tectorum L.), an 
introduced weedy annual species (Harris 1967, Reichenberger and 
Pyke 1990, Aguirre and Johnson 1991a). 

Forage yield of 6 cool-season grasses under drought was related 
directly to the volume of soil exploited by roots (Garwood and 
Sinclair 1979). The ability to extract water from a deep soil depth 
was associated closely with an extensive root system. Caldwell and 
Richards (1986) showed that mature crested wheatgrass [Agro- 
pyron desertorum (Fisch. ex Link) Schult.] had agreater competi- 
tive effectiveness against Artemisia tridentata spp. vaseyana 
(Rydb.) Beetle than mature bluebunch wheatgrass [ Pseudoroegne- 
ria spicata (Pursh) Love] because of a greater rooting density, 
partially due to thinner roots. 

Hurd (1974) documented the importance of an extensive root 
system for maximizing wheat yields in western Canada. Root 
growth of wheat genotypes that had been selected mainly for grain 
yield was observed in boxes with inclined glass faces (Hurd 1964, 
1968). Selecting parents and breeding lines at final test stages that 
had rapid root penetration, large total root length, and a high 
proportion of total root weight below 30 cm when drought was 
imposed (Hurd et al. 1972b) led to the development of 2 wheat 
cultivars (Hurd et al. 1972a, 1973). Passioura (1981), however, 
cautioned that a large, extensive root system may be beneficial only 
in environments where water is available deep in the soil profile 
and is replenished each year, and all the water in the profile is not 
extracted by existing roots. For other environments where ample 
water is not available deep in the soil profile each year, Passioura 
(1972, 1976) suggested that early, slow root growth that conserved 
water at the vegetative phase would ensure subsequent water avail- 
ability during the critical grain-filling period. This latter approach 
probably is not applicable to most cool-season forages whose 
vegetative growth is of prime importance. Also, in rangeland situa- 
tions any water saved by the desirable forage species could be used 
by competing weedy species. 

G‘Toole and Bland (1987) comprehensively reviewed genotypic 
variation for a wide range of root characteristics in crop plants and 
summarized the information available for each crop species. Their 
review indicated the existence of genotypic variation for many root 
characteristics. Furthermore, he&abilities appear relatively high, 
which suggests that most root characteristics can be effectively 
manipulated through breeding and selection. OToole and Bland 
(1987) cited 6 examples of successful genetic shifts in rooting 
function and were optimistic that additional progress in breeding 
for root characteristics will be made in the future. 

Genetic variation for various seedling root characteristics has 
been reported in cool-season grasses. Root growth under low 
temperatures varied among populations of orchardgrass (Dactylis 
glomerata L.) (Finn and Mack 1964); timothy (Phleum pratense 
L.) (Mack and Finn 1970); and bluebunch wheatgrass (Harris and 
Goebell976). The study reported by Harris and Goebel(l976) was 
noteworthy because it involved 45 collections from sites as far 
south as Nogales, Ariz., and as far north as Fairbanks, Alaska. 
Seedling root growth at 2’ C ranged from 1.4 to 11.9 mm at 21 
days. Although differences in seed size and the seed production 
environment may have explained some of the variation, significant 
genetic variation is apparently present for root growth at low 
temperature. 

Techniques that Larsson (1982) used for oats (Avena sativa L.) 
may be well suited for screening for enhanced seedling root growth 
in cool-season grasses. Larsson used a morpho-physiological 
drought resistance index that related root length to leaf area of 
lo-day-old seedlings growing in a controlled environment and 
compared these to a check cultivar. This laboratory procedure 
gave highly repeatable rankings of oat genotypes and was used to 
select for increased root length to leaf area ratio in oats. Larsson 
and Gorny (1988) showed that the selected lines exhibited high 
yield and high drought tolerance. They concluded that the drought 
resistance index appears to be a promising method for increasing 
drought resistance of oats. 

Root morphology of seedlings plays a critical role in the estab- 
lishment of grasses (Hyder et al. 1971) and may be an important 
selection criterion for improving seedling response to drought. 
Hoshikawa (1969) examined 219 species of 88 genera within the 
Gramineae and classified seedlings into 6 types of seedling root 
morphology. Most cool-season grasses exhibited a festucoid-type 
of seedling, which had transitionary-node (seminal) root develop- 
ment, lacked or had little mesocotyl (subcoleoptile internode) 
elongation, and had no mesocotylar roots. Seedling root morpho- 
logical development has been examined in various cool-season 
grasses (Newman and Moser 1988, Aguirre and Johnson 1991b, 
Ries and Hofmann 1991). Johnson and Aguirre (1991) found that 
the competitive nature of cheatgrass seedlings was primarily asso- 
ciated with seminal roots that had high branching density, long 
lateral growth, and external-external links. Additional work is 
required before these potentially useful characteristics of root 
morphology can be incorporated into a plant improvement 
program. 

The labor and space required to screen for mature root system 
size make it difficult to screen large numbers of breeding lines. 
Clarke (1987), however, suggested these techniques may be valua- 
ble in identifying potential parental types and in reducing the 
number of crosses that a breeder has to make and evaluate. 

Despite the difficulties encountered in evaluating root character- 
istics of mature plants, some indirect techniques appear to have 
promise for incorporation into a breeding program. One such 
technique involves banding the herbicide metribuzin at a certain 
depth in the soil (Robertson et al. 1985). The faster the roots of a 
cowpea ( Vigna unguiculata [L.] Walp.) plant reached the herbi- 
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tide, the sooner it began exhibiting effects of the herbicide. Metri- 
buzin also was banded vertically to determine rates of lateral root 
growth. Robertson et al. (1985) recommended use of this technique 
to screen the root growth rates of large populations in the field. 
They indicated that this method provided moderate resolution of 
genotypic differences in rooting and would be useful in identifying 
parental materials for a breeding program. Subsequent selection 
among progeny from crosses would probably require a method 
with greater resolution. A similar technique used iodine-131 to 
detect rooting depth of shrubs and grasses (Abbott et al. 1991). 

Water uptake also can be indirectly screened with infrared ther- 
mometry, which assesses plant canopy temperatures (Blum et al. 
1982). Generally, plants with lower temperatures under stress had 
better yields because of their greater root growth and water extrac- 
tion from the soil. Ludlow and Muchow (1990), however, emphas- 
ized that infrared thermometer measurements can be influenced by 
factors such as wind conditions, cloudiness, saturation deficit of 
the air, and degree of canopy cover. Furthermore, higher plant 
canopy temperatures might be beneficial when water availability 
later in the growing season is critical (Hatfield et al, 1987). Cooler 
canopy temperatures might also identify plants that simply use the 
most water, without regard for the efficiency in water use. 

OToole and Bland (1987) emphasized that a breeding and selec- 
tion program for root characteristics should (1) clearly define the 
problem and identify the most limiting function of the root system; 
(2) formulate a working hypothesis and choose critical root 
parameters; (3) develop appropriate screening procedures and 
determine the existence, level, and nature of the genetic variation; 
(4) hybridize the parental lines and select among their progeny; and 
(5) evaluate resultant genotypes in the field and verify or reject the 
working hypothesis. Environmental factors also can alter attrib- 
utes of the root system (Carson 1974). 

Reduced Water Loss 
One of the most general mechanisms for regulating water loss in 

plants is through reductions in leaf area, either by leaf senescence 
or shedding. A reduction in leaf area in forages, however, is not 
generally desirable unless essential for plant survival. Other mech- 
anisms that reduce water loss include (Schulze 1988): thickening of 
the epidermal cell wall and the cuticle, development of leaf hairs, 
leaf orientation and movement away from the sun, leaf rolling, 
stomata1 closure, and development of epicuticular wax. These 
latter 2 characteristics will be examined for their possible applica- 
tion within a cool-season grass improvement program. 

Because of the importance of stomata in controlling water loss 
and carbon uptake in plants, considerable effort has been directed 
at understanding stomata1 function and examining stomata1 
response to the environment. Numerous researchers have evalu- 
ated the influence of drought on stomata1 response and have 
speculated on particular attributes that could allow more effective 
control over water loss. Manv of the methods available for screen- 

I 

ing stomata1 characters and practical considerations of their use 
are presented by Jones (1979). 

Genetic variation in stomata1 frequency and stomata1 length has 
been reported for smooth bromegrass (Walton 1974, Tan and 
Dunn 1975) and perennial ryegrass (Lolium perenne L.) (Wilson 
1971). Genetic variances for these characteristics were mostly addi- 
tive, and heritabilities were relatively high. Stomata in diploid 
plants of perennial ryegrass were shorter than in tetraploid plants 
(Speckmann et al. 1965). Jones (1987) however, emphasized that 
breeders seeking to improve response to drought through stomata1 
characteristics should emphasize changes in stomata1 conduc- 
tance, which integrate the effects of individual components of 
stomata1 aperture. 

Walton (1974) detected genetic variation for stomata1 conduc- 

tance in 3 ploidy levels of smooth bromegrass (Bromus inermis 
Leysser). Selection for stomata1 conductance was relatively inef- 
fective in perennial ryegrass, which may have been due in part to a 
negative correlation between stomata1 length and frequency (Wil- 
son 1972). Gay (1986) employed a diffusion porometer to identify 
perennial ryegrass seedlings with high and low leaf water conduc- 
tance. These differences in stomata1 conductance persisted in the 
older plants (Gay 1989), an indication that stomata1 conductance 
was sufficiently stable to allow effective selection. Field evaluation 
is required to determine whether these differences in stomata1 
conductance affect yield and other agronomic characteristics. 

In spite of the critical role that stomata1 control supposedly has 
in regulating plant water loss, little success has been achieved in 
incorporating desirable stomata1 characteristics into improved 
crop cultivars. Jones (1987) attributed the lack of success to (1) 
redundancy of mechanisms in plants that compensate for the par- 
ticular selected response, (2) environmental influences on stomata1 
response, (3) the large degree of phenotypic plasticity in stomata1 
characteristics, and (4) an incomplete understanding of the physio- 
logical and ecological roles of stomata. Despite the potential bene- 
fits of particular stomata1 characteristics and responses and the 
existence of genetic variability for some of these traits, more 
research is needed before stomata1 characteristics can be recom- 
mended as definitive selection criteria for cool-season grasses. 

The influence of canopies on lowered leaf conductance and 
transpiration also must be considered. Because of boundary layer 
effects, Jones (1987) suggested that breeding to minimize water loss 
through stomata1 changes is likely to be most beneficial in tall or 
widely spaced crops. Jarvis and McNaughton (1986) indicated that 
stomata of crops with aerodynamically rough canopies (such as the 
sparse bunchgrass, shrub, and forb vegetation of western range- 
lands), which have a high boundary layer conductance, exert more 
control over transpirational water loss than aerodynamically smooth 
canopies (such as a solid grass sward in the Midwest), which have a 
low boundary layer conductance. Because short, uniform grass 
swards are not as well coupled with the atmosphere compared to 
taller, less uniform vegetation, there would be proportionately less 
benefit in reducing transpiration through changes in stomatai con- 
ductance in grass swards than in widely spaced bunchgrasses grow- 
ing on western rangelands. 

Epidermal wax or glaucousness increases grain yield in sorghum 
(Jordan et al. 1983); wheat (Johnson et al. 1983, Richards 1984); 
and barley (Hordeum vulgare L.) (Baenziger et al. 1983). The 
effects on yield are due primarily to increased reflectance of radia- 
tion and subsequently lower tissue temperature (Richards et al. 
1986) and to decreased water loss through the cuticle (Jordan et al. 
1984). Jefferson et al. (1989b) did not find a consistent relationship 
between epicuticular wax production and cuticular transpiration 
in crested wheatgrass and alfalfa, nor was increased epicuticular 
wax associated with increased forage yield. In another study, Jef- 
ferson et al. (1989a) evaluated the effect of epicuticular wax in an 
intermediate wheatgrass hybrid ( Thinopyrum intermedium (Host) 
Barkworth and D.R. Dewey X T. intermedium-acutum D.R. 
Dewey pers. commun.) and an interspecific hybrid of crested 
wheatgrass [induced tetraploid Agropyron cristatum (L.) Gaertner 
s. lat. X A. desertorum (Fisch. ex Link) Schultes], and Altai 
wildrye (Leymus angustus (Trin.) Pilger Dewey]. Glaucousness 
influenced the water relations of these grasses, but did not affect 
forage yield. Although of benefit to grain yield in annual crops, 
enhanced epicuticular wax does not appear to be of benefit in 
increasing forage yield in cool-season grasses. Epicuticular wax 
may, however, be an important characteristic in long-term persist- 
ence of cool-season perennial grasses. 

JOURNAL OF RANGE MANAGEMENT 46(3), May 1993 197 



Osmotic Adjustment 
Osmotic adjustment is another potential selection criterion for 

improving plant response to drought in various annual crops (e.g., 
Ludlow and Muchow 1988, 1990; Blum 1988, 1989). Osmotic 
adjustment is usually defined as an increase in osmotic pressure of 
cell sap resulting from more solute molecules per cell rather than 
from a lower cell volume (Munns 1988). Some physiologists use the 
term “osmoregulation,” but Turner (1986) and Munns (1988) sug- 
gested that osmoregulation is not an appropriate term for higher 
plants. 

Osmotic adjustment involves the accumulation of solutes in 
response to drought and results in maintenance of stomata1 open- 
ing and photosynthesis, postpones leaf rolling and senescence, and 
maintains root growth under water-limited conditions in many 
annual crops (Turner and Jones 1980, Morgan 1984, Turner 1986). 
Although osmotic adjustment will not eliminate drought-related 
reductions in photosynthesis and growth, it appears to play an 
important role in survival of the developing apex and leaves 
(Turner 1986). Ludlow and Muchow (1990) suggested that the 
ability to osmotically adjust may be marginally preferred over deep 
roots and high root length density because osmotic adjustment has 
minimal costs (McCree 1986), is induced only by limited water, and 
is lost after stress is relieved. The dry matter required for root 
growth, however, competes with forage growth. 

Wheat plants with high osmotic adjustment extracted more 
water from the soil and produced more dry matter and higher grain 
yield during drought than did those with low osmotic adjustment 
(Morgan 1984, Morgan and Condon 1986, Morgan et al. 1986, 
Blum and Pnuell990). However, increased grain yields in sorghum 
selections with high osmotic adjustment were attributed primarily 
to a greater harvest index and greater re-translocation of pre- 
anthesis dry matter rather than increased water use or dry matter 
production (Ludlow et al. 1990, Santamaria et al. 1990). Conse- 
quently, it may not be possible to use osmotic adjustment to select 
cool-season grasses for increased forage production. 

Genetic variation for osmotic adjustment has been found in 
many crop species including wheat, sorghum, pearl millet [Pen- 
nisetum glaucum (L.) R. Br.], cotton (Gossypium hirustum L.), 
rice, and pigeonpea [Cajanus cajan (L.) Huth] (Ludlow and 
Muchow 1990). Adequate genetic variability and the evidence that 
a single recessive gene conditions high osmotic adjustment in 
wheat (Morgan 1991) should facilitate selection for this trait. 
Although Morgan (1983) suggested that psychrometric procedures 
for evaluating osmotic adjustment could be used in screening 
moderate numbers of advanced breeding lines and parents within a 
plant improvement program, these procedures are quite labor- 
intensive and may not be capable of screening large numbers of 
lines in the early phases of a breeding program. An alternative may 
be to use indirect methods such as canopy temperature and leaf 
rolling (Blum 1989). Consequently, incorporating osmotic adjust- 
ment into a breeding program may depend on the development of 
rapid, reliable methods to measure osmotic adjustment. 

Although osmotic adjustment varies considerably within cool- 
season grasses and at least in perennial ryegrass is amenable to 
genetic selection, selection did not improve leaf growth under 
drought in perennial ryegrass (Thomas and Evans 1989). Even 
though Ludlow and Muchow (1990) believe that osmotic adjust- 
ment can improve grain yield of various annual crops, additional 
research is required to determine the utility of osmotic adjustment 
as a selection criterion for improved response to drought in cool- 
season grasses. 

Water-Use Effkiency 
The amount of water required for plant growth and production 

has been studied for many years. The classic review of Briggs and 
Shantz (1913) on the water requirement of plants cited studies 
conducted in the late 1600’s (Woodward 1699). This early work on 
plant water requirements was followed by studies concerning the 
efficiency of water use by various plants. Sinclair et al. (1984) noted 
that the term water-use efficiency has been used to describe a wide 
range of various observations covering diverse times and process 
scales and suggested the term should be defined according to these 
factors. In this paper we distinguish between instantaneous calcu- 
lations of water-use efficiency (WUEi) obtained from gas exchange 
measurements of the amount of carbon dioxide assimilated (A) per 
unit of water transpired (E) and longer-term calculations of water- 
use efficiency (WUE) obtained by comparing biomass produced to 
the unit of water required to produce that biomass. 

Considerable research has been conducted concerning the lim- 
itations to efficient water use in crop production and improving 
crop WUE (Stone 1975, Taylor et al. 1983, Stanhill 1986). Stanhill 
(1986) indicated that numerous climatic, plant, and soil factors 
influence WUE. Climatic factors influence WUE through rainfall 
distribution, vapor pressure deficit of the air, and carbon dioxide 
concentration. Plant characteristics can also affect WUE through 
photosynthetic capacity, stomata1 behavior, and leaf characteris- 
tics, such as size, structure, and foliage orientation. Both chemical 
and physical characteristics of the soil can directly or indirectly 
influence WUE through soil water content, infiltration rates, soil 
surface features, water movement, availability of soil water, impe- 
dance of root penetration, and nutrient status. Stanhill (1986) 
discusses the economic aspects of commercial crop production in 
determining optimum levels of WUE. 

Determining WUE typically involves pot-weighing studies con- 
ducted in a greenhouse and evaluating WUEi involves measuring 
plant gas exchange. Monitoring water use in pots is laborious and 
time-consuming, and only a few breeding lines can be evaluated by 
this method. Similarly, although instruments now make it possible 
to rapidly and reliably measure photosynthesis and transpiration, 
these instantaneous values must be measured throughout the life of 
the plant to obtain an integrated value of WUE. Consequently, 
these methods of determining WUE usually are not feasible for a 
breeding and selection program. 

Research the past few years has indicated that WUE in plants 
that fix carbon (C) by the Cs pathway is related to the stable C 
isotope composition of their tissues (Rundel et al. 1989), a fact that 
may be useful in a plant breeding program. Stable isotopes are 
nonradioactive forms of elements found naturally in the earth and 
its atmosphere. Carbon has 2 stable isotopes. The i*C isotope 
comprises about 99% of the C in the earth and its atmosphere, and 
the 13C form comprises only a small fraction of the C present. The 
carbon isotope composition can be measured by grinding and 
combusting plant tissue and analyzing the CO2 by an isotope- 
ratioing mass spectrometer. 

Many physical and biological processes prefer or discriminate 
against certain stable isotopes. Because plants discriminate against 
i3C, they typically contain less i3C than would be expected based 
on its natural abundance in the atmosphere. This discrimination is 
particularly large for plants that fix carbon by the Cs pathway 
because ribulose bisphosphate carboxylase-oxygenase (Rubisco) 
discriminates against WO2 during fixation. This discrimination 
against i3C by C3 plants has been used to differentiate them from 
plants that fix carbon by the Cd or Crassulacean acid metabolism 
(CAM) pathways (e.g., Bender 1971). 

Farquhar et al. (1982) and Farquhar and Richards (1984) pro- 
posed that i3C discrimination (A) in Cs plants is related to leaf 
intercellular CO2 concentration (ci). Farquhar et al. (1989) reviewed 
the large body of data that support this relationship. Farquhar et 
al. (1988) attributed the association between WUE and A to inde- 
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pendent linkages through ci, one of which involves stomata1 con- 
ductance (Farquhar et al. 1989). As a plant becomes water limited, 
stomata eventually undergo at least some closure. If this stomata1 
closure restricts transpirational loss to an extent that exceeds 
reductions in photosynthesis, ci would be reduced and WUE would 
be increased. However, further decrease in stomata1 conductance 
increases the relative concentration of 13COz in the interior of the 
leaf, thereby reducing the ability of Rubisco to discriminate against 
i3CO2. Consequently, A decreases as the water deficit increases. 
High A values resulting from elevated Ci levels are associated with 
low WUE, whereas low A values resulting from low ci are asso- 
ciated with high WUE (Hubick et al. 1988, Farquhar et al. 1989). 
Consistent negative associations between WUE and A have been 
reported under contrasting soil water treatments (Farquhar et al. 
1988). Because C is continually being fixed by a leaf, A provides a 
long-term indication of Ci and integrates ci over the life of the tissue 
analyzed. Because ci is affected by diffusional and biochemical 
processes that contribute to changes in WUEi, A may be useful in 
selecting plants for increased WUE (Farquhar and Richards 1984). 

Most research concerning A has involved Cs annual crop spe- 
cies. In a study with cool-season forage grasses, Johnson et al. 
(1990) examined the relationship between A and WUE in green- 
house-grown crested wheatgrass and Altai wildrye. They found 
that A was negatively correlated with WUE in the shoots of crested 
wheatgrass (r = -0.73**) and Altai wildrye (r = -0.81**). 

Johnson et al. (1990) also reported on a field study with 29 
vegetatively propagated clones of crested wheatgrass grown along 
a line-source sprinkler system that applied variable amounts of 
water. That study showed that A declined as less water was applied. 
The A of crested wheatgrass clones differed significantly at the 2 
peak-season harvests, and rankings of the clones were generally 
consistent across water levels. The clone by harvest interaction was 
not significant, suggesting that clones were ranked consistently for 
A from one harvest to the next. 

In studies conducted by Johnson et al. (1990) broad-sense herit- 
ability for A approached 0.50 in analyses of data combined over 
harvests and water levels. Genetic variances and broad-sense heri- 
tabilities for A were generally greater at the high and intermediate 
water levels than at the low water application. These results suggest 
that ample genetic variation is present and heritabilities are high 
enough in crested wheatgrass to effectively select for A response. 

Greenhouse studies of Read et al. (1991) showed that A of 
crested wheatgrass decreased with drought. Across water levels, A 
was inversely related to WUEi (I = -0.95**) or shoot WUE (r = 
-0.89**). Although A and Ci of individual clones were correlated 
positively at each water level, the expected differences between A 
classes in A, WUEi, and shoot WUE occurred only under drought. 
A low A under drought was associated with greater shoot dry 
weight, WUEi, and shoot WUE. In field experiments with the same 
clones, values for A and ci were negatively associated with both 
WUE and WUEi within each of 2 water levels (Read et al. 1992). 
Across both water levels, A was negatively correlated with WUEi (r 
= 4.93**) and with WUE (r = -0.98**). Consequently, selection for 
low A apparently would lead to improved WUE in crested 
wheatgrass. 

Johnson and Bassett (1991) examined A and WUE in crested 
wheatgrass, tall fescue (Festuca arundinaceu Schreb.), orchard- 
grass, and perennial ryegrass. In a greenhouse experiment, WUE 
was generally higher in accessions with low A than those with high 
A under both well-watered and drought conditions. Leaf water 
potential, solute potential, and turgor pressure were also higher in 
accessions with low A, which indicates that water status was more 
favorable for growth. In field studies, significant differences in A 
were observed among accessions within species. The environment 
by accession interaction was not significant, indicating that acces- 

sion differences in A were generally consistent across environ- 
ments. Consequently, it should be possible to utilize A to select for 
improved WUE in cool-season grasses. 

For forage species, forage yield is of primary importance in 
identifying superior breeding lines. Consequently, the relationship 
between forage yield and A is of concern. Across 3 water levels for 
peak-season forage harvests in a rainout shelter experiment, simple 
correlation coefficients (r) between forage yield and A were 0.59** 
during 1986 and 0.80** (df = 85) during 1987 (Johnson et al. 1990). 
This suggests that selection for increased WUE (low A) may lead to 
decreases in forage yield. However, this relationship is apparent 
only when data were combined across the 3 water levels. When the 
association was evaluated within a water level, r values were not 
significant and ranged from 0.07 to 0.33 for 1986 and 0.09 to 0.44 
for 1987. This was similar to the pattern observed in the field pot 
study of Read et al. (1992) where shoot dry weight increased with A 
(r q  0.83**, df = 10) across the 2 water levels, but was not correlated 
within either the well-watered (r = -0.7 1, df = 4) or droughted (r = 
-0.10, df q  4) treatments. In the greenhouse pot study of Read et al. 
(1991) shoot dry weight of crested wheatgrass increased with A in 
the well-watered treatment (r = 0.77*, df = 7), but not in the drought 
treatment (r q  -0.14, df = 7). Although we might logically expect 
selection for low A to be accompanied by a decrease in forage yield 
in water-limited environments, our results to date have not shown 
a consistent relationship. A negative relationship between genetic 
variation for A and forage yield under a uniform water-limited 
environment is essential for A to be a useful selection criterion to 
improve WUE. Additional research is needed to clarify the rela- 
tionship between A and forage yield in cool-season grasses. 

Combinations of Characteristics 

No single plant characteristic can identify plants with improved 
response to drought. Ludlow and Muchow (1990) ranked the merit 
of various traits in helping plants tolerate intermittent and terminal 
drought in modern and subsistence agricultural settings. They 
suggested that traits appear to be linked in strategies varying from 
extreme avoidance to extreme tolerance. Understanding these link- 
ages is fundamental in integrating plant traits into a selection 
index. Models such as those of McCree et al. (1990) and Johnson et 
al. (I 99 1) provide a framework for evaluating how combinations of 
various plant characteristics influence plant water status and 
growth. Modelling may usefully bridge physiology and breeding 
into integrated programs of plant improvement (Shorter et al. 
1991). Additional research involving selection indices of multiple 
traits and plant modelling is required to more efficiently develop 
improved crops for water-limited environments. 

Summary 

Considerable research has focused on identifying plant charac- 
teristics that are associated with adaptation to drought. Choosing 
which traits can be effectively screened and exhibit sufficient 
genetic variability for selection demands a long-term commitment 
and close interaction between breeders and physiologists. Most of 
the information about those plant traits for improved response to 
drought has been obtained from annual grain crops. This informa- 
tion may not be directly applicable to cool-season grasses, where 
the desired end product is forage rather than grain and whose 
growth habit is perennial instead of annual. For cool-season 
grasses, the main improvement in response to drought to date has 
involved more rapid seedling establishment, which allows the plant 
to take better advantage of seasonally available water. Promise 
also exists for selecting for root characteristics and for improved 
water-use efficiency through the use of carbon isotope discrimina- 
tion. Although the challenges involved in improving response to 
drought in cool-season grasses are great, so are the benefits. 
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Abstract 

Germination of Lehmann lovegrass (Eragrosiis lehmanniana 
Nees) was increased by seed after-ripening and by mechanical 
scarification of the seed coat. Hand-threshed seeds collected from 5 
sites in southern Arizona were periodically germinated over the 
water potential range of 0 to -1.55 MPa for 88 weeks after harvest. 
Nonscarified seeds exhibited very low germination at all water 
potentials for the entire length of the study. Total percent germina- 
tion of scarified seeds peaked after 34 weeks. Seeds scarified before 
the after-ripening requirement was met germinated without further 
scarification at 46 weeks after harvest. Measurements of water 
uptake rates indicate that seed coat permeability to water contrib- 
utes little to the increased germinability of scarified seeds. 

Key Words: Eragrostis lehmanniana Nees, reduced water poten- 
tial, mechanical scarification, after-ripening 

Total percent germination and germination rate of Lehmann 
lovegrass (Eragrostis lehmanniana Nees.) have been shown to be 
highly variable among seed lots (Brauen 1967, Hardegree and 
Emmerich 1991). Two factors that may contribute to this variabil- 
ity are an after-ripening requirement and a strong positive response 
to any treatment that causes physical disruption of the seed coat 
(Brauen 1967, Haferkamp and Jordan 1977, Hardegree and 
Emmerich 1991). Variability among seed lots may, therefore, result 
from varying degrees of inherent dormancy or from mechanical 
scarification during harvest, threshing, and storage (Brauen 1967, 
Hardegree and Emmerich 1991). Haferkamp and Jordan (1977) 
have hypothesized that some of the germination enhancement of 
scarified seed results from increased permeability of the seed coat 
to water. 

Brauen (1967) documented an after-ripening requirement for 
Lehmann lovegrass seeds but measured only total percent germi- 
nation and did not record the effect of mechanical scarification 
over time. Hardegree and Emmerich (1991) measured germination 
variability among scarified and nonscarified seed lots of Lehmann 
lovegrass but had no control over seed lot age or harvest and 
storage conditions. Haferkamp et al. (1977) measured water 
uptake of scarified and nonscarified seeds but for only 1 seed lot 
during the first 18 hours of imbibition. The objectives of this-study 
were to determine after-ripening requirements of hand-threshed 
Lehmann lovegrass seeds and the effects of mechanical scarifica- 
tion and reduced water potential on total percent germination, 
germination rate, and seed water uptake. 

Materials and Methods 

Lehmann lovegrass seeds were collected from 5 sites in southern 
Arizona, USA, over a 3-week period in August and September, 
1989. Seed collection sites were selected in a series of valleys across 
southern Arizona near the towns of Chiricahua (site 1, collected 19 
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September); Gleeson (site 2, collected 31 August); Sonoita (site 3, 
collected 18 September); Continental (site 4, collected 1 Sep- 
tember); and Sasabe (site 5, collected 15 September). The sites were 
visited every few days after 1 August and the seed heads harvested 
by hand when the seeds could be removed easily by gentle hand 
rubbing. Harvested seed heads were allowed to air-dry in large 
paper bags prior to hand-threshing. The seeds were stored inside 
cloth bags at room temperature in the laboratory. 

In the first experiment of this study, seed germination of both 
scarified and nonscarified seed were periodically monitored for 88 
weeks after collection to determine after-ripening and scarification 
effects on germination response. Seeds were tested at a number of 
water potentials to broaden the range of conditions over which 
germination response could be evaluated. 

Seeds were germinated inside vials designed for control of matric 
potential in the germination environment (Hardegree and Emme- 
rich 1991, 1992). Seeds were placed on a cellulose membrane 
(Spectra/ Por 3 dialysis membrane, Spectrum Medical Industries, 
Inc, Los Angeles, Calif.)’ which was in contact with an osmotic 
solution of polyethylene glycol8000 (Carbowax, Union Carbide, 
Danbury, Conn.). Matric potential on top of the membrane was 
determined by the osmotic potential of the PEG solution under the 
membrane. PEG was mixed with water to yield 7 solutions over the 
water potential range of 0 to -1.55 MPa using equation 4 of Michel 
(1983) as suggested by Hardegree and Emmerich (1990). Seeds 
were germinated at 0, -0.09, -0.31, -0.63, -0.94, -1.24, and -1.55 
MPa following the procedure outlined by Hardegree and Emme- 
rich (1991). 

Scarified and nonscarified seeds were evaluated at 3,7, 11, 18, 
34, 46, and 88 weeks after harvest. Seeds were germinated in a 
controlled-temperature room at 25 f lo C under both fluorescent 
and incandescent light for 12 hour day-‘. The mechanical scarifica- 
tion treatment followed that reported by Wright (1973) with a y 
0.5-ml seed sample and an 8-second scarification interval. The 
scarification treatment was replicated 6 times for each seed lot and 
35 seeds from each scarification event were germinated at each 
water potential. Six sets of 35 nonscarified seeds from each seed 
source were also germinated at each water potential. Germination 
vials were randomly arranged within 6 blocks in the controlled- 
temperature room. Germinated seeds were counted and removed 
from the vials on days 1-5, 7, 9, 11, and 14 of a given test run. 
Germinated seeds were defined as those exhibiting L2 mm radicle 
extension. The cellulose membrane was treated with a 50 ~1 sus- 
pension of fungicide (Daconil; 2.5g/ lOOm1 HzO) before the seeds 
were placed on the membrane surface. 

Two germination indices were calculated for the seeds in each 
germination vial in the scarified treatments: total percent germina- 

lMention of a trademark name or proprietary product does not constitute endorse- 
ment by the USDA and does not imply its approval to the exclusion of other products 
that may also be suitable. 



tion (C); and days to 50% of Gs(Dm) as an index of germination 
rate. Cubic response surfaces were calculated relating total percent 
germination and germination rate to germination-solution water 
potential and post-harvest germination date for each seed sour- 
ce/scarification treatment following the procedure outlined by 
Evans et al. (1982). Regression equations were recalculated delet- 
ing first cubic then quadratic then linear terms that were not 
significant (PIO. 10). Lower order terms that were not significant 
were left in the equation if a higher order term was significant. 
Germination index values were calculated from the regression 
equations and model confidence intervals (KO.05) determined for 
each seed source-scarification treatment at each water potential. 

Germination rate could not be calculated for treatments with 
zero germination. Treatments with very low germination exhibited 
large variability in germination rate because only a few seeds 
determined the germination characteristics of the entire treatment. 
Values for DW were, therefore, included in the regression analysis 
only if at least 4 of the 6 treatment replicates exhibited germina- 
tion. Nonscarified seed treatments exhibited such low total germi- 
nation that germination rate was not calculated. 

Treatments with near-zero germination were also excluded from 
the regression analysis of total percent germination. The relatively 
large numbers of treatments with zero or near-zero germination at 
low water potentials artificially reduced variability in the model. 

The same criteria as for the rate index were used to determine 
inclusion of G values in the regression models. 

A second experiment was undertaken to determine the effects of 
scarification on subsequent after-ripening. At 46 weeks after har- 
vest, comparative seed germination response was determined for 
seeds that had been scarified at 3, 7, 18, 34, and 46 weeks after 
harvest. The same germination system was used but germination 
was evaluated only at 0 MPa water potential. Quadratic regression 
equations were calculated as before to relate germination index 
values for each seed lot to post-harvest time of scarification (Evans 
et al. 1982). 

A third experiment was undertaken to determine seed-water 
uptake rates of scarified and nonscarified seeds. Seed water uptake 
rates were measured for seed lots 1, 4, and 5 shortly after the 
88-week germination test, following the procedure of Hardegree 
and Emmerich (1992). These seed lots were chosen because they 
represented low, high, and intermediate germinability among the 5 
original seed lots. PEG was mixed with water to yield 3 solutions of 
-0.09, -0.63, and -1.55 MPa water potential. Seeds with an 
approximate aggregate air-dry weight of 0.6 g were poured onto 
the membrane surface of a germination cup which was in contact 
with PEG solution in a germination vial. The time at which the 
seeds were loaded was recorded and the seeds allowed to equili- 
brate for up to 72 hours. Three replicate samples from each seed 

Table 1. Calculated values for Total Percent Germination(G) as a function of time and water potential for scarified seed collected from 5 locations in 
southern Arizona. Values in parentheses represent one-half of the width of calculated confidence intervals (EO.05). 

Seed Post-harvest Water Potential (MPa) 
lot time (weeks) 0 -0.09 -0.3 1 -0.63 -0.94 -1.24 

-______-----________------- ___________(%)_______________________________________ 
3 __I -- -- -- -- -- 
7 l(6) -- -- -- -- -- 

11 16(5) 14(4) lO(6) 6(7) -- 
1 18 36(5) 30(4) 19(5) 9(5) -- 

34 54(5) 42(4) 19(5) 3(8) -- -- 
46 50(6) 35(5) 9(6) -- -- -_ 
88 23(7) 12(6) 70) -- -- -- 

3 8(6) -- -- -- -- -- 
7 31(5) 22(4) 1 l(5) 3(6) -- -- 

11 49(4) 40(3) 26(4) 16(5) 4(7) -- 
2 18 70(5) 59(4) 42(4) 29(5) 14C7) -- 

34 78(5) 65(4) 42(4) 23(6) -- 
46 63(6) 49(5) 24(5) 3(7) -- 
88 570) 43(6) 19(7) 60) 3(9) __ 

3 l(7) -- -- -- -- 
7 24(5) 21(4) 14(5) 3(6) -- 

11 43(4) 39(3) 30(4) 17(4) 5(7) -- 
3 18 65(5) 60(4) 48(4) 31(4) 15(7) 

34 80(5) 73(4) 56(4) 31(6) -- 
46 70(6) 62(5) 42(5) 14(7) -- 
88 69(7) m(6) 40(5) 1 l(9) -- -- 

3 13(6) 12(5) lO(4) 2(5) -- -- 
7 35(4) 34(3) 2’3(3) 17(4) 3(6) -- 

11 53(4) 50(3) 42(3) 28(4) I3(4) -- 
4 I8 74(4) 69(4) 56(4) 39(4) 23(4) 8(8) 

34 83(5) 74(4) 53(4) 29(4) 14(5) -- 
46 69(6) 57(5) 32(5) 7(5) -5(7) -_ 
88 63(g) 47(6) 20(7) 7(9) -- -- 

3 -- -- -- -- -- -- 
7 19(5) 1 l(4) o(5) -- 

II 37(4) 28(3) 15(4) 1 W 5 18 58(4) 47(4) 31(4) 23(5) 1 l(9) -- 
34 67(5) 5ry4) 33(4) 17(5) __ -_ 
46 53(6) 39(5) 17(5) -3(7) -- -- 
88 52(7) 40(5) 22(5) 9(8) -_ -- 

‘Low germination treatments with more than 2 replicate samples exhibiting zero germination were not included in the regression analysis. 
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lot/water potential treatment were removed for water content 
determinationafter approximately 2,4,6,8,10,12,24,36,48, and 
72 hours. Seeds were weighed immediately after removal from the 
germination cup, dried at 105’ C for 24 hours, and reweighed. The 
initial air-dry water content was determined for 6 samples of each 
seed lot for both scarified and nonscarified seeds. 

Results 

The effects of scarification, time after harvest, and water poten- 
tial on total percent germination varied by seed lot but followed a 
genera1 pattern. All seed lots exhibited low initial germination 
regardless of the scarification or water potential treatment (Table 
1). Total percent germination for scarified seeds in the high water 
potential treatments peaked at about 34 weeks, followed by a slow 
decline in germinability except for seeds from site 1 (Table 1). 
Seeds from site 1 had a lower germination peak and a more rapid 
subsequent decline in G (Table I). Total percent germination was 
lower but peaked sooner in some of the reduced water potential 
treatments (Table 1). Total percent germination of nonscarified 
seeds slowly increased over the experimental period but averaged 
less than 6% at 46 weeks and less than 9% at 88 weeks in the 0 MPa 
water potential treatment. 

Germination rate response was similar to total germination 
response (Table 2). Germination rate increased (DSI decreased) for 

about 34 weeks and then either stabilized or decreased (Table 2). 
The decrease in germination rate after 34 weeks was relatively 
greater at reduced water potential (Table 2). 

Seeds scarified at 3,7,11,18,34, and 46 weeks after harvest that 
were tested for germination at 46 weeks after harvest all exhibited 
high total percent germination (Table 3). Three of the seed sources 
in this test exhibited maximum germination for seeds scarified at 
the time of the first experimental run (Table 3). Germination rate 
was uniform and apparently unaffected by date of scarification 
when germinated at 46 weeks (Table 3). 

Scarified seeds took up more water than nonscarified seeds in 
the -0.09 MPa treatment but not necessarily at a greater rate (Fig. 
1). Differences in water uptake were small in the -0.63 and -1.55 
MPa water potential treatments (Fig. 1). Seed water uptake pat- 
terns for seed sources 1 and 4 (data not shown) were similar to that 
shown for seed source 5 (Fig. 1). 

All of the regression models in Tables 1 and 2 were significant at 
the I’SO.01 level. Confidence limits were included inTables 1-3 to 
provide an estimate of mode1 variability. 

The regression models were unconstrained with respect to abso- 
lute possible minimum levels for total percent germination as this 
would have masked some of the variability in the data for low 
germination treatments. The unconstrained models provided the 
best fit for the data but resulted in 2 seemingly erroneous predic- 

2 

Seed Post-harvest Water Potential (MPa) 
lot time (weeks) 0 -0.09 -0.31 -0.63 -0.94 -1.24 

____________________----- ___________(days)_______-_-------_____________________ 
3 __I -- -- -- -- 
I 4.6(1.8) -- -- -_ -- 

11 3.6(1.2) 3.5(1.1) 3.3(1.6) 3.1(2.1) -- -- 
IS 2.4(1.2) 2.2(1.0) 2.2(1.3) 2.8(1.5) -- -- 
34 lAt(1.2) 1.3(1.0) 1.6(1.1) 3.9(2.2) -- -- 
46 1.8(1.3) 1.6(1.2) 2.2( I .4) -- -- -- 
88 1.7(1.9) 1.4(1.4) 2.9(2. I) -- -- -- 

3 2.4(0.7) -- -- -- -- -- 
7 2.2(0.6) 2.2(0.5) 2.3(0.7) 2.8(0.7) -- -- 

11 2.1(0.6) 2.1(0.4) 2.2(0.6) 2.8(0.6) 3.8(l.l) 
I8 1.9(0.5) I .8(0.4) 2.0(0.5) 2.6(0.5) 3.9( I .O) -- 
34 1.5(0.6) I .5(0.5) 1.6(0.5) 2.5(0.5) -- -- 
46 1 A(O.7) 1.3(0.5) 1.5(0.6) 2.q0.6) -- 
88 I .8( 1 .O) I .7(0.8) 2.q 1 .O) 3.6(1.1) 6.5(1.6) -- 

3 3.2(1.1) -- -- -_ -- 
7 2.7(0.8) 2.9(0.6) 3.4(0.8) 4.7(l.l) -- -_ 

I1 2.3(0.7) 2.qo.5) 2.9(0.6) 4.1(0.8) 5.8(1.3) -- 
18 I .8(0.8) 1.9(0.7) 2.3(0.7) 3.3(0.7) 4.8(1.2) -- 
34 1.5(0.8) 1.5(0.6) 1.7(0.6) 2.5(0.9) -- -- 
46 1.7(1.0) 1.7(0.8) 1.9(0.8) 2.6(1.1) -- -- 
88 1.6(1.2) 1.8(1.0) 2.3(0.9) 3.5(1.6) -- -- 

3 2.5(0.6) 2.5(0.6) 2.8(0.5) 3.8(0.6) -- -- 
7 2.2(0.5) 2.2(0.4) 2.4(0.4) 3.qo.5) 5.1(0.7) 

11 2.0(0.4) I .9(0.4) 2.1(0.4) 3.0(0.4) 4.7(0.5) 
18 1.7(0.5) 1.6(0.4) I .8(0.4) 2.6(0.5) 4.2(0.5) 6.qO.9) 
34 I .5(0.5) 1.5(0.4) 1.6(0.4) 2.3(0.5) 3.8(0.6) -- 
46 I .7(0.7) 1.6(0.6) 1.8(0.5) 2.q0.6) 4.2(0.8) -- 
88 1.6(0.8) 1.8(0.7) 2.5(0.6) 4.2(1.2) -- -- 

3 -- -- -- -- 
7 2.7(0.5) 2.8(0.4) 3.0(0.5) -- -- -- 

II 2.3(0.4) 2.4(0.3) 2.7(0.4) 3.QO.5) -- -- 
5 18 1.8(0.4) 1.9(0.4) 2.2(0.4) 2.7(0.4) 3.3(0.8) -- 

34 1.4(0.4) 1.5(0.3) 1.8(0.4) 2.4(0.4) -- -- 
46 1.5(0.5) 1.6(0.4) 2.0(0.4) 2.6(0.5) -- -- 
88 1.7(0.6) 1.9(0.5) 2.4(0.5) 3.2(0.8) -- -- 

‘Low germination treatments with more than 2 replicate samples exhibiting zero germination were not included in the regression analysis. 

3 

4 

Table 2. Calculated values for Days to 50% of G (D ) as a function of time and water potential for scarified seed collected from 5 locations in southern 
Arizona. Values In parentheses represent one-b&f the width of calculated confidence intervals (EO.05). 
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Table 3. Calculated values for G and D as a function of initial scarification time when germinated at 0 MPa, 46 weeks after harvest. Values in 
parentheses represent one-half of the w8th of calculated conffdence intervals (PrO.05). 

Germ Post harvest time 

Index Seed Lot 3 7 11 18 34 46 

1’ 55(5) 55(S) 55(5) 55(5) 55(5) 
.2 

55(5) 
80(8) 81(5) 82(5) 81(6) 

G(%) 
71(7) 

3 
56(9) 

82(7) 81(6) 80(5) 78(5) 74(6) 
4 

70(9) 
85(5) 83(4) 82(4) 79(3) 73(5) 

5 
69(7) 

83(6) 80(5) 78(5) 73(4) 63(5) 55(8) 

1’ 1.6(<0.1) 1.6(<0.1) 1.6(<0.1) 1.6(<0.1) 1.6(<0.1) 
2’ 

1.6(<0. I) 
1.5(<0.1) 1.5(<0.1) 1.5(<0.1) 1.5(<0.1) 1.5(<0.1) 

3 
1.5(<0.1) 

1.5(<0.1) 1.6(<0.1) 1.6(<0.1) 1.6(<0.1) 1.6(<0.1) 
4 

1.5(<0.1) 
1.5(<0.1) 1.5(<0.1) 1.5(<0.1) 1.5(<0.1) 1.5(<0.1) 

5’ 
1.5(<0.1) 

1.6(<0.1) 1.6(<0. I) 1.6(<0.1) 1.6(<0.1) 1.6(<0.1) 1.6(<0.1) 

The regression model for this seed source and germination index had no significant regression coefficients. Predicted germination index values for this seed source and 
germination index, therefore, represent the mean value across all treatment. 

tions of total germination less than 0% (Table 1). In both cases, 
however, the model confidence interval of these values overlapped 
the minimum possible value for G.. 

Ot....I,...I....I....I....I....I....I....I 
0 10 20 30 40 60 60 70 60 

Time (hours) 

Fig. 1. Seed water content of seed source 5 as a function of time, for 
scarified (closed symbols) and nonscariffed (open symbols) seeds at -0.09 
(o,o), -0.63, (W ,v), and -1.55 (m, 0) Mpa water potentials. 

Discussion 

Our understanding of the germination response of Lehmann 
lovegrass is complicated by high variability among seed sources 
(Hardegree and Emmerich 1991). In the current study, hand- 
threshed but nonscarified seeds averaged less than 9% germination 
88 weeks after harvest. This suggests that seed lots previously 
tested for scarification effects may have already been partially 
scarified during harvest, threshing, or storage (Hardegree and 
Emmerich 1991). Differences among seed lots in this study may 
have been caused by preharvest environmental conditions, but our 
study was not set up to evaluate within-seedlot variability or to 
assign significance to environmental conditions at the collection 
sites. All of the seedlots used in this study, however, shared similar 
patterns of after-ripening response and scarification effects. Dif- 
ferences among seed lots in this study were relatively small com- 
pared to those found in previous studies (Hardegree and Emmerich 
1991). 

The trend toward lower germinability with time is inconsistent 
with the data from some previous studies. Hardegree and Emme- 
rich (1991), found high germinability over an extended water 
potential range for seeds tested much later than 88 weeks after 
harvest. The slow decline in germinability after 34 weeks may have 

been due to the storage conditions particular to this study, but 
there was no way to test this with our data. Data from the second 
experiment, however, indicate that there is an interaction between 
scarification and after-ripening. Seeds generally exhibited higher 
total germination 46 weeks after harvest if they were scarified 
before the after-ripening requirement was met (Table 3). Perhaps 
the relatively high total germination of older seed lots from pre- 
vious studies was partially due to inadvertent scarification before 
the seeds were fully ripe. 

The difference in total water uptake between scarified and non- 
scarified seeds is not proportional to the relatively large effect of 
scarification on total percent germination. Scarified seeds took up 
more water than nonscarified seeds at a water potential of -0.09 
MPA but treatment differences were negligible at -0.63 and -1.55 
MPa (Fig. 1). Hardegree and Emmerich (1991) showed that scari- 
fication can result in a large increase in total percent germination at 
water potentials lower than -0.63 MPa but did not measure water 
uptake patterns. 

In the current study, there was so little germination of non- 
scarified seeds that a comparison of scarification effects on germi- 
nation rate could not be made. Hardegree and Emmerich (1991), 
however, found that scarification could advance mean germina- 
tion time by several days. It is unlikely that the negligible change in 
imbibition rates found here and in other studies (Haferkamp et al. 
1977) could be solely responsible for a several day increase in mean 
germination time. 

After-ripening was an important factor for these seed lots only in 
the first 9 months after harvest. Low initial germinability is an 
advantage for Lehmann lovegrass since it produces seeds relatively 
late in the summer rainy season in southern Arizona. Seedbed 
conditions are suitable for germination at this time but late 
summer seedlings would be vulnerable to dry conditions later in 
the fall. 

Germination of Lehmann lovegrass is affected by a multitude of 
environmental variables that will be expressed to a different degree 
at every point in the seed bank (Cox and Martin 1984, Frasier 1989, 
Haferkamp and Jordan 1977, Hardegree and Emmerich 1991, 
Martin and Cox 1984). Natural chemical and physical scarification 
events in the field may insure that some seeds are always viable 
when seed bed conditions become favorable for establishment 
(Brauen 1967, Hardegree and Emmerich 1991). As in previous 
studies, our results show that germination rate of Lehmann love- 
grass can be relatively high for scarified and after-ripened seeds 
(Hardegree and Emmerich 1991). 
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Abstract 

The mass of grass toots of blue gtamr (Bouteloua gracilis 
(HBK.) Lag. ex Steud) and tough fescue (Festuca campesfris 
Rydb.) to a depth of 13 cm is similar but the carbon contents of 
their respective soils ate quite different. The objective of the ptes- 
ent study was to determine some of the physical and chemical 
changes of blue gtama and tough fescue toot masses during 
decomposition under both Brown (Mixed Prairie) and Black 
Chetnozemic (Fescue Prairie) soil-forming conditions. Roots of 
each species in fine-mesh nylon bags were buried in the Ah horizon 
of both a Brown and a Black Chetnozemic soil. Sixteen collections 
were made between November 1987 and June 1989 to determine 
diminution, loss of dry matter and gross energy, and changes in the 
concentration of carbon, nitrogen, methoxyl groups, alkaline- 
soluble organic acids and phenols, structural and nonstructural 
carbohydrates, lignin, and monosaccharides. Differences in sub- 
strate quality were only partially responsible for the increased 
decomposition of root mass in the Brown Chetnozemic soil- 
forming environment. Comminution of toot mass was signifi- 
cantly greater under the Mixed Prairie than under the Fescue 
Prairie conditions for both species. The nitrogen content of blue 
gtama roots increased (from 1.17 to 1.56%) while that of tough 
fescue decreased (from 1.53 to 1.26%) signfficantly over the duta- 

R.R. James assisted with the laboratory analyses, and J. Elder conducted the 
GC-MS analyses. 
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tion of the experiments at both sites. Methoxyl group content and 
energy levels were not useful parameters. Organic acid, phenols, 
and nonstructural carbohydrate contents decreased with time. 
Lignin concentration displayed a significant upward trend for both 
species (from 232 to 280 for blue grama and for 205 to 247 mg/g for 
tough fescue) in the Black Chernozemic soil only. 

Key Words: Alberta, Chetnozemic soils, litter bags, comminution 
of roots, toot quality, Mixed Prairies, Fescue Prairies 

In grassland ecosystems, most of the organic matter input into 
soil is through root biomass. While decomposition of litter and 
straw has been the subject of numerous investigations, few studies 
have been published on decomposition of grassland roots and its 
effect on the quality of soil organic matter. Although Weaver 
(1947) reported on the decomposition of roots in situ of 12 range 
and pasture grasses over a 3-year period, a comprehensive review 
of information on the soil of drier regions (Dregne 1976) contained 
little about soil organic matter per se or about its quality. 

Under pure stands of blue grama (Boureloua grucilis (HBK.) 
Lag. ex Steud) (Brown Chernozemic soil) the Ah horizon con- 
tained considerably more organic matter that was readily decom- 
posable (Dormaar 1975) and less resistant to thermal decomposi- 
tion (Lutwick and Dormaar 1976) than that under pure stands of 
rough fescue (Fesruca campestris Rydb.) (Black Chernozemic 
soil). Up to 39% of the organic matter of Brown Chernozemic soils 
was still in an undecomposed form compared with 5% in Black 
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Chernozemic soils (Dormaar 1977). 
The mass of grass roots of blue grama and rough fescue, to a 

depth of 13 cm, was similar at 12,180 and 12,606 kg/ha, respec- 
tively (Lutwick and Dormaar 1976). Conversely, the carbon (C) 
contents of their respective soils were 2.5 and 11.1%. The quality of 
organic matter and the duration of biological processes in different 
Chernozemic soils is probably affected by such factors as hydro- 
thermal conditions and chemical composition of the vegetation. 
Humus is the relatively biodegradation-resistant fraction of soil 
organic matter. Humification, the biological, microbial, or chemi- 
cal conversion of organic residues to humus (Tate 1987), increases 
from arid to humid soil environments (Konovoa 1966, Anderson 
1972, Karmanov 1974, Dormaar 1977) resulting in an increase in 
humified organic matter content across the gradient from Brown 
to Black Chernozemic soils (Dormaar 1975). This increased humi- 
fication in the Black Chernozemic soil environment has been 
shown to relate, among other factors, to high soil moisture and 
periods of pseudo-gley conditions in the spring (Dormaar 1979). 

Volkovintser (1969) noted that drought reduced biological 
decomposition, and thus, rates of biologically induced mineraliza- 
tion, which would lead to an accumulation of undecomposed 
organic matter. Fuller (1974), on the other hand, observed that the 
relatively low humus content of semiarid soils was due chiefly to 
intense activity of biogenic soil processes, and not, as previously 
proposed, to the low amount of plant material entering the soil. 
However, the exact conditions under which this occurred were not 
specified. 

Although increasing aridity results in a decrease in the rate of the 
biologically controlled humification process, there is an increase in 
the mineralization process. Root mass likely goes through a similar 
series of physical and chemical transformation pathways that may 
differ only in rate in different soil types and grass species. The 
objective of the present study was to determine some of the physi- 
cal and chemical changes of blue grama and rough fescue root 
masses during decomposition under both Brown and Black Cher- 
nozemic soil-forming conditions. 

Materials and Methods 

Description of Sites 
The study sites were at the Agriculture Canada Research Substa- 

tions at Onefour and Stavely, Alberta. The Onefour site is located 
in southeastern Alberta with a semiarid climate and average 
annual precipitation of about 3 10 mm. The vegetation is represen- 
tative of the Stipa-Bouteloua fasciation of the Mixed Prairie Asso- 
ciation (Coupland 1961). The soil is a member of the Orthic Brown 
Subgroup of the Chernozemic Order (Aridic Haploboroll) and has 
a loam texture. The Stavely site is located within the Porcupine 
Hills of southwestern Alberta, about 290 km north-west of One- 
four, having a dry subhumid climate and average annual precipita- 
tion of about 500 mm. The vegetation is representative of the 
Fescue Grassland Association (Coupland and Brayshaw 1953, 
Moss and Campbell 1947). The soil is a member of the Orthic Black 
Subgroup of the Chernozemic Order (Udic Haploboroll) and has a 
clay-loam to loam texture. 

Brown Chernozemic soils occur in the most arid segment of the 
climatic range of Chernozemic soils in Alberta (Agriculture Can- 
ada Expert Committee on Soil Survey 1987). The soil climate of 
this Great Group is typically cold (mean annual soil temperature of 
2 to 8O C), rarely mild, and subarid to semiarid. The Ah horizon is 
brown (IOYR 5/3). These soils are associated with xerophytic and 
mesophytic grass and forb vegetation. Conversely, Black Cherno- 
zemic soils occur in cool to cold subhumid grassland and parkland 
regions. The soil climate of this Great Group is typically cold, 
rarely mild, and subhumid. The Ah horizon is black (IOYR 2/ 1). 
These soils are associated with a native vegetation of mesophytic 

grasses and forbs or with mixed grass, forb, and tree cover. The 
major difference between the 2 soil-forming environments is their 
soil moisture and soil temperatures over winter. Brown Cherno- 
zem soil water contents are typical of subarid or semiarid condi- 
tions with water deficits of 13 to 38 cm. Subhumid conditions on 
Black Chernozemic soils result in water deficits of 6.5 to 13 cm. The 
Onefour and Stavely sites represent Mixed Prairie and Fescue 
Prairie with Brown and Black Chernozemic.soils, respectively. 

Root Sample Preparation 
Roots were collected in June 1987 from the upper 10 cm of the 

Ah horizon of pure stands of blue grama and rough fescue. The 
roots were carefully washed (Lauenroth and Whitman 1971) to 
include all nonsuberised roots (Ares 1976), dried at room tempera- 
ture, and 10 g portions were placed in 16 X 10 cm nylon bags with a 
mesh size of 0.2 mm. Four 10-g samples of each species were 
retained to represent the initial, unburied state (time 0). For each 
species, 32 randomly assigned bags were buried at each site in 
October 1987. The bags were buried at both the Mixed Prairie and 
Fescue Prairie sites within the upper 10 cm of the Ah horizons by 
cutting 4 narrow 2-m-long slits, 1 m apart, and closing the opening 
by pressing the sod together. Each slit contained 16 bags of a single 
species and, at each time of sampling, a single bag was randomly 
selected and removed from each slit to yield duplicate samples for 
each species. Samples were collected in mid-November 1987, at 
monthly intervals until October 1988, and at bimonthly intervals 
until June 1989, for a total of 16 collections. 

The samples were carefully taken out of the bags, placed on 
trays, and dried at 60” C to a constant mass. The dried material 
consisted of fine and coarse fractions, which were weighed separ- 
ately. Following weighing, fractions were milled to pass a l-mm 
sieve and pooled for chemical analyses. Subsamples were analyzed 
for moisture (24 hours at 105’ C) and ash contents (4 hours at 700° 
C). This allowed for all data to be expressed on an oven-dry, 
ash-free basis. 

Chemical Analyses 
Decomposition of roots is regulated, among other factors, by 

their chemical nature. To examine the decomposition process one 
can measure changes in a number of chemical parameters. Those 
selected for this study, based on previous work (Dormaar 1975, 
Herman et al. 1977, Dormaar et al. 1981), were C, N, methoxyl 
groups, gross energy, alkaline-soluble organic acids and phenols, 
lignin, and structural and nonstructural carbohydrates. Not all 
these parameters may be meaningful under the conditions of the 
experiment. 

Since nitrogen content has different effects on carbohydrate and 
lignin decomposition, carbon mineralization is much better pre- 
dicted by a combination of the C/ N ratio and lignin/ carbohydrate 
ratio than by the C/N ratio alone (Herman et al. 1977). This index 
of decomposibility, when applied to blue grama roots collected in 
the field, established that roots collected in May were potentially 
more resistant to decomposition than those collected in October 
(Dormaar et al. 1981). 

Total C and N were measured by dry combustion in a Carlo Erba 
NA 1500 Analyzer. Methoxyl (OCHs) groups were determined by 
a modified Zeisel technique (Technical Association of the Pulp and 
Paper Industry 1972). Gross energy of roots was determined on 
0.6-g samples by combustion in a Parr 1241 adiabatic oxygen 
bomb calorimeter. 

For detailed analysis of root material, 1 g of each root sample 
was first extracted in a Soxhlet apparatus for 24 hours with ethyl 
ether and, after drying of the root mass, the reflux was repeated 
with a 50/50 methanol/chloroform mixture for another 24 hours. 
To obtain alkaline soluble organic acids and phenols, a 0.5-g 
subsample of this extracted root mass was hydrolyzed under nitro- 
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gen in 25 ml of 0.1 N NaOH for 24 hours on an orbital shaker and 
processed as outlined by Dormaar and Willms (1990). Lignin and 
the monosaccharide components of nonstructural as well as struc- 
tural carbohydrates were obtained on the remainder of the ethyl 
ether and methanol/chloroform extracted root material as out- 
lined by Morgenlie et al. (1988). 

Qualitative analyses were carried out with a Hewlett Packard 
5985B gas chromatograph-mass spectrometer (GC-MS). Identifi- 
cations were based on a search of the GC-MS data system and 
authentic samples. Quantitative analyses were conducted with a 
Hewlett Packard 5840A gas chromatograph, using a 25-m capil- 
lary column wall-coated with cross-linked methyl silicon (HP-l) 
for organic acids and phenols, and a 30-m capillary column wall- 
coated with 5% diphenyl/95% dimethyl polysiloxane (DB-5) for 
monosaccharides (Morgenlie 1975). 

A decomposibility index was calculated according to Herman et 
al. (1977) as (C:N) X (To lignin)/(% total carbohydrate-0.5). Total 
carbohydrate was estimated as the sum of soluble and structural 
carbohydrates. 

All data were analyzed statistically using nonparametric tests 
because the observations varied considerably with sampling time. 
Trends over time were evaluated with the Mann-Whitney-Wilcoxon 
test (Lehmann and D’Abrera 1975). Comparisons were made 
between specific treatments with the Wilcoxon’s signed rank test 
and executed using the univariate procedure in SAS (SAS Institute 
1990). 

Results 

Particle Size and Mass 
The comminution of root mass from coarse to fine was signifi- 

cantly (P<O.Ol) greater on the Mixed Prairie site than on the 
Fescue Prairie for both species (Fig. la, Table 1). The extent of this 
process was greater (PzO.021) for rough fescue than blue grama on 
the Mixed Prairie site but similar (P=O.659) for the 2 species on the 
Fescue Prairie site (Table 1). 

Over the duration of the experiment, root mass of blue grama 
decreased more than that of rough fescue (Fig. lb). The coarse to 
fine ratios of blue grama and rough fescue under Mixed Prairie 
conditions were 1.2 and 1 .O, respectively, and under Fescue Prairie 
were 27 and 54, respectively. The difference was significant 
(P=O.O 12) within the Black Chernozemic soil-forming conditions 
on the Fescue Prairie (16.1 vs 12.4%), but not Mixed Prairie 
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Fig. 1. Root mass (g) of blue grama (Fig. la) and rough fescue (Fig. lb) 
buried in Mixed ( - ) and Fescue Prairie (---) Ah horizons (*a** 
coarse; 0000 fine). 

(P=O. 156) under Brown Chernozemic soil-forming conditions 
(17.5 vs 15.5%). Site affected dry matter losses of only rough fescue 

Table 1. Statistical probabilities associated with effect of species and site on chemical constituents of buried root mass. 

Trends over timer 
Chernozemic soil 

Characteristic 

Brown Black 
Blue grama 

Comparisons between paired treatments* 
Rough fescue Blue grama Rough fescue ~ 

A B C D AB CD AC BD 

Coarse (g) 
Fine (g) 
Loss (g) 
Nitrogen (%) 
Carbon (%) 
OCHs (%) 
Energy @J/g) 
Organic acids 

and phenols (pg/ g) 
Structural 

carbohydrates (mg/g) 
Non-structural 

carbohydrates (mg/g) 
Lignin (mg/ g) 
Decomposibility index 

<O.OOl <O.OOl <O.OOl <0.001 0.015 0.131 <O.ool <O.ool 
<O.OOl <O.OOl <O.OOl 0.045 0.021 0.659 <O.OOl <O.OOl 
<O.OOl <0.001 <O.OOl <O.OOl 0.156 0.012 0.501 <O.OOl 
<O.OOl 0.009 <O.OOl <o.oo I 0.002 0.811 <O.OOl 0.049 

0.043 0.131 0.03 1 0.363 <O.OOl 0.006 0.022 0.303 
0.066 0.378 0.004 0.081 0.034 0.074 0.007 0.076 
0.069 0.209 0.298 0.295 0.018 0.001 0.001 <OS@1 

<O.OOl 

<o.oo I 

<O.OOl 

<O.OOl 

0.009 0.034 <0.632 

0.078 0.452 

<O.OOl 

0.315 

<O.OOl 

0.537 

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

0.571 

0.940 

0.571 

<O.OOl 0.016 <O.OOl <O.OOl 0.006 
0.201 0.075 0.001 0.012 <O.OOl 
0.001 0.005 0.102 0.005 <O.OOl 

0.225 0.055 
0.017 0.087 
0.056 0.752 

ITest against a trend with an adaptation of the Mann-Whitney-Wilcoxon test (Lehmann and D’Abrera 1975). 
*Wilcoxon’s signed rank test @AS Institute 1990). 
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Fig. 2. Total nitrogen content (dry, ash-free) of root mass of rough fescue 
(****) and blue grnma (0000) buried in Mixed ( - ) and Fescue Prairie 

Fig. 4. Methoxyl group content, (dry, ash-free) of root mass of rough 
fescue (oo*o) and blue grama (0000) buried in Mixed ( - ) and Fescue 

(---) Ah horizons. Prairie (---) Ah horizons. 

(P<O.Ol) with greater losses occurring at the Mixed Prairie 
location. 

on the Mixed Prairie site was greater (P=O.O34) than in rough 
fescue and blue grama on the Fescue Prairie site (P<O.Ol). 
Decreasing methoxyl content is considered to indicate an increas- 
ing degree of humification. Nitrogen and Carbon 

The N content of blue grama roots increased (P<O.Ol) over the 
duration of sampling in both Mixed Prairie and Fescue Prairie 
sites (Fig. 2, Table 1). Over the same period, N content of rough 
fescue decreased (P<O.Ol) despite peaking in late winter of the first 
year (Fig. 2, Table 1). The N content of blue grama increased more 
(P<O.Ol) and that of rough fescue decreased more (P=O.O49) on 
the Mixed Prairie site. 

The C content of root mass peaked in late spring and decreased 
(P<O.O5) over the duration of sampling for blue grama on both 
sites (Fig. 3, Table 1). The C content of blue grama was greater 
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Fig. 3. Total carbon content (dry, ash-free) of root mass of rough fescue 
(****)and blue grama (0000) buried in Mixed ( - ) and Fescue Prairie 
(---) Ah horizons. 

(P<O.Ol) than that of rough fescue on both sites and, for blue 
grama, was greater (P=O.22) on the Mixed Prairie than the Fescue 
Prairie site. 

Methoxyl Groups and Energy 
The methoxyl group content varied in a cyclical manner (Fig. 4) 

and only blue grama on the Fescue Prairie site showed a significant 
(P=O.O04) increase (Table 1). The cycles on the Mixed Prairie site 
appeared to be inverse to those on the Fescue Prairie site, over the 
first year, while changes in blue grama tended to lag behind those 
of rough fescue (Fig. 4). The methoxyl group content in blue grama 
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Since cyclical patterns in the energy content of roots of both 
species were observed (Fig. 5), a linear trend over the duration of 
the trial was not detected (Table 1). For each species, the energy 
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Fig. 5. Energy content (dry, ash-free) of root mass of rough fescue (****) 
and blue grama (0000) buried in Mixed ( - ) and Fescue Prairie (---) 
Ah horizons. 

content of roots buried in the Mixed Prairie site was greater 
(P<O.Ol) than those at the Fescue Prairie site and, at each site, the 
energy content of blue grama was greater (PCO.05) than that of 
rough fescue (Fig. 5, Table 1). 

Organic Acids and Phenols 
The content of organic acids and phenols, representing the sum 

of the GC outputs, peaked during the first year of study in winter 
on the Mixed Prairie site and in spring on the Fescue Prairie site 
(Fig. 6). Over the trial period, their levels decreased significantly 
(P<O.O5, Table 1). Rough fescue had significantly (P<O.Ol) less 
organic acids and phenols than blue grama at each site; however, 
site differences for each species were not detected (PBO.05). 

Structural and Non-structural Carbohydrates and Lignin 
Structural carbohydrates of rough fescue and blue grama 

decreased (P<O.Ol) on the Mixed Prairie site but showed no 
apparent trend on the Fescue Prairie site although a well-defined 
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Fig. 6. Total organic acid and phenol content (dry, ash-free) in the 
alkaline-soluble fraction of solvent-washed root mass of rough fescue 
(OO.D) and blue grama (0000) buried in Mixed ( - ) and Fescue Prairie 
(---) Ah horizons. 

depression was observed during summer (Fig. 7, Table 1). Structu- 
ral carbohydrate content did not differ (P>O.O5) between species 
by site or between sites by species (Table 1). 
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Fig. 9. Lignin content (dry, ash-free) of root mass of rough fescue 
(.***) and blue grama (0000) buried in Mixed ( - ) and Fescue Prairie 
(---) Ah horizons. 

The lignin content was depressed in spring or summer of the first 
year (Fig. 9) but displayed a significant (P<O.O5) upward trend for 
both species only on the Fescue Prairie site (Table 1). Blue grama 
had a greater lignin content than rough fescue while the content 
was greater in blue grama on the Fescue Prairie site than the Mixed 
Prairie site (P=O.O17). 

Decomposibility Index 
The decomposibility index of blue grama tended to decrease 

(P<O.O 1 on Mixed Prairie site and P=O. 102 on Fescue Prairie site) 
while rough fescue tended to increase (P<O.Ol) (Fig. 10, Table 1). 
The index was greater for blue grama than for rough fescue 
(P<O.Ol) on both sites. 

160 
1 

Fig. 7. Structural carbohydrate content (dry, ash-free) of root mass of 2 140- 

rough fescue (**a*) and blue grama (0000) buried in Mixed ( - ) and -- 
Fescue Prairie (---) Ah horizons. 

Nonstructural carbohydrates decreased for both blue grama 
(P<O.Ol) and rough fescue (P<O.O5) (Fig. 8, Table 1). Rough 
fescue had a greater (P<O.Ol) concentration of nonstructural car- 
bohydrates than blue grama on both sites but the concentration 
within species did not differ (P>O.O5) between sites. 
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Fig. 8. Nonstructural carbohydrate content (dry, ash-free) of root mass of 
rough fescue (*..a) and blue grama (0000) buried in Mixed ( - ) and 
Fescue Prairie (---) Ah horizons. 
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Fig. 10. Decomposibility indices of root mass of rough fescue 
(*o*•) and blue grama (0000) buried in Mixed (-) and Fescue Prairie 
(---) Ah horizons. 

Discussion 

Root decomposition and transformation of chemical constitu- 
ents followed significant trends that were influenced by species and 
site. The major difference between the soil-forming environments 
of the 2 sites is soil water content, distinguished by the subarid 
Mixed Prairie site and the semihumid to subhumid Fescue Prairie 
site. Even though the use of litter bags may underestimate actual 
decomposition due to reduced soil-root contact, and it estimates 
net decomposition only (Wieder and Lang 1982), it is assumed that 
the results would, nevertheless, reflect trends characteristic of 
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unconfined decomposing root mass and, as such, allow for com- 
parisons among species and sites. Root turnover in the Mixed 
Prairie has been estimated at 18% annually (Sims and Coupland 
1979) while, in the first year of the present study, weight losses were 
8.1 for blue grama and 9.1% for rough fescue roots on the Mixed 
Prairie. 

Although soil temperatures were not measured over the dura- 
tion of the experiment and site comparisons are scarce, greater 
temperature fluctuations in the soil are expected on the Mixed 
Prairie than on the Fescue Prairie because of less surface litter 
(Willms, unpublished data). Temperatures at the 7.5 cm depth in 
grassland near the Fescue Prairie site (D. Storr, unpublished data) 
were below 0” C from 25 November 1965 to 30 March 1966 and 
from 1 December 1966 to 23 March 1967, and varied between -0.3 
and -9’ C and between -0.7 and -6.1’ C, during these periods. 
That is, the Ah horizon at that depth was frozen solid for about 4 
months. Grassland near the Mixed Prairie study site had, during 
the winter of 1990/ 91, soil temperatures below 0’ C at 0800 hours 
between 3 November and 14 March with 25 days of above 0” C 
temperatures scattered through this period. There were 42 days 
between 3 November and 6 March with temperatures above 0” Cat 
1600 hour. Although abiotic mechanisms may play only a minor 
role in the decomposition processes of buried litter (Moorhead and 
Reynolds 1989), physical breakdown in Brown Chernozemic soils 
is likely the result of abiotic fragmentation, such as the mechanical 
force of repeated freezing and thawing. This, together with low 
biological activity at the Mixed Prairie site vs the Fescue Prairie 
site (J.L. Neal, Jr., unpublished data), leads to a high proportion 
(up to 39%) of organic matter being in undecomposed, fragmented 
form (Dormaar 1977). The increase in surface area of the root mass 
during the initial stages enhances subsequent intense mineraliza- 
tion (Kononova 1966, Ares 1976) that occurs in arid soil environ- 
ments. Mineralization, e.g., ammonification (O’Brien 1978), is 
certainly biotically driven, but is also partly abiotically driven, 
such as by photo-chemical degradation (Zepp 1988) and fluctuat- 
ing temperature-moisture regimes (Nyhan 1976). Rain events 
superimposed on elevated summer soil temperatures are an impor- 
tant driving variable allowing pulses of microbially mediated 
ammonification (Wildung et al. 1975, Cameron and Kowalenko 
1976, Steinberger and Whitford 1988). Similarly, litter left on the 
surface in deserts is macerated rather than humified, followed by 
rapid oxidation (West 1979, Montana et al. 1988). 

Although, some trends are not statistically significant, several 
conclusions can be drawn. The present study can be summarized as 
follows: Physical comminution, regardless of type of root mass, 
was greatest at the semiarid site. Nitrogen content of rough fescue 
roots generally decreased while that of blue grama roots generally 
increased, regardless of site. The C/N ratio of the blue grama roots 
decreased over time due to increased N content, regardless of site, 
while that of rough fescue remained the same (semiarid) or even 
increased (subhumid). Levels of total organic acids and phenols 
generally decreased, although they increased initially, and under 
semiarid conditions the levels in blue grama were generally greater 
than those of rough fescue, regardless of site. Structural carbohy- 
drates first decreased then increased for both species in the sub- 
humid soil environment; conversely, they generally decreased in 
the semiarid soil environment. Nonstructural carbohydrates de- 
creased at both sites although more slowly for the rough fescue 
root mass. Finally, lignin of roots of both species initially 
decreased and then increased at both sites. 

It is clear that both soil environment, as determined by site, (A vs 
C and B vs D, Table 1) and root chemistry (A vs B and C vs D, 
Table 1) were significant discriminating variables in the complex 
process of root decomposition. In terms of site, abiotic characteris- 
tics, such as freezing/ thawing (Environment Canada, Atmos- 

pheric Environment Service monthly record meteorological obser- 
vations in Canada, Ottawa, Ontario) and rain events (Sala and 
Lauenroth 1982), may well be responsible for initiating breakdown 
of root mass in the Mixed Prairie. The former could be accepted as 
the cause of increased root diminution while the latter would allow 
for increased microbial activity (J.L. Neal, Jr., unpublished data) 
and hence increased mineralization regardless of species. In terms 
of substrate chemistry, some of the parameters, such as N, acted 
independent of site, while others, such as structural carbohydrates, 
interacted with site. 

The organic fraction of the Brown Chernozemic Ah horizon has 
a large proportion of nonextractable organic constituents consist- 
ing of partially decomposed roots and relatively large amounts of 
clay-associated humus (Anderson 1972, Dormaar 1977). The 
incentive for the present study was to better understand the dynam- 
ics of root decomposition under 2 soil climatic environments. The 
trends observed underscore the importance of root diminution 
under Brown Chernozemic soil-forming factors. Differences in 
substrate quality played a lesser role under the conditions of the 
experiment. Based on soil moisture and temperature distributions 
over the summer months (Agriculture Canada Research Station, 
Lethbridge, Alberta, unpublished weather data file), it is also 
concluded that the “hydrothermal”conditions probably override, 
even though differently, substrate quality at both sites. 
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Abstract 

Eight ruminally cannulated crossbred steers (average weight 336 
kg) grazing native blue grama (Boulelouagracilis[H.B.K.]) range- 
land were used in a repeated measures design to evaluate effects of 
monensin ruminal delivery devices (MRDD) and forage phenol- 
ogy on ruminal digestion. Three periods were assessed: mid- 
August (Aug.), early October (Oct.), and mid-November (Nov.). 
One MRDD was placed in the reticulum of 4 steers via the ruminal 
cannula 21 days before each period. Intake was estimated using 
total fecal collections. Diet samples were collected using 3 esopha- 
geally fistulated steers. Ruminal fill was measured by ruminal 
evacuation; rate and extent of in situ ruminal neutral detergent 
fiber disappearance were estimated before ruminal evacuations. 
Ruminal passage rates, retention time, and apparent total tract 
organic matter digestibility were estimated using indigestible neu- 
tral detergent fiber. In vitro organic matter disappearance of eso- 
phageal masticate did not differ (m.05) in Aug. and Oct. (average 
of 53.7%), but declined (P<.OS) in Nov. (48.7%), whereas organic 
matter digestibility was greater (P<.lO) in Aug. (62.3%) than in 
either Oct. (55.2%) or Nov. (53.9%). Release of monensin from the 
bolus (68 mg day-‘) was less than expected (100 mg day-‘). Intake, 
organic matter digestibility, ruminal passage rates, retention time, 
pH, and ammonia were not affected (C-JO) by MRDD. In situ 
neutral detergent fiber disappearance at 96 hours was decreased 
(P<.lO) by MRDD (68 vs 65% for control and MRDD, respec- 
tively). As the grazing season progressed, intake declined (P<.lO), 
whereas ruminal fill and retention time increased (P<.O5), and 
passage rate of indigestible neutral detergent fiber decreased 
(P<.OJ). At 48 hours in situ neutral detergent fiber was greatest 
(P<.O5) in Aug. and least (P<.OS) in Nov. 

Key Words: beef cattle, digestion, rangeland, forage quality 

Supplementing grazing beef cattle with the polyether ionophore, 
monensin, using grain or protein supplements as carriers increases 
daily gain (Oliver 1975, Potter et al. 1976, Horn et al. 1981, Good- 
rich et al. 1984, Wagner et al. 1984). Nonetheless, labor and carrier 
cost associated with daily monensin supplementation can substan- 
tially reduce its cost effectiveness. To decrease supplementation 
cost, salt-limiting (Muller et al. 1986) and ruminally dispensed 
(Parrot et al. 1986) methods of administering monensin have been 
developed. Regulation of monensin intake with salt does not elim- 
inate labor cost or adequately control monensin dosage (Parrott et 
al. 1990). Monensin ruminal delivery devices (MRDD) are designed 
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to deliver 100 mg day-’ of monensin in the rumen for a period of 
150 days. This delivery method substantially decreases labor cost 
and eliminates carrier cost. Reported increases with MRDD in 
daily gain by steers and heifers range from 2.3 to 13.1% over a 
broad range of pasture types (Parrott et al. 1990). Mechanisms by 
which monensin increases daily gain include increased molar pro- 
portion of ruminal propionate (Dinius et al. 1976, Dinius et al. 
1978), decreased methanogenesis (Thornton and Owens I98 1, 
Wedegaertner and Johnson 1983), and possible changes in animal 
metabolism (Galyean and Owens 1988). In addition, Ellis et al. 
(1984) suggested when monensin is supplemented to forage diets 
(45 to 65% organic matter digestibility) with a grain carrier, forage 
intake and utilization are increased. This increase is believed to 
result from an increase in ruminal fill of undigested dry matter and 
a decrease in ruminal turnover of forage residues. 

The objective of our study was to determine the effects of 
MRDD on intake and ruminal digestion of forages. Use of this 
bolus allows monensin to be examined in a grazing context without 
possible confounding effects of grain-based carriers. To determine 
effects of forage quality on ruminal digestion of forages and to 
address the concerns expressed by Sprott et al. (1988) that efficacy 
of monensin is likely to vary with forage quality, the experiments 
were conducted at 3 different times during the grazing season. 

Materials and Methods 

The study was conducted at the Clayton Livestock Research 
Center in northeastern New Mexico during summer and fall, 1987. 
Eight ruminally cannulated crossbred [Longhorn X (Hereford X 
Angus)] steers (initial weight 336 kg) grazed a 12-ha native blue 
grama (Bouteloua grucilis [H.B.K.]) pasture during three, 14day 
collection periods. Water and salt blocks containing trace minerals 
(All-Min Mineral Block, Worley Mills, Clovis, N.M.) were availa- 
ble at all times. Sample collection periods were conducted during 
mid-August (Aug.), early October (Oct.), and mid-November 
(Nov.). Four steers were assigned randomly to receive 1 bolus 
(provided by Lilly Research Laboratories, Greenfield, Ind. 46104) 
during each sampling period. The bolus was placed in the reticu- 
lum via the ruminal cannula 21 days before each collection period; 
this procedure was designed to ensure that each bolus would be at 
the same stage of monensin delivery during each period. Monensin 
ruminal delivery devices were removed from each steer at the 
completion of each sample collection period. Between periods, all 
steers grazed a similar adjacent pasture to prevent forage availabil- 
ity from becoming a limiting factor in the study pasture. All steers 
were weighed on day 1 and 14 of each period. 

On days 1 and 2 of each collection period, 3 esophageally fistu- 
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lated steers (2 steers during Nov.) grazing in common with rumi- 
nally cannulated steers, were used to obtain representative diet 
samples. Morning and afternoon esophageal extrusa collections 
(approximately 30 to 40 min per collection) were obtained without 
prior fasting. Esophageal masticate was composited by steer within 
period, freeze dried, and analyzed for neutral detergent fiber, acid 
detergent fiber, acid detergent lignin, acid detergent insoluble nit- 
rogen (Goering and Van Soest 1970), and in vitro organic matter 
disappearance (Tilley and Terry 1963). Ruminal fluid inoculum for 
in vitro organic matter disappearance estimations was obtained 
from steers fed blue grama hay. In vitro organic matter disappear- 
ance of forage from all 3 collection periods was measured in 1 in 
vitro run conducted after completing the pasture phase of the 
experiment. Nitrogen, dry matter, and ash were constituents ana- 
lyzed by standard methods (AOAC 1984). Available N (nitrogen) 
was calculated by subtracting acid detergent insoluble N from total 
Kjeldahl N. During each period, an aliquot of the composited 
esophageal masticate was air dried for 72 hours at 45’ C, then 
ground to a 2-mm screen to provide substrate for estimates of in 
situ neutral detergent fiber disappearance. 

subtracted from the initial weight, and the difference was assumed 
to be the loss of monensin and matrix from the bolus. The differ- 
ence in MRDD weight was multipled by .3667 (16.5 g monensin in 
45 g of core matrix) and divided by the number of days the MRDD 
was in the rumen to calculate daily monensin release rate. The 
design of MRDD is described in detail by Parrott et al. (1990). 

Esophageal extrusa, ruminal digesta, and fecal samples were 
analyzed for 96-hour indigestible neutral detergent fiber (Krysl et 
al. 1988) and used to estimate indigestible neutral detergent fiber 
passage rates, ruminal turnover times, and apparent organic mat- 
ter digestibility. Passage rates (70 hour-‘) of indigestible neutral 
detergent fiber were estimated as follows: 

(Daily INDF intake) (Ruminal INDF till)-’ 
24 hours 

All steers were equipped with total fecal collection bags on days 
3 through 6, and total fecal output was measured. Before initiating 
the study, all steers were sufficiently tamed and fitted with fecal 
bags to lessen possible stress caused by total fecal collection tech- 
niques; this procedure should have reduced negative effects of fecal 
collections on intake and increased the accuracy of fecal output 
measurements. Fecal bags were emptied twice daily (0600 and 1800 
hours) to decrease animal stress and minimize fecal loss from the 
bags. Feces were weighed and mixed thoroughly, subsampled, 
composited within steer across days, and freeze dried for analysis 
of dry matter and ash (AOAC 1984). Organic matter intake was 
estimated by dividing fecal organic matter output by in vitro 
organic matter indigestibility or by marker-based estimates of 
organic matter digestibility (described later). 

Ruminal turnover time, or the average time that indigestible 
neutral detergent fiber spends in the rumen, was estimated as the 
reciprocal of the passage rate. Both passage rate and ruminal 
turnover estimates require an assumption of first-order ruminal 
kinetics. Apparent organic matter digestibility was calculated as: 

100 - 100 [(% INDF in forage) (96 INDF in feces).‘] 

where INDF = indigestible neutral detergent fiber 
Forage availability was estimated during each period by clipping 

randomly located, .2-m circular plots to a height of 2 cm on day 15. 
Steins two-stage procedure was used to determine the number of 
plots necessary to estimate forage availability within 10% of the 
pasture mean (Pieper 1978). 

In situ neutral detergent fiber disappearance was estimated on 
days 8 to 11. Approximately 3 g of esophageal masticate was 
placed in 9-cm X 16-cm nylon bags (mean pore size of 28 pm X 40 
pm). Duplicate bags plus a blank were placed in the rumen of each 
animal and removed after incubation times of 0,3,6,9, 12,24,48, 
72, and 96 hours. Upon removal, bags were rinsed in tap water until 
the water passing through the bag was clear. Bags were dried at 50’ 
C for 48 hours, followed by 100” C for 1 hour. Residue remaining 
in the bags was weighed and neutral detergent fiber content deter- 
mined (Goering and Van Soest 1970). Values of neutral detergent 
fiber disappearance were fitted to the model described by Mertens 
and Loften (1980) to calculate rates of neutral detergent fiber 
disappearance. 

Data were analyzed as a split-plot design, using the General 
Linear Models procedure of SAS (1988), with treatment (bolus) in 
the main plot and collection period in the subplot. Treatment 
effects were evaluated by an F test when treatment X period 
interactions were not significant (m.05). When significant inter- 
actions were detected, treatment effects were analyzed within 
period; differences among period means were separated by pre- 
dicted difference (SAS 1988). Forage quality and bolus release 
data were analyzed as a randomized complete block (steers as 
blocks), with steer X period as the testing term. 

Results and Discussion 

Chemical analyses of esophageal masticate (Table 1) indicated a 
slight improvement in diet quality in October compared with 
August, and a decline in diet quality in November compared with 

Table 1. Chemical composition and digestibility of diets selected by eso- 
phngeally fistulated steers grazing blue grama rangeland. 

At hour 0800 on day 12, the rumen of each steer was evacuated 
manually, and digesta was weighed. Digesta was mixed tho- 
roughly, and a subsample freeze dried to determine dry matter, 
organic matter, and neutral detergent fiber contents. A subsample 
of ruminal digesta was strained through 4 layers of cheesecloth, 
and 100 ml of ruminal fluid were collected. Ruminal pH was 
measured (combination electrode), afterwhich the sample was 
acidified with 1 ml of 7.2 N sulfuric acid and frozen at -20” C. 
Later, samples were thawed and centrifuged at 10,000 X gravity for 
12 min. Supernatant fluid was used to measure ruminal ammonia 
calorimetrically using the phenol-hypochlorite assay of Broderick 
and Kang (1980). Ruminal volatile fatty acid concentrations were 
analyzed by gas chromatography using 2-ethyl butyric acid as an 
internal standard in a 25% (weight volume“) meta-phosphoric acid 
solution (Goetsch and Galyean 1983). 

Sampling period 

Item” 
Mid- Early Mid- 

August October November SEb 

OM, % DM .9 

NDF 
ADF 
ADL 
Nitrogen 
ADIN 
Available NC 
INDF 
IVOMD 

87.7 84.6 86.3 
____________-%OM_______- 
84Sd 82.1e 89.5’ 
50.2 52.9 55.9 

6.3 8.1 8.0 
1.P 1.4” .9d 

.2 .2 .2 

.9d 1.2” .7d 
23. Id 26.9d’ 30.4’ 
53.7d 53.7d 48.7” 

_____ 

.6 
1.5 
.8 
.05 
.02 
.07 
.8 
.9 

“OM q  organic matter; NDF = neutral detergent fiber; ADF q  acid detergent fiber; 
ADL = acid detergent lignin; ADIN = acid detergent insoluble N; INDF = indigestible 
NDF; IVOMD = in vitro organic matter disappearance. 
bStandard error of least squares means, n = 3 (mid-November n = 2). 
‘Available N = Total kjeldabl N - ADIN. 
d,‘.‘Means in the same row with different superscripts differ (P<.O5). 

During ruminal evacuations, MRDD were recovered, rinsed in 
cold water until all residue was removed, air-dried for 24 hours, 
and desiccated for 7 days. Weight of recovered MRDD was then 
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Fig. 1. Average monthly maximum temperature (Temp) and precipitation 
(PPT) for Clayton, N.M., for 1987 (New Mexico State Climatologist 
1988), and for years 1951 to 1980 (NOAA 1985). 

both August and October. Differences (P<.OS) in masticate neu- 
tral detergent fiber content were noted among all periods. In 
addition, esophageal masticate contained less (P<.O5) available N 
in November and August than in October. Masticate in vitro 
organic matter disappearance did not differ (B.05) in August and 
October (53.7%) but was least (P<.O5) in November (48.7%). 
Precipitation in July was 30% of normal (Fig. I), and most of the 
August precipitation fell after the August collection period, sug- 
gesting that the August period reflects summer drought conditions. 
High precipitation in late August and nearly normal precipitation 
in September, as well as increased growth of cool-season grasses 
(Table 2), indicate that extrusa samples collected in October cor- 
respond to a period of late-season growth. Low temperatures in 
November and low precipitation in October and November indi- 
cate a period of early winter dormancy for forage in November. 

Forage availablity data (Table 2) were collected to determine if 
availability might limit forage intake. Forage availability increased 

from 987 kg ha-’ in August to 1,093 kg ha-’ in October, then 
declined to 790 kg ha-’ in November. Data concerning forage 
conditions, including forage availability, that are likely to affect 
forage intake are limited for this range type. A decline in forage 
intake attributed to fatigue appears to occur when grazing time 
exceeds approximately 10.8 hours on crested wheatgrass pastures 
(Agropyron cristatum L. and Agropyron desertorum Fisch.; Scar- 
necchia et al. 1985) and 12 hours on tropical pastures (Stobbs 
1975). Although total grazing time was not quantified, observa- 
tions during the daylight hours indicate grazing times were less 
than 10 hours per day for all periods of our study. Further, studies 
by Hand1 and Rittenhouse (1972) on crested wheatgrass pastures 
indicate that dry matter intake by steers was not limited at or above 
forage availability of 176 kg ha-‘. 

Estimated bolus release rate in our study was 68 mg day-’ (SD q  
8.8). Release was 32% less than the manufacturer specified release 
rate (100 mg day-‘), but similar to release rates described by Con- 
rad and Skinner (1989). Release rate did not vary (m.10) by 
period, but a steer (bolus) effect was observed (P = .054). Other 
researchers using MRDD found the release rate to be at, or near 
100 mg day-’ (Davenport et al. 1989, Ward et al. 1990a, 1990b). 
According to Conrad and Skinner (1989) release of monensin 
depends on hydration and abrasion of the core material. Initially 
the core faces are less hydrated, and firmer, lessening the effect of 
abrasion by ruminal contents on release of monensin from the core 
material. This initial lag phase, resulting from hydration, suggests 
that ruminal delivery of monensin during the collection period may 
have been greater than observed for the entire 35 days. Knowledge 
of this lag phase may affect the interpretation of results reported by 
others (Davenport et al. 1989; Ward et al. 1990a, 1990b). Differen- 
ces in release rate also may result from different procedural metho- 
dology (cleaning and drying of boluses), differences among batches 
or, more likely, forage type. 

Forage intake (15.4 vs 14.4 g organic matter kg-’ body weight for 
control and MRDD, respectively) and apparent organic matter 
digestion (56.5 vs 57.7 for control and MRDD, respectively) were 
not affected (p>. 10) by bolus; however, differences among periods 
were detected (Table 3). Organic matter digestibility, as estimated 
by the indigestible neutral detergent fiber ratio technique, was 
greater (K.05) during August than during either October or 
November, which did not differ (m.10). Forage intake varied 

Table 2. Species compositiona and forage availability of study pasture for 3 periods. 

Species 

Grasses: 
Blue (Boureloua gracilis H.B.K.) grama 
Buffalograss (Buchole ductyloides Nutt.) 
Sideoats (Boufeloua currependulu Micbx.) grama 
Tobosa (Hiluriu muticu Buckl.) grass 
Bottlebrush squirreltail (Situnion hystrix Nutt.) 
Western wheatgrass (Agropyron smithii Rydb.) 
Sand dropseed (Sporobulus cryptundrus Torr.) 
Silver bluestem (Andropogon succhuroides Steud.) 
Vine mesquite (Punicum obtusum H.B.K.) 
Threeawns (Arisridu sp.) 
Japanese brome (Bromusjuponicus Thunb.) 

Forbs: 
Slim flower scurf-pea (Psoruleu tenuzj7oru Pursh) 
Scarlet globe-mallow (Spuerulceu coccineu Pursh) 
Milk-vetch (Asrrugulus sp.) 
Other 
Forage availability, kg ha-’ 

“Nomenclature follows Great Plains Flora Association, 1986. 

Sampling period 
Mid-August Early October Mid-October 

____________________%-----------___---____ 

64.4 56.3 73.7 
3.9 2.1 5.2 
4.9 3.7 2.8 

11.7 9.2 6.7 
4.5 5.8 3.1 

4 .6 
.4 1.4 1.2 

.5 
2.1 1.6 

3.8 5.6 4.3 
Trace 3 .2 

3.5 4 Trace 
1 .3 

Trace 
.5 1.2 

987 1,093 790 
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Table 3. Body weight (BW), forage organic matter (OM) intake, ruminal 
fill and indigestible neutral detergent fiber (INDF) passage rate and 
retention time of steers grazing blue grama rangeland during periods of 
differing forage maturity. 

Item 
Mid- 
August 

Sampling period 
Early Mid- SEM” 

October November 

Steer BW, kg 336’ 
Fecal output, g OM kg-’ BW 6.8 
OMDb, % 62.3” 
Forage intake: 

IVOMdDc, g OM l$ BW 14.6h’ 
OMD,gOMkg BW 18.0h 

Ruminal fill, g kg- BW 161.8’ 
Ruminal DM fill, g kg-’ BW 22.9” 
Ruminal OM fill, g kg-’ BW 19.5’ 
Ruminal NDF fill. e ke-’ BW 15.4” 
Ruminal INDF fili, i kg-’ BW 7.7’ 
INDF passage rate, % hour-’ 1.9’ 
INDF retention time, hours 57” 

360’ 3478 
7.6 7.0 

55.2’ 53.9’ 

16.4h 
17.4hi 

166.9’ 
30.6’ 
24.7’ 
21.4’ 
10.5’ 

13.6’ .9 
15.1’ I.1 

163.7’ 2.3 
28.9’ .9 
23.5’ .8 
20.7’ .6 
12.78 

1.5’ 
80’ 

1.8’ 
57” 

3.0 
.5 
.7 

.3 

.I 
6.9 

‘Standard error of least-squares means. 
‘OMD = apparent organic matter digestibility, calculated from INDF concentrations 
of forage and fecal samples. 
‘Calculated using in vitro organic matter disappearance (IVOMD) estimates of eso- 
ghageal extrusa. 
Calculated using apparent organic matter digestibility (OMD) estimates based on 

INDF. 
‘.LgRow means within period with different superscripts differ (P<.O5). 
h,‘Ro~ means within period with different superscripts differ (P<.IO). 

(p<. 10) with collection period and method of calculating indiges- 
tibility. Intake based on in vitro organic matter disappearance was 
greater (P<.lO) in October than in November (16.4 and 13.6 g 
organic matter kg-’ body weight for October and November, 
respectively), with August (14.6 g organic matter kg-’ body weight) 
not different than either October or November (IP.10). This 
would be expected given greater concentrations of available N as 
well as lower neutral detergent fiber concentrations in esophageal 
extrusa during October, which should affect forage intake posi- 
tively (Van Soest 1982). Forage intake estimates based on indigest- 
ible neutral detergent fiber as a measure of indigestibility were 
greater than estimates using in vitro organic matter disappearance 
for all periods. In August, forage intake was greater (P<.lO) than 
in November (18 and 15.1 g organic matter kg-’ body weight for 
August and November, respectively) with October (17.4 g organic 

, matter kg-’ body weight) not different (p>. 10) from either August 
or November. It is uncertain which estimates are more accurate; 
yet, estimates based on indigestible neutral detergent fiber are 
similar to those of reported by Funk et al. (1987) for the same 
pasture in 1985 with similar pasture conditions. In addition, 
apparent organic matter digestibility estimates using indigestible 
neutral detergent fiber were greater in August when ruminal 
ammonia concentrations did not appear to potentially limit 
microbial protein synthesis. 

Research conducted by Lippke (1986) led him to conclude that 
indigestible neutral detergent fiber becomes the intake-limiting 
constituent of forages when indigestible neutral detergent fiber 
exceeds 15% of the forage organic matter. In our study, indigestible 
neutral detergent fiber (Table 1) as a proportion of forage organic 
matter was least in August (23.1%) and increased (P<.O5) each 
period from August to November (30.4%). If forage indigestible 
neutral detergent fiber is a good indicator of forage intake, then it 
would be expected that forage intake should decline as forage 
indigestible neutral detergent fiber increases. Furthermore, Lippke’s 
data suggest a linear relationship between forage indigestible neu- 
tral detergent fiber and forage intake. However, our forage organic 
matter intake estimates using in vitro organic matter disappear- 
ance did not conform to the expected pattern. Indeed, efforts to 

predict forage intake (based on in vitro organic matter disappear- 
ance estimates) as a function of forage indigestible neutral deter- 
gent fiber alone would have produced erroneous results. 

Ellis et al. (1984) reported that monensin supplementation of 
steers with grain as a carrier (.45 or .91 kg day-‘) increased intake of 
forages ranging from 45 to 65% apparent organic matter digestibil- 
ity and decreased intake when apparent organic matter digestibil- 
ity exceeded 65%. Conversely, when supplemented via MRDD, 
monensin had no effect on forage intake by steers grazing native 
tall grass pastures with an organic matter digestibility of approxi- 
mately 70% (Cochran et al. 1990), winter wheat pastures (in vitro 
dry matter disappearance ranging from 59 to 71%; Davenport et al. 
1989) or northern mixed prairie summer (apparent organic matter 
digestibility of approximately 6%; Ward et al. 199Oa), and winter 
pasture (apparent organic matter digestibility of approximately 
60%; Ward et al. 1990b). Results of our study agree with previous 
experiments using MRDD. 

In 13 grazing trials reported by Ellis et al. (1984), monensin 
increased apparent organic matter digestibility by 4Yc, with the 
greatest effect on less digestible forages. In a study reported by 
Ward et al. (1990a) MRDD increased apparent organic matter 
digestibility from 60.4 to 62.2% by steers grazing native range 
without, and with MRDD, respectively; however, apparent organic 
matter digestibility was not affected by MRDD in other studies 
(Cochran et al. 1990, Ward et al. 199Ob). In the study reported by 
Ward et al. (1990b), unsupplemented steers grazing native winter 
range had a mean apparent organic matter digestibility of 57.6%, 
whereas Cochran et al. (1990) reported a mean apparent organic 
matter digestibility of 68.7% for unsupplemented heifers grazing 
early-summer bluestem range. 

Ruminal fill estimates did not differ (p>.lO) between treat- 
ments. Ruminal organic matter fill was 22.7 and 22.4 g organic 
matter kg-’ body weight for control and MRDD, respectively: 
Ruminal neutral detergent fiber fill was 19.2 g neutral detergent 
fiber kg-’ body weight for both control and MRDD. Ellis et al. 
(1984) suggested that an increase in ruminal undigested dry matter 
fill might explain the observed increase in forage intake caused by 
monensin. The absence of an effect of monensin on ruminal fill in 
our study, as well as those of Cochran et al. (1990) and Ward et al. 
(1990b), may be associated with the lack of differences in forage 
intake because ruminal fill appears to be one factor limiting intake 
(Freer 1981). 

Ruminal organic matter fill did not differ (P>.O5) in October 
and November (24.7 and 23.5 g kg-’ body weight for October and 
November, respectively), but ruminal organic matter fill was less 
(P<.O5) in August (19.5 g kg-’ body weight) than in later periods. 
This pattern also was observed for ruminal neutral detergent fiber 
fill (Table 3). Ruminal fill increases with increased forage intake 
(Balch and Campling 1965) or advancing forage maturity (McCol- 
lum and Galyean 1985). Forage intake did not increase with rumi- 
nal fill; therefore, it is likely that increasing forage maturity, as 
indicated by apparent organic matter digestibility, influenced rum; 
inal fill. 

Because neither forage intake nor ruminal fill were affected by 
MRDD, MRDD would not be expected to affect ruminal passage 
rate or retention time estimates; this was in fact the case (p>. 10). 
Indigestible neutral detergent fiber passage rates were 1.8 and 1.6% 
hour-’ for control and MRDD, respectively. Indigestible neutral 
detergent fiber retention time was 59 and 70 hours for control and 
MRDD, respectively. When monensin was fed with grain as a 
carrier, passage rates were decreased; therefore, retention time 
should increase (Ellis et al. 1984). Results of our study and those of 
Ward et al. (1990a, 1990b) do not support this finding when 
monensin was supplemented via MRDD. Differences in passage 
rates and retention times were detected (P<.O5) among periods 
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(Table 3). Indigestible neutral detergent fiber passage rates in 
August and October did not differ (P<. IO; 1.9 and 1.8 hour-’ for 
August and October, respectively), but were less (B.05) in 
November (1.5% hour-‘) than for either August or October. Like- 
wise, indigestible neutral detergent fiber retention time was 57 
hours in August and October and increased (P<.O5) to 80 hours in 
November. Our steers appeared to compensate for the lower forage 
quality in November by increasing ruminal fill and ruminal partic- 
ulate retention time and decreasing ruminal passage rates. A sim- 
ilar response was observed by McCollum and Galyean (1985). 

Ruminal ammonia concentrations were not affected (p>. 10) by 
MRDD (2.5 vs 2.8 mg 100 ml-’ for control and MRDD, respec- 
tively). Monensin sometimes decreases ruminal ammonia concen- 
trations (Poos et al. 1979, Branine 1987), suggesting decreased 
microbial proteolysis; however, Dinius et al. (1976) found that 
monensin did not decrease ruminal ammonia concentrations in 
steers fed forage diets. Likewise, MRDD did not affect ruminal 
ammonia concentrations in other studies (Davenport et al. 1989; 
Cochran et al. 1990; Ward et al. 1990a, 1990b). 

Ruminal ammonia concentrations (data not shown) varied 
(PCO5) among periods. Ammonia concentrations in October (.Ol) 
and November (.47 mg 100 ml-‘) were less than values recom- 
mended by Stanton et al. (1983) and Grskov (1982) for maximal 
microbial protein synthesis, whereas the August (7.4 mg 100 ml-‘) 
values exceeded these recommendations. Lower ruminal ammonia 
and decreased apparent digestibility of the diet in October and 
November may explain the increased ruminal fill in these 2 periods. 
Ruminal ammonia concentrations in October and November were 
less than values typically reported for blue grama rangeland, and 
may be the result of sampling from ruminal digesta once it had 
been removed from the rumen; previous studies obtained fluid 
directly from the rumen. 

Ruminal pH (data not shown) was not affected (p>.lO) by 
MRDD (6.5 and 6.4 for control and MRDD, respectively) or by 
grazing season (6.4 and 6.5 for August and November, respec- 
tively; data for October was not obtained because of electrode 
failure). These results agree with studies in which monensin was fed 
(Poos et al. 1979), and those using MRDD (Davenport et al. 1989; 
Cochran et al. 1990; Ward et al. 1990a, 1990b). Although pH 
measurements were below optimal values (6.7) for ruminal forage 
digestion proposed by Mertens (1977), they were well above the 
minimal limits (6.2) suggested by Grskov (1982). 

A treatment X period interaction (P q  ,046) was detected for in 
situ neutral detergent fiber disappearance at 9 hours of incubation. 
Monensin ruminal delivery devices decreased (P<. 10) in situ neu- 
tral detergent fiber disappearance at 9 hours in October (15.6 and 
11.2% for control and MRDD, respectively), and increased 
(P<.O5) neutral detergent fiber disappearance at 9 hours in 
November (20.4 and 22.7% for control and MRDD, respectively). 
Across periods, in situ neutral detergent fiber disappearance was 
decreased (13.10) by MRDD at 96 hours (68 vs 65% for control 
and MRDD, respectively). Differences (p>. 10) in rate of disap- 
pearance were not observed for either MRDD (2.4 vs 2.7% hour-’ 
for control and MRDD, respectively) or period (3.2, 2.4, and 
2.11% hour-’ for August, October, and November, respectively). 
Across treatments, disappearance of neutral detergent fiber from 
nylon bags at 3,6, and 12 hours was greater (P<.OS) in November, 
whereas disappearance was least (D.05) in November and great- 
est in August at 48 hours (Figure 2). 

Ruminal acetate proportions were greater (P<.O5) in October 
(73.9) and November (74.0) than in August (71.3 mol 100 mol-‘). 
Propionate proportions also were greater (P<.O5) in October 
(17.7) and November (17.9) than in August (16.4 mol 100 mol’). 
During periods when both acetate and propionate were greater, 
butyrate proportions were less (P<.O5; 10.0,7.3, and 7.5 mol 100 
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Fig. 2. Percentage in situ neutral detergent fiber (NDF) disappearance of 
esophageal masticate during mid August (Aug.), early October (Oct.), 
and mid November (Nov.) using steers grazing native blue grama range- 
land. A treatment by period interaction (P<.OS) occurred for 9 hours. 
Means within hour with different superscripts differ (P<.OS). 

moll’for August, October, and November, respectively). Volatile 
fatty acid concentrations and production vary with chemical com- 
position of feedstuffs (Murphy et al. 1982). During ruminal fer- 
mentation of forages, acetate-to-propionate ratios generally in- 
crease with increasing forage maturity (Van Soest 1982). 

Monensin ruminal delivery devices had only small effects on 
minor volatile fatty acids. Concentrations of isobutyrate (.5 and .4 
mol 100 mall’ for control and MRDD, respectively) and valerate 
(-6 and .4 mol/ 100 mol-’ for control and MRDD, respectively) 
were decreased (P<.O5) with MRDD; however, other volatile fatty 
acids were unaffected (n.10). The observed effect of MRDD on 
minor volatile fatty acids were extremely small and probably not 
significant biologically. The ability of monensin to alter volatile 
fatty acid proportions by increasing propionate production at the 
expense of acetate has been well documented (Galyean and Owens 
1988, Russell and Strobe1 1989), but when monensin has been 
provided via MRDD, results have been variable. Davenport et al. 
(1989) reported a slight increase in propionate, but no effect on 
acetate proportions, as a result of MRDD treatment. Ward et al. 
(1990a) also detected a slight increase in proportions of propion- 
ate, and decreased acetate and butyrate in steers bolused with 
MRDD while grazing native summer range. Nonetheless, MRDD 
did not affect volatile fatty acid concentrations of steers grazing 
native winter range (Ward et al. 1990b). Further, Cochran et al. 
(1990) reported that MRDD slightly increased acetate proportions. 

Conclusions 

Monensin administered via a MRDD had only minor effects on 
in situ neutral detergent fiber disappearance and volatile fatty acid 
proportions. As mentioned previously, MRDD did not elicit the 
same responses as reported in studies where monensin was sup- 
plemented with a grain carrier. Davenport et al. (1989) stated that 
ruminal monensin concentration patterns within day may vary 
between fed and ruminally dispensed techniques. When a pulse 
dose of monensin is administered, the ruminal monensin concen- 
tration is high at dosing and declines over time. In contrast, 
monensin dispensed via MRDD should achieve equilibrium at a 
lower concentration and remain more constant over time. Although 
not examined in our study, such differences in ruminal concentra- 
tion patterns may have altered the effectiveness of monensin. 

Although not evident in our study, forage characteristics may 
largely determine the efficacy of MRDD. Daily gains were 
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recorded in a series of studies designed to test the efficacy of 
MRDD (Parrott et al. 1990). In this report, steers receiving 
MRDD while grazing predominantly native range had 2.3% 
greater daily gain than steers not receiving MRDD. However, 
Cochran et al. (1990) reported that average daily gains by steers 
grazing native bluestem range were not affected by MRDD, where- 
as Davenport et al. (1989) found MRDD increased average daily 
gain by 13.6% for steers grazing wheat pasture. Of the ruminal 
fermentation characteristics measured, only VFA proportions 

I were affected in the study conducted by Davenport et al. (1989). 
Collectively, these results support the existence of a forage quality 
X monensin interaction. This little-understood interaction may, at 
least in part, explain the lack of influence of MRDD on forage 
digestion in our study. The MRDD that we used possibly had a 
lower daily release rate than observed in other studies, which also 
may have contributed to the lack of response. 

As the grazing season progressed, a general decrease in forage 
intake accompanied by increased ruminal fill and retention time 
and decreased particulate passage rate was noted. These factors 
may offset declining forage quality by increasing the residence time 
of forages and therefore the potential digestibility of the forage. 
Initially, in situ neutral detergent fiber disappearance was greater 
with the more mature forages; yet, this difference declined as 
incubation time increased, whereas neutral detergent fiber disap- 
pearance was least for less mature forages after 48 hours of incuba- 
tion. Acetate and propionate concentrations also increased with 
advancing forage maturity at the expense of butyrate and minor 
volatile fatty acids. 
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Abstract 

The effects of 3 brush cover proportions (Low Brush pasture: 
52% brush/32% herbage, Medium Brush pasture: 62% brush/20% 
herbnge, and High Brush pasture: 66% brush/l2% herbage) on 
dietary selection of goats in northern Greece were investigated. 
Diet samples were collected from esophagealiy fistulated goats 
during 14 grazing periods at monthly intervals from June 1987 to 
July 1988. Kermes oak foliage (Quercus coccgera L.) was the main 
component of the available forage in all pastures during all grazing 
periods. The herbaceous component contributed more than 50% 
for the goats’ diet during spring for Low Brush pasture, 46% for 
Medium Brush pasture, and 40% for High Brush pasture. In the 
remaining grazing periods, goats selected larger quantities of 
browse. For Low Brush pasture browse contribution ranged from 
48% to 66%, for Medium Brush from 54% to 77% and for High 
Brush from 66% to 80%. Leaves of all forage species contributed 
more than 56% during all test periods. The quantities of twigs from 
shrubs and stems from herbaceous species were low but constant 
during all test periods. Fruits and flowers, despite representing low 
percentages of the overall production, were important for the 
animals’ nutrition, since they provided a high percentage of nut- 
rients. Our results indicated that goats adapted diets to forage class 
availability. 

Key Words: shrubs, herbage, botanical composition, goats, Greece 

Shrublands dominate the landscape of the low altitude zone of 
the Mediterranean region, covering 2,000,OOO ha (Le Houerou 
1980). The kermes oak (Quercus cocciferu L.) shrubland is the 
predominant vegetation of a large part of Greece, covering more 
than 0.4 million ha or 50% of Greece’s total shrubland area (Liacos 
et al. 1980). This vegetation type is vitally important for goat 
production in the region. 
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Several studies have suggested management schemes for kermes 
oak shrublands with the goal of increasing forage and livestock 
production (Liacos and Moulopoulos 1967, Liacos et al. 1980, 
Nastis 1982, Tsiouvaras 1987). Liacos et al. (1980) indicated that 
reduction of woody plant cover in dense shrublands may be the 
first step toward increasing the usable forage production of kermes 
oak shrublands. Changes in vegetation structure and composition 
are thought to affect dietary selection and forage quality during 
certain periods of the year (Kirmse et al. 1987a,b). By increasing 
the proportion of herbaceous species and decreasing the shrubby 
component, dietary selection of herbaceous species would be 
favoured (Lopes and Stuth 1984, Stuth and Kamau 1990). 
Released herbage following canopy reduction of kermes oak has 
higher nutritive value than browse during the spring (Papachristou 
and Nastis 1990). However, kermes oak green foliage is better 
suited to the maintenance requirements of goats (Cupru hircus L.) 
during summer, when grasses and forbs are dry (Tsiouvaras 1984) 
and during winter, when herbaceous plants are dormant. Informa- 
tion on the dietary selection responses of goats to variable shrub 
cover is generally unavailable for the world’s rangelands (Walker et 
al. 1972, Beale 1973, Scifres 1980). Only very limited data are 
available for the Mediterranean region (Papachristou and Nastis 
1988). No work has been conducted to determine diets using eso- 
phageally fistulated goats in Greece. 

The objective of this study was to determine forage availability 
in shrublands with different shrubby cover at monthly intervals, as 
well as the botanical composition of diets of goats grazing in these 
shrublands. Such information would be useful for more efficient 
shrubland management schemes. 

Study Area 

The study area was located near Serres, in Macedonia, in north- 
ern Greece at an altitude of 600 m. Rainfall during the study (June 
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Table 1. Mean pasture cover (%)I of browse, grasses, and forbs for 3 oak 
shrublands of varying cover during June 1987 and 1988. 

Plant species 

Browse 
kermes oak 

Cover of pastures 
Low Medium High 

_______________(%)_______________-- 
52.la2 61.8a 65.9a 
32.5b 57.0a 61.4a 

rock-rose sp. 13.7a 
other browse 5.9a 

Grasses 
fescue sp. 
orchardgrass 
other grasses 

Forbs 
vetch sp. 
clover sp. 
medick sp. 
otherforbs 

11.4a 
5.8a 
2.2a 
3.4a 

21.0a 
7.2a 
7.3a 
2.8a 
3.7b 

3.5a 
1.3b 
5.lb 
2.lab 
1.5b 
1.5b 

15.2ab 
4.7ab 
6.2a 
0.2b 
4.la 

4.5a 
O.Ob 
2.7b 
l.lb 
0.5c 
l.lb 
9.2b 
3.2b 
2.2b 
l.lab 
2.7~ 

IMay not add to 100% due to bare soil and litter. 
*Means followed by the same letter within category and plant species do not differ 
(E.05). 

1987-July 1988) was 595 mm which was close to the 25-year 
average (630 mm). 

Vegetation was dominated by kermes oak (Table 1). Other 
woody species present were a rock-rose species (Cisrus incunus 
Rchb.), oriental hornbeam (Curpinus orientalis Mill.), manna ash 
(Fraxinus ornus L.), and raspberry (Rubus idueus L.). The domi- 
nant grass species were a fescue species (Festucu vulesiucu Schleich.), 
orchardgrass (Dactylis glomeruta L.), and bromes (Bromus spp.). 
Clover species (Trifolium hirtum All., T. urvense L., T. cumpestre 
Shreber., T. dulmuticum Vis.), medicks (Medicago spp.), and 
vetch species ( Viciu tenuifoliu Roth. and Viciu cruccu L.) made up 
the majority of forbs. 

The experimental design for goat diets was a split-plot in time 
with an incorporated completely randomized design, while for 
pasture cover data a completely randomized design was used. 
Results were evaluated by analyses of variance procedures. The 
protected LSD test (Steel and Torrie 1980) was used for detecting 
differences (p1.05) between treatment means. There were 3 pas- 
tures (treatments) on which repeated measurements were taken. 
Pastures and collection periods were considered as fixed effects 
and animals and measurements on transects were considered as 
random effects. In the split-plot design, the mean squares for 
animals/pastures was the error term for testing significance of the 
main effect, pastures. The mean squares of the residual were used 
as the error term for testing significance of period effects and the 
pasture X period interaction. 

Results and Discussion 

Forage Availability 

The experiment was conducted in three I-ha pastures, with 
different proportions of shrubby and herbaceous cover (Table 1). 
Vegetation of the pastures was manipulated in 1979 through pres- 
cribed burning, seeding, and clear cutting in order to obtain var- 
ious proportions of shrubby and herbaceous species. All pastures 
had been properly grazed by goats (1.2 ha/animal/ year) over the 
10 years prior to the study. 

Methods 

Kermes oak foliage was the main component of the available 
forage in the 3 pastures during all test periods (Fig. 1). The highest 
annual production of kermes oak (2,225 kg/ ha) was recorded in 
High Brush pasture during September. Similar results have been 
reported by Tsiouvaras (1988). The lowest annual production of 
kermes oak foliage was for Low Brush pasture during May (200 
kg/ ha). Browse of other woody species contributed relatively little 
to the forage of the 3 pastures (Fig. 1). Herbage availability was 
highest for Low Brush pasture and lowest for High Brush pasture 
for all seasons (Fig. 1). During winter there was very limited green 
herbage from orchardgrass and fescue species in all pastures. 

The 3 pastures were grazed by ten 2-year-old meat-type goats 
(28f8 kg) only during 5 consecutive days at monthly intervals 
from June 1987 through July 1988. The stocking rate (0.5 ha/ani- 
mal/ year) was heavier than that used in the previous years to insure 
consumption of kermes oak foliage (percent utilization 2 50%, 
Papachristou 1990). Between collection periods, the goats grazed 
in an adjacent pasture with similar forage. 

Dietary Selection 
The average composition of the diets of goats grazing in the 3 

pastures is presented in Table 2. Browse content of diets was higher 
(E.05) for High Brush pasture followed by Medium Brush pas- 
ture, while diet for Low Brush pasture contained the lowest pro- 
portion of browse and highest of grass and forbs. The grass and 
forb contents of diets were not significantly different between 
Medium Brush and High Brush pastures. Results from 21 studies 
on the diets of goats summarized by Malechek and Provenza 

Table 2. Browse, grasses, and forbs of diets of goats grazing oak shrubland 
of varying cover. 

Extrusa samples from the 3 or 4 fistulated animals were collected 
during a 5-day collection period for each pasture. In May during 
the season of rapid growth 2 samplings occurred during the first 
and the third week. The sampling time ranged from 30 min. to 60 
min., starting at 0800 hr. Samples were frozen at -20° C, and later 
freeze-dried. Part of each sample was used for the determination of 
the botanical composition. Dietary composition was determined 
by the microscope point method (Harker et al. 1964). Plant species, 
plant parts, and unknown species were recorded at systematically 
located coordinates (100 points) with a 15X and occasionally 40X 
magnification as required. A selectivity ratio was calculated by 
season and pasture for the forage categories (browse, grass and 
forbs), for vetch species and the most important woody plants. The 
formula described by Taylor (1973, as mentioned by Durham and 
Kothmann 1977) was used: 

Foraee class 
Pastures 

Low Brush’ Medium Brush Hinh Brush 

Browse 
Grass 
Forbs 

_______________ (%)----- _________--- 
53 .oc2” 62.0b 65.6a 
22.0a 15.2b 13.lb 
20.3a 17.6b 16.5b 

‘Low Brush: 52% brush/32% herbage, Medium Brush: 62% brush/20% herbage and 
High Brush: 66% brush/ 12 herbage. 
2Means with same letter, in the same row do not differ (E.05). 
JMay not add to 100% due to unidentifiable species in the diet samples. 

Selectivity ratio = y0 in diet - 70 available in pasture 
(1) 

y0 in diet + Yo available in pasture 

Forage availability (kg/ ha) was determined for each pasture at 
the beginning of each grazing period. Standing crop was deter- 
mined by clipping to ground level all biomass in 15,1-m* randomly 
selected plots, since shrub height was within the grazing height of 
goats (<1.5 m). Available forage was stratified into total herbage, 
kermes oak, and other browse species. In addition, annual stand- 
ing crop (twigs and leaves) of woody species was determined. Brush 
and herbage cover was estimated with the loop method (Cook and 
Stubbendieck 1986), applied on nine, loo-point permanent tran- 
sects in each pasture in June 1987 before the start of the experi- 
ments and in June 1988. 
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Fig. 1. Monthly pasture standing crop (kg/ha) for browse and herbnceous (grasses and forbs) plant species for 3 oak shrublands of varying cover, in 
Northern Greece during 1987 and 1988. 

(1983) showed that diet composition averaged 60% shrubs, 30% classified goats as intermediate browsers, a classification that is 
grass, and 10% forbs. Our results indicated that selection for supported by our study. 
shrubs was approximately 60% across treatments, but we observed Goats selected relatively high but variable amounts of kermes 
a heavy reliance upon forbs (>16%). These findings were mainly 
due to the limited abundance of grasses (Table 1). Van Soest (1982) 

oak browse in the 3 pastures in all grazing periods (Table 3). 
Although the major proportion of the goats’ diet consisted of 

Table 3. Browse composition of diets of goats grazing oak shrubland of varying cover, in Northern Greece during 1987 and 1988. 

Grazing Kermes oak Rock-rose Other woody plants Total 
periods Low’ Medium High Low Medium High Low Medium High Low Medium High 

----------__-----_______________________~~~~~~~~~ (%)_______ ______-_------------------------_______ 
June 19.0 41.1 52.3 5.0 3.6 5.3 15.9 3.7 5.0 39.9a2 48.4b 62.6~ 
July 39.9 45.4 61.6 3.7 4.5 4.2 5.0 4.7 1.0 48.6a 54.6a 66.8b 
August 67.1 69.5 66.3 4.3 4.0 8.2 1.1 2.1 1.0 72.5a 75.6a 75.5a 
September 57.4 61.6 64.2 3.2 4.5 4.2 2.5 2.6 2.0 63.1a 68.7a 70.4a 
October 58.6 67.1 70.4 4.6 5.4 3.4 3.3 1.1 1.6 66.5a 73.6ab 75.4b 
November 53.5 54.2 54.7 6.8 12.8 13.2 0.6 7.7 3.6 60.9a 74.5b 71.5b 
December 60.5 66.2 69.3 4.5 9.3 10.8 1.3 2.0 0.2 66.3a 77.5b 80.3b 
January 22.0 49.2 43.4 40.6 26.8 21.6 - 14.8 62.6a 76.0b 79.8b 
March 40.6 44.1 26.4 17.4 11.0 16.6 - 8.0 24.6 58.0a 63.lab 67.6b 
April 24.2 42.6 60.7 10.5 6.6 1.4 5.7 10.1 3.5 40.4a 59.3b 65.6b 
May 12.0 20.7 41.8 8.7 7.4 7.0 7.1 4.8 0.2 27.8a 32.9a 49.0b 
May 11.8 29.8 30.1 10.2 8.3 5.8 6.8 2.7 28.8a 4l.Ob 38.6b 
June 29.5 38.3 41.6 7.9 9.6 4.8 4.9 0.1 42.3a 49.9a 46.5a 
July 51.5 57.2 59.3 8.3 8.4 6.4 4.7 0.7 64.5a 67.5a 66.4a 

‘Low: 52% brush/32% herbage, Medium: 62% brush/20% herbage and High: 66% brush/ 12% herbage. 
*Means of total browse followed by the same letter within grazing period do not differ (K.05). 
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Table 4. Grass composition of diets of goats grazing oak shrubland of varying cover, in Northern Greece during 1987 and 1988. 

Grazing Orchardgrass Fescue Other grass Total 

periods Low’ Medium High Low Medium High Low Medium High Low Medium High 

-------------___________________________~~~~~~ (%I------- ________--_____________________________ 

June 4.4 4.0 2.0 11.5 7.5 5,, 11.7 11.0 6.6 27.6ar 22Sa 13.7b 
July 5.0 3.0 0.6 4.0 6.0 6.5 4.8 7.8 3.5 13.8a 16.8a 10.6a 
August 1.2 1.1 0.6 4.6 5.8 4.0 5.9 6.0 7.5 11.7a 12.9a 12.la 
September 2.2 1.5 2.2 6.4 6.2 6.0 4.1 3.1 2.3 12.7a 10.8a 10.5a 
October 3.7 1.6 0.6 8.0 7.6 6.7 4.9 4.0 4.7 16.6a 13.2a 12.0a 
November 2.9 0.9 0.4 10.4 4.1 7.9 4.6 a.4 3.1 17.9a 13.4ab I1.4b 
December 3.5 2.0 0.7 8.5 4.0 5.2 6.8 4.2 2.3 18.8a 10.2b 8.2b 
January 8.4 0.6 - 13.2 11.0 8.6 6.8 6.0 5.8 28.4a 17.6b 14.4b 
March 3.2 4.7 7.4 8.5 8.0 11.2 8.4 8.4 21.8a 16.9a 21.la 
April 10.0 2.0 - 9.4 2.8 0.9 23.2 4.3 3.7 40.6a 9.lb 4.6b 
May 8.3 5.3 1.8 11.2 9.8 7.2 10.7 8.9 10.4 30.2a 24.0b 19.4b 
May 7.7 2.8 1.5 10.6 6.2 6.2 9.6 9.2 7.8 27.9a 18.2b 15.5b 
June 4.0 1.3 1.2 12.1 10.2 11.3 9.8 8.3 7.7 25.9a 19.8a 20.2a 
July 1.7 1.5 1.1 6.1 6.1 4.3 5.1 4.7 4.3 12.9a 12.3a 9.7a 

‘Low: 52% brush/32% herbage, Medium: 62% brush/20% herbage and High: 66% brush/ 12% herbage. 
2Means of total grass followed by the same letter within grazing period do not differ (p1.05). 

browse, there were periods when herbaceous species contributed 
substantially. Grasses contributed more than 10% (Table 4) to the 
goats’diet in all pastures and all test periods except for High Brush 
pasture during December and April and for Medium Brush during 
April. Maximum contribution of grasses (41%) was observed in 
Low Brush pasture during April. The proportion of forbs con- 
sumed varied considerably from April to September and the 
leguminous species were the dominant component of them (Table 
5). These species are particularly important as forage because their 
crude protein content is high (Papachristou and Nastis 1990). 

The goats’ diets were similar for all forage classes in the 3 
pastures during August and September. Generally, when the goats’ 
diet consisted of a high proportion of herbaceous species, forbs 
(especially leguminosae) contributed more than grasses. During 
winter, when forbs were scarce, the goats’ diet contained only 
browse and a limited amount of newly grown grasses. 

Leaves of grasses, forbs and browse constituted the main com- 
ponent (56% to 80%) of goat diets in all pastures for all periods 
(Fig. 2), while stems were only a minor diet component although 
they were present during all periods. Only in April and both 
collections of May did the goats grazing in Low Brush pasture 
consume more herbage leaves than browse leaves (34% vs 30$!& 
54% vs 25%, and 47% vs 24%, respectively) and in the first part of 
May (45% vs 28%) in Medium Brush pasture, while in all other 

grazing periods, browse leaves constituted the bulk of the diets. 
Fruits and flowers were present only sporadically in the goats’diet 
during specific periods of the study (Fig. 2). 

Browse appeared to be the most important class of dietary 
forage almost all year around. The goats ate large amounts of 
kermes oak and also selected rock-rose. Selectivity ratios for 
kermes oak were high (-0.06) for Low Brush pasture during 
summer, while the lowest selectivity of kermes oak(-0.30 to -0.43) 
was found for all pastures during spring (Table 6), although its 
forage was of high quality (Nastis 1982, Tsiouvaras 1984) during 
this period. Rock-rose was preferred by animals grazing Medium 
and High Brush during all periods except summer (Table 6). Other 
woody species, such as raspberry, oriental hornbeam, and manna 
ash, were the preferred forage class during all seasons (Table 6). 
During winter, the bulk of other woody species consisted of the 
needles of Pinus brutiu Ten., a pine species present only sporadi- 
cally in Medium and High Brush pastures. 

Goats selected grasses and forbs in relatively high proportion 
during spring (April-June), when their availability was higher. In 
this period, goats consumed almost equal percentages of browse 
and herbage species. The herbaceous species most often selected 
were orchardgrass, fescue species, medick, and clover species. It 
has been reported (Nudd 1980, Westoby 1980, Malechek and 
Provenza 1983) that the preference of goats is strongly influenced 

Table 5. Forb composition of diets of goats grazing oak shrubland of varying cover, in Northern Greece during 1987 and 1988. 

Grazing Vetch species Clover and medick Other forbs Total 

periods Low’ Medium High Low Medium High Low Medium High Low Medium High 

---_____________________________________~~~~~~ 
(%)------- 

_______--_--_-___________________________ 

June 4.4 3.0 1.6 11.0 7.5 70 11.4 12.8 9.6 26.8ar 23.71, 18.2b 
July 9.0 6.0 6.5 12.0 8.7 6:2 12.0 8.3 5.3 33.0a 23.0b 18.0b 
August 3.9 2.1 4.9 2.2 2.0 0.6 8.0 4.8 4.4 14.la 8.9a 9.9a 
September 6.0 6.2 7.1 5.0 3.8 2.4 8.1 5.8 5.2 19.la 15.8a 14.7a 
October 0.1 - 0.2 14.2 8.4 8.6 14.3a 8.4a 8.8a 
November 4.6 2.4 4.3 72 To 1.7 11.3 5.3 7.8 18.la 8.7b 13.8ab 
December 1.4 1.0 - - - 9.0 7.0 7.4 10.4a 8.0a 7.4a 
January - 

;2 
4.3 2.4 1.0 4.3a 2.4a l.Oa 

March - - 6.0 7.0 9.0 7.6 6.8 15.0a 14.6a 9.0b 
April 1.5 4.7 3.7 3.8 10.6 a.3 a.4 a.7 5.8 13.7a 24.0b l7.8ab 
May 2.1 3.3 2.4 15.7 11.6 10.1 17.5 19.5 13.5 35.3a 34.4a 26.0b 
May 2.9 3.1 6.8 15.4 15.3 15.8 17.6 15.4 16.9 39.9ab 33.8b 35.9ab 
June 2.1 1.9 3.9 12.0 10.5 11.5 13.5 11.3 12.4 27.6a 23.7a 27.6a 
July 5.1 6.2 11.1 4.6 2.6 1.2 8.1 7.7 7.1 17.8a 16.5a 17.8a 

‘Low: 52% btwh/32% herbage, Medium: 62% brush/20% herbage and High: 66% brush/ 12% herbage. 
2Means of total forbs followed by the same letter within grazing period do not differ (E.05). 
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Fig. 2. Plant parts in the diet of goats grazing oak shrublands of varying cover, in Northern Greece during 1987 and 1988. 
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Table 6. Seasonal selectivity ratios’ for most important species and classes of forage in diets selected from oak shrublands of varying cover. 

Species or 
classes 

Browse species 
kermes oak 
rock-rose 
other woody 

Herbaceous species 
Grasses 
Forbs 

vetch 

Summer Fall Winter Spring 
Low’ Medium High Low Medium High Low Medium High Low Medium High 

-0.02 -0.17 -0.14 -0.17 -0.11 -0.15 -0.17 -0.14 -0.11 -0.27 -0.29 -0.25 
-0.06 -0.14 -0.13 -0.08 -0.15 -0.20 -0.32 -0.27 -0.35 -0.42 -0.43 -0.30 
-0.66 -0.46 a.33 -0.57 -0.20 +0.29 +0.09 to.56 +0&l -0.13 to.57 to.43 
to.61 to.87 to.96 to.76 + 1 .OO’ to.86 to.33 to.67 +l.OO to.69 t1.00 +1.00 

to.17 to.46 to.52 to.49 to.52 to.83 to.50 to.70 to.59 to.28 to.49 to.60 
to.27 to.55 to.57 to.43 to.52 to.79 to.48 to.64 +0.78 to.5 1 to.48 to.49 
to.37 to.48 to.54 to.70 to.65 to.88 to.66 +0.89 to.82 to.32 to.62 to.72 
-0.19 -0.21 to.20 -0.02 -0.01 to.5 1 -0.18 -4 -0.47 to.10 to.13 

5electivity ratios range from a maximum of +I to a minimum of -1 indicating the selection in proportion to availability. 
*Low: 52% bmsh/32% herbane. Medium: 62% brush/20% herbane and Hieh: 66% brush/ 12% herbage. 
Yjpecies were noi in ciipped &ts, but were i&ntified in diets. - 
C+ecies were not evident in clipped plots or in diets. 

by species availability. In the present experiment vetch species were 
not consumed in proportion to their abundance for Low Brush 
pasture (Table 6) in spring. On the contrary, goats selected these 
species (including their fruits when available) during the remaining 
seasons when they were dry, irrespective of relative abundance. 
Vetch species had positive selectivity ratios for High Brush pasture 
during all seasons and for Medium Brush pasture during spring 
(Table 6), as a result of the lack of other grass and forbs in the 
herbage available (Papachristou 1990). 

Fruits and flowers were seasonally important for the animals’ 
diets. These plant parts may be crucial to animal survival at times 
of nutritional stress (Malechek and Provenza 1983), such as late 
autumn. This may be true even though fruits or flowers represent a 
small fraction of the diets, because these parts are often high in 
nutrients (Schwartz and Said 198 1, Everitt and Alaniz 198 1, Pfister 
and Malechek 1986). The fruits of vetch species have been found to 
contain 32% crude protein in late summer and autumn (Papachris- 
tou 1990). The kermes oak acorn contained only 4% crude protein 
but it is considered to have high starch content. 

Based on percentages of browse and herbage species in dietary 
composition, goats have been described as browsers (McMahan 
1964; Davis et al. 1975; Wilson et al. 1975; Sidahmed et al. 1981, 
1982), grazers (Knight 1965, Somlo et al. 1981), and animals that 
readily consume both grass and browse (Malechek and Leinweber 
1972, NgeYhe and Box 1976, and Bryant et al. 1979). In the present 
experiment, goats were seen to be rather opportunist feeders since 
they adapted their diet according to forage class availability (Table 
6) and forage quality as well (Papachristou 1990). 

Management Implications 

It is well established that dense shrublands provide limited 
amounts of usable forage because they are difficult to penetrate. 
Thus, sparse shrublands are preferred for grazing. On the other 
hand, absence of the shrub component in the semiarid regions 
results in poor forage quality, when the herbaceous species are 
mature. Our findings suggest that the reduction of the shrubby 
component to 53% cover resulted in a higher consumption of 
herbaceous species, which constituted 49% of the diet. The overall 
result was an average increase in forage quality all year around. 

We are in the process of investigating economically and ecologi- 
cally acceptable ways of reducing shrub cover. Also, we intend to 
determine the minimum shrub cover so as to maintain relatively 
high forage quality, and how various classes of grazing animals can 
be used as a tool for maintaining the desired composition. 
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Abstract 

Whitetop or heart-podded hoary cress (Cur&riir &u&z(L.)Desv.) 
is an Eurasian native of the Cruciferae actively invading range- 
lands throughout western North America. The plant is reported to 
be unpalatable to livestock and contain potentially toxic glucosin- 
olates. Practical experience indicates sheep consume whitetop dur- 
ing its early growth stages and cattle ingest large quantities of 
seedheads. Chemical analysis of whole plants from rosette to hard 
seed, respectively, indicated the following trends: crude protein 
(28.8 to 7.9%), neutral detergent fiber (13.1 to 52.8%), acid deter- 
gent fiber (12.0 to 41.8%), cellulose (9.9 to 32.10/o), lignin (1.9 to 
9.4%), ether extract (1.6 to 2.4%), in vitro organic matter digestibil- 
ity (77.3 to 49.1%), digestible energy (2.9 to 1.8 Meal/kg), and total 
glucosinolates (28.4 to 84.0 pmol/g). Leaves were higher than 
stems in crude protein, ether extract, in vitro organic matter diges- 
tibility, and digestible energy. Analysis of 11 micro- and macro- 
elements revealed sulfur (S) levels ranged from 0.73 to 2.69% and 
were therefore higher than the reported maximum tolerable level 
(0.4%). High S levels likely reflected the S moiety of glucosinolates 
and their hydrolysis products. Whitetop has some forage value, but 
until further research establishes the toxicity of this species to 
sheep and cattle, prudence suggests managers use caution when 
allowing animals to graze whitetop-infested rangelands by provid- 
ing supplemental iodine, utilizing mature and nonlactating anim- 
als, and reducing opportunities for animals to consume the plant. 

Key Words: heart-podded hoary cress, hoary cress, glucosino- 
Mes, sheep diets, cattle diets, forage quality, weed control 

Whitetop or heart-podded hoary cress ( Curduriu drubu (L.)Desv.) 
is an Eurasian native of the Cruciferae found throughout western 
North America. The plant was probably introduced by settlers 
from Europe in the 1800s and was first collected in the United 
States at Long Island, N.Y., in 1862 and in Canada at Barrie, Ont., 
in 1878 (Mulligan and Frankton 1962). By the early 19OOs, whi- 
tetop was recognized as a noxious weed of agronomic croplands in 
many areas (Mulligan and Findlay 1974). Land managers are 
increasingly concerned about the spread of this weed into range- 
land ecosystems. Indeed, whitetop possesses several characteristics 
that make it troublesome. Plants in open ground reach full size 
about 3 weeks after spring germination, at which time they begin to 
develop lateral roots (Scurfield 1962). A single plant growing in the 
absence of competition can spread over an area of 3.7 m in diame- 
ter and produce 455 shoots the first year of establishment (Mulli- 
gan and Findlay 1974). Seeds mature in late July to early August 
with a single plant producing 1,200 to 4,800 seeds, of which 84% are 
viable (Selleck 1965). These characteristics make whitetop an effec- 
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tive competitor with desirable forage, and Larson et al. (1989) 
estimated a 5% reduction in grass biomass for every 100 kg/ha 
increase in whitetop. 

Whitetop is reported to be mildly toxic (Kingsbury 1964) and 
generally unpalatable to livestock. Practical experience indicates 
domestic sheep (Ovis uries) consume whitetop during its early 
growth stages and cattle relish the seedheads during fall. McInnis 
et al. (1990) demonstrated defoliation of whitetop during its early 
growth stages could reduce reproductive effort of this weed, and 
speculated properly timed grazing combined with subsequent her- 
bicide application could be a practical control measure. The pur- 
pose of this study was to determine the chemical composition of 
whitetop relative to animal nutrition. 

Materials and Methods 

Study Area 
In 1988 plants were collected from 8 sites near Keating, in Baker 

County, Ore. Elevations ranged from 900-l ,200 m. Annual precip- 
itation was 245 mm, which was near the IO-year average. Mean 
annual temperature was 9.6” C, with monthly extremes of -2.5” C 
(January) and 22.5O C (July). The area lies within the shrub-steppe 
region of Franklin and Dyrness (1973). Native vegetation is domi- 
nated by Wyoming big sagebrush (Artemisiu tridentutu spp. 
wyomingensis Beetle), bearded bluebunch wheatgrass (Agropyron 
spicutum (Pursh) Scribn. & Smith), and Idaho fescue (Festucu 
iduhoensis Elmer). Disturbed areas are composed principally of 
cheatgrass brome (Bromus tectorum L.) and other annuals, or 
crested wheatgrass (Agropyron cristutum (L.) Gaertn.). Soils of 
the area are Argixerolls with silt loam surface horizons and clay 
loam subsoils (Franklin and Dyrness 1973). 

Plant Collections 
Chemical analyses were conducted on whole plants, leaves, 

stems, and seeds. Plants were collected from each site during each 
of 5 phenological stages: rosette (12 April), bolting (24 April), early 
bloom (12 May), full bloom (10 June), and hard seed (7 July). 
About 350 g (dry weight) of material was collected at each site by 
clipping random plants at ground level. Samples were rinsed with 
distilled water to remove soil and dried at 40’ C. Upon drying, 
samples were ground through a 40-mesh screen and stored in 
plastic bags for chemical analysis. Samples for glucosinolate anal- 
ysis were placed on dry ice at collection, stored by freezing, and 
freeze-dried for analysis (Bradshaw et al. 1983). 

Nutrient Analyses 
Chemical analyses were conducted on a dry matter basis and 

included crude protein (AOAC 1984); neutral detergent fiber 
(Goering and Van Soest 1970); acid detergent fiber, lignin, and 
cellulose (Van Soest and Wine 1968); ether extract (AOAC 1984); 
and in vitro organic matter digestibility (Tilley and Terry 1963 as 
modified by Vavra et al. 1973). Digestible energy was estimated 
using the equation developed by Rittenhouse et al. (197 1): kcal = 
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Table 1. Mean nutrient composition of whole whitetop plants collected at 5 dates from 8 sites in eastern Oregon, 1988. 

Phenology 
(date) 

Rosette 
(Apr. 12) 

Bolting 
(Apr. 24) 

Early bloom 
(May 12) 

Full bloom 
(June 10) 

Hard seed 
(July 7) 

DV Crude Neutral Acid Cellulose Lignin Ether In vitro Estimated 
matter protein detergent detergent extract organic matter digestible 

fiber fiber digestibility energy 

_________________________________ (%&yweight)________ _____ _________-____ _______ (M&/kg)1 
22.6a2 28.8a 13.la 12.0a 9.9a 1.9a 1.6a 77.3a 2.93a 
(0.8)3 (0.9) (0.3) (0.4) (0.3) (0.1) (0.1) (0.4) (0.02) 

22.6a 29.5a 16.0a 13.4a 11.2a 2.3a 1.5a 74.7a 2.83a 
(0.5) (0.9) (0.8) (0.4) (0.3) (0.1) (0.1) (0.6) (0.03) 

27.6b 20.3b 23.9b 21.6b 17.0b 4.4b 1.9bc 69.8b 2.61b 
(1.5) (0.8) (1.1) (0.9) (0.9) (0.1) (0.1) (0.9) (0.04) 

33.4c 11.3c 34.9c 28.8~ 22.Oc 5.9c 2.2cd 64.9~ 2.44c 
(0.7) (0.4) (1.3) (1.1) (0.9) (0.2) (0.1) (1.5) (0.04) 

95.9d 7.9d 52.8d 41.8d 32.ld 9.4d 2.4d 49.ld 1.83d 
(0.2) (0.3) (1.2) (0.8) (0.8) (0.2) (0.1) (1.1) (0.04) 

‘DE = 0.039 (organic matter digestibility) - 0.10 (Rittenhouse et al. 1971). 
2Means in columns followed by different letters are significantly different (p<O.Ol). 
Wandard error; n = 8. 

DE/ kg dry matter q  0.039 (organic matter digestibility) - 0.10. 
Mineral composition of plant tissues was determined using proce- 
dures established by AOAC (1984). Glucosinolates were deter- 
mined for whole plants and seeds using techniques of Daun and 
McGregor (1983). 

Data Analysis 
Chemical constituents were compared among phenological 

stages using one-way analysis of variance. Differences among 
means were established (p<O.Ol) with Duncan’s multiple range 
test (Steel and Torrie 1960). Chemical composition of stems. vs. 
leaves was determined using the f-test for unpaired observations. 

Results and Discussion 
Nutrient levels of whole whitetop plants from rosette through 

full bloom (Table 1) appeared adequate to meet the requirements 
of most classes of livestock (Church and Pond 1988) and were more 
favorable than some native forage species, especially during April 
(Hickman 1975, McInnis and Vavra 1987). Whitetop accumulates 
large amounts of nitrogen, as evidenced by the high levels of crude 
protein (N X 6.25). Whitetop also contained favorable levels of 
digestible energy. Prior to flowering, whitetop would provide the 

maintenance requirements for protein and energy of a 60 kg ewe 
(NRC 1985). As the season progressed, dry matter and compo- 
nents of fiber increased, causing decreases in crude protein, in vitro 
organic matter digestibility, and digestible energy. Ether extract 
was least affected and reached its highest level in July, probably 
because of high concentration in seedheads (Table 2). Compared to 
stems, leaves were higher in crude protein, ether extract, in vitro 
organic matter digestibility, and digestible energy (Table 2). Stems 
were higher in fiber, cellulose, and lignin. 

Mineral composition of whole whitetop plants (Table 3) appeared 
adequate to meet the requirements of cattle and sheep (Church and 
Pond 1988). Several minerals (K, Ca, Mg, Mn, Fe, and Se) were 
present in amounts greater than required, but were lower than 
maximum tolerable levels (NRC 1984, 1985). Sulfur content 
exceeded the maximum tolerable level of 0.40% (Church and Pond 
1988) and likely reflected the S moiety of glucosinolates and their 
potentially toxic hydrolysis products as discussed below. Soils 
from which plants were collected did not contain unusual sulfate S 
levels, as mean soil concentrations collected mid-summer at O-200 
and 200-400 mm of depth were 2.95 and 2.51 ppm, respectively. 

Compared to stems, leaves contained higher levels of S, Zn, Mn, 
and Cu, but less K (Table 4). There were no differences between 

Table 2. Mean nutrient eomposition of whitetop plant parts collected in eastern Oregon, 1988. 

Crude Neutral Acid Cellulose Lignin Ether In vitro 
Phenology (date) protein detergent detergent extract 
Plant part 

organic matter 
fiber fiber digestibility 

------------~~~___-----~~~~(~~ry~~~g~~)-------------~--~-----~--~_______~ 
Early bloom (May 12) 

Stems 
(& 

51.4 42.9 35.8 7.1 
(::Y) 

57.7 
(2.6) (1.3) (1.1) (0.2) (2.4) 

Leaves 21.2 17.1 15.7 11.9 3.5 2.1 72.3 
(1.5) (0.1) (0.1) (0.0) (0.2) (0.0) (0.4) 

Significance3 * ** ** ** ** ** * 

Full bloom (June 10) 
Stems 

(G) 
55.2 49.3 39.2 10.0 46.6 
(1.9) (1.9) (0.9) (0.9) (G) (3.9) 

Leaves 14.0 24.2 20.2 15.3 4.6 
(Z) 

69.2 
(1.0) (0.8) (0.3) (0.5) (0.7) (1.4) 

Significance * ** ** ** * * * 

Hard seed (July 7) 
Seedheads 16.4 55.0 36.9 26.3 10.6 44.6 

(1.0) (2.2) (1.9) (1.7) (0.2) (& (1:5) 

‘DE q  0.039 (organic matter digestibility) - 0.10 (Rittenhouse et al. 1971). 
*Standard error; n = 8. 
3* =p<o.o5, ** = <O.Ol. 

Estimated 
digestible 

energy 

(Meal/ kg)’ 

2.15 
(0.09) 
2.72 

(0.02) 
* 

1.72 
(0.15) 

(Z) 
* 

(Z) 
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Table 3. Mineral composition of whole whitetop plants collected at 5 datea from 8 sites in eastern Oregon, 1988. 

Phenology 
(date) S P K ca Mg Zn Mn cu Fe Na Se 

(Apr. 12) 
Bolting 
(Apr. 24) 

Early bloom 
(May 12) 

Full bloom 
(June IO) 

Hard see 
(July 7) 

_______________ _%dryweight______-----__ 

2.69a1 OSlab 2.87a 1.12 0.44a 
(0.19)2 (0.07) (0.11) (0.07) (0.01) 
2.52a 0.53a 2.8lab 0.96 0.37ab 

(0.12) (0.07) (0.10) (0.09) (0.02) 
1.44b 0.42b 2.55ab 0.95 0.32ab 

(0.10) (0.06) (0.10) (0.05) (0.02) 
0.99bc 0.29~ 2.15bc 1.21 0.4Oab 

(0.08) (0.03) (0.34) (0.14) (0.04) 
0.73c 0.21c 1.72~ 1.09 0.31b 

(0.06) (0.04) (0.12) (0.14) (0.02) 

‘Means in columns followed by different letters are significantly different (pCO.01). 
%andard error; n = 8. 

leaves and stems in amounts of P, Ca, Fe, Na, and Se. Seedheads 
grazed in July (Table 4) contained minerals in amounts adequate to 
meet requirements of cattle (Church and Pond 1988). Concentra- 
tions of P, K, Mg, Fe, and SE were above required amounts, but 
below maximum tolerable levels (NRC 1985). The mean level of 
sulfur contained in seedheads exceeded the maximum tolerable 
level for cattle (0.40; Church and Pond 1988), probably as a result 
of high levels of glucosinolates contained in seeds (Table 5). 

Fleming et al. (1931) briefly reported whitetop “contains an 
irritant principle and may cause trouble under conditions of forage 
shortage”. It is now known that 11 families of dicotyledons includ- 
ing the Cruciferae contain glucosinolates (mustard-oil glucosides) 
that yield glucose, acid sulfate ion, and one or more potentially 
toxic organic aglucon products upon hydrolysis by an enzyme 
(thioglucosidase) found in the plant and released when plant mate- 
rial is crushed (Tookey et al. 1980, Chew 1988). Some 90 glucosino- 
lates are known structurally, and more than 60 are present in the 
Cruciferae; all are sulfur-containing compounds, and most are 
derived from the amino acid methionine (Al-Shehbaz and Al- 
Shammary 1987). 

Potentially toxic hydrolysis products of glucosinolates at neu- 
tral pH include goitrin, thiocyanates, and isothiocyanates (Tookey 
et al. 1980, Bell 1984, Cheeke and Shull 1985). The former 2 can 

_--_______---______-- ppm__________________ 
46a 90 6.9a 358ab 1145 
(6) (9) (0.2) (68) (514) 
48a 63 6.3ab 1lOb 620 0.65 
(5) (4) (0.3) (6) (94) (0.28) 
33ab 

(“d, 
5.9ab 319ab 683 0.84 

(3) (0.2) (76) (198) (0.49) 
19b 5.3b 396ab 1.27 
(2) F2) (0.5) (101) ;7q (0.59) 
18b 5.lb 429a 1414 0.85 
(3) (0.5) (91) (514) (0.42) 

inhibit thyroid function and may cause thyroid enlargement and 
growth depression. Isothiocyanates are irritating vesicants that 
probably would not be consumed in amounts large enough to 
cause malfunction (Cheeke and Shulll985); but if consumed as the 
glucosinolate precursor, with the isothiocyanate released in the 
gut, they may act as antithyroid agents, especially if the diet con- 
tained iodine below the optimal requirement (Tookey et al. 1980). 
Under some hydrolysis conditions, such as low pH, nitriles are 
produced (Bell 1984) that can result in poor growth and liver and 
kidney lesions (Tookey et J. 1980). 

Gustine and Jung (1985) noted the difficulty of predicting toxic- 
ity of a particular forage on the basis of total glucosinolate content 
because variations in hydrolytic conditions affect which product is 
formed, and because specific glucosinolate content and distribu- 
tion varies among species. Data elaborating the nutritional toxi- 
cology of whitetop to sheep and cattle are not available in the 
literature. However, our data provide clues to the potential of 
animals being poisoned by this plant. Total glucosinolate content 
of whole whitetop plants during the rosette and early bloom stages 
of development (Table 5) approximated that of low-glucosinolate 
cultivars of rape (Brassica campestris L. and B. napus L.). The 
cultivars ‘Candle’, ‘Regent’, and ‘Erglu’contain 27.7,25.8, and 15.2 
pmol/g, respectively, of total glucosinolates (Bell 1984). The 

Table 4. Mineral composition of whitetop plant parts collected from eastern Oregon, 1988. 

Phenology (date) 
Plant part S P K Ca Mg Zn Mn cu Fe Na Se 

-------_________%dryweight_____________ 

Early bloom (May 12) 
Stems 1.10 (“0::) 2.68 0.58 0.24 

(0. IS)’ (0.03) (0.05) (0.01) 
Leaves 1.98 0.38 2.43 0.94 0.31 

(0.08) (0.09) (0.04) (0.19) (0.03) 
Significance2 * ns l ns ns 
Full bloom (June 10) 
Stems 0.77 0.25 2.14 0.78 0.21 

(0.02) (0.15) (0.13) (0.05) (0.03) 
Leaves 1.67 0.25 1.66 1.58 0.42 

(0.09) (0.06) (0.00) (0.34) (0.00) 
Significance ** ns + ns * 

Hard seed (July) 
Seedheads 0.87 0.51 1.25 0.58 0.31 

(0.06) (0.04) (0.07) (0.03) (0.0 1) 

‘Standard error; n q  8. 
*+ =p<O.l, l q  p<O.OS, ** = p<O.Ol, ns = nonsignificant. 

~~~___~~----_~~~~----Ppm-_-------_______~~~_ 

23 25 795 0.44 
(3) (3) (E) ::, (225) (0.22) 
38 68 (::3’) 762 1465 1.10 
(3) (3) (548) (635) (0.64) 

+ ** + ns ns ns 

139 2350 0.53 (I, (C) $3) 
(55) (450) (0.35) 

s 106 
(50) 

(E) F5) 2650 1.26 
(50) (0.89) 

+ + l ns ns ns 

179 422 0.52 
(06::) (29) (102) (0.27) 
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Table 5. Mean glucosinolate (GS) composition of whitetop collected at 3 dates from 8 sites in eastern Oregon, 1988. 

Sample description n 
4-Methylthio- 

butyl-GS 
(Glucoerucin) 

pHydroxy- 
benzyl-GS 

(Sinalbin) 

Glucosinolate 
4-Methylsulfinyl- 

butyl-GS 
(Glucoraphanin) 

Total 

Whole plants, 8 
_______________________ _____ (pmol/g)lig ___-_____-_____ 284__ ____ __ 

Apr. 14 & 
21.4 

(4.3) (0:3) (3.;) 
Whole plants, 8 

(E, 
11.6 2.5 15.9 

May I6 (0.8) (0.3) (1.6) 
(early bloom) 

Significance’ ns * ns ** 

Seeds, I 28.3 55.2 0.5 84.0 
September I 

‘Nomenclature follows Tookev et al. (1980): all samoles contained a trace (<I.0 vmol/g) of 5-Methylthiopentyl-GS. 
*Standarderror; n=8. ’ ~ ” 
Ins = nonsignificant @X.1), * =p<O.O5, ** =p<O.Ol. 

. 

development of such low-glucosinolate varieties has made it possi- 
ble to safely increase the proportion of rapeseed meal fed to live- 
stock (Cheeke and Shull 1985). Total glucosinolate content of 
whitetop seed (Table 5) was below levels reported for high-glucosinolate 
cultivars of rape, The cultivars ‘Torch’, ‘Midas’, and ‘Diamant’ 
contain 93.1, 153.8, and 156.1 pmol/g of total glucosinolate, 
respectively (Bell 1984). Fisher and Ingalls (1986) reported that a 
diet containing 25% low-glucosinolate rapeseed meal could be fed 
to beef and dairy cattle with no adverse effects on performance. 

Toxicity of plants containing whitetop is further dependent 
upon the content of specific glucosinolates and the aglucon pro- 
ducts they produce. Whitetop collected from eastern Oregon con- 
tained 4 glucosinolates (Table 5). Few studies have examined the 
glucosinolate content of whitetop, but plants collected in Iraq 
contained large amounts of 4-methylthiobutyl-GS (glucoerucin), 
p-hydroxybenzyl-GS (sinalbin), and 4-methylsulfinylbutyl-GS (glu- 
coraphanin) (Al-Shebaz and Al-Shammary 1984). Sinalbin was 
the most abundant glucosinolate found in eastern Oregon whitetop 
during the rosette and early bloom stages of growth. Sinalbin and 
glucoerucin were the primary glucosinolates found in seeds. While 
glucosinolates occur throughout a plant (roots, stems, leaves, and 
seeds) (Tookey et al. 1980), we sampled only above-ground tissues. 
Sinalbin concentration in these tissues declined from rosette to 
early bloom and was greatest in seeds. At pH 5-7, sinalbin is 
thought to form unstable isothiocyanates and finally degrade to 
thiocyanate ion (Tookey et al. 1980, Chew 1988). Toxic symptoms 
of the former include severe gastro-enteritis, salivation, diarrhea, 
and irritation of the mouth (Cheeke and Shull 1985). These are 
likely the symptoms observed by Fleming et al. (193 1) when they 
described the “irritating principle’* of whitetop consumed, proba- 
bly, by animals lacking other forages. Thiocyanate ion acts to 
inhibits iodine uptake by the thyroid (Tookey et al. 1980). The 
effect is most pronounced when dietary iodine is low and can be 
overcome by increasing the iodine level of the diet (Cheeke and 
Shull 1985). Thiocyanate ion lowers iodine content of milk of 
lactating animals and can cause goiter in nursing young (Tookey et 
al. 1980). Further, placental transfer of glucosinolates can occur, 
increasing the likelihood of goiter and altered serum thyroid hor- 
mones in young animals (Cheeke and Shull 1985). At pH 3-4, 
sinalbin may produce nitriles as the major aglucon products (Too- 
key et al. 1980). Aglucon products derived from glucoerucin also 
vary depending on conditions of hydrolysis, and may include 
isothiocyanates, thiocyanates, and nitriles (Tookey et al. 1980). 

animals to graze whitetop-infested rangelands. Glucosinolate lev- 
els are relatively low during the early growth stages of the plant 
(rosette to early bloom) when anecdotal observations indicate it is 
most palatable to sheep. Given the relatively high digestibility of 
whitetop during spring months (Tables 1, 3) and the knowledge 
that certain rumen microorganisms produce thioglucosidase (Cheeke 
and Shull 1985), animals consuming large quantities of whitetop 
may be exposed to isothiocyanates and thiocyanates. Animals 
consuming whitetop seeds may also be at risk. In the Pacific 
Northwest, cattle apparently find the seedheads most palatable 
during the fall when other forages are less available and concentra- 
tions of glucosinolates in whitetop are greatest. Given the moder- 
ate digestibility of seedheads (Table 4), and the likelihood that 
small, hard-coated seeds are passed through the rumen mostly 
intact (Blackshaw and Rode 1991), conditions may favor the for- 
mation of nitriles if hydrolysis occurs in the abomassum at low pH. 
The potential of animal poisoning may be lessened by providing 
supplemental iodine; utilizing mature, nonlactating animals; and 
reducing opportunities for animals to consume the plant, including 
preventing its invasion into new areas and controlling whitetop 
where it exists. 
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Abstract 

Plant structure should be an important determinant of species 
acceptability to grazing ungulates functioning under various time- 
energy constraints. The acceptability of 9 grasses to sheep grazing a 
secondary grassland community in spring, summer, and autumn in 
South Africa was related to the following species attributes: plant 
height, leaf table height, tussock diameter, stemminess, percent 
leaf, leaf density, percent dry matter (DM), leaf tensile strength, 
and leaf crude protein (CP). Species acceptability over the grazing 
s-son was positively related to tussoek diameter (EO.05) but 
negatively related (p10.01) to leaf tensile strength and DM. Dis- 
criminant function analysis successfully discriminated between 
species in different acceptability classes in summer (p10.05) and 
autumn (E20.01) using a combination of plant structure and led 
quality attributes. Correspondence analysis indicated that pre- 
ferred species were generally short and nonstemmy and had leaves 
of low DM, low tensile strength, and high crude protein content. 
Conversely, avoided species tended to be tall and stemmy with a 
high leaf table height, and had leaves of high DM and tensile 
strength but low CP levels. It is concluded that, for sheep, accepta- 
bility is determined by a combination of plant structure and leaf 
quality attributes. 

Key Words: leaf quality, tensile strength, stems, African range- 
lands, leaf accessibility 

Plant species selection by grazing ungulates has been extensively 
documented, yet understanding of the underlying factors deter- 
mining species acceptability remains tenuous. While acceptability 
is generally correlated with plant nutrient content (Heady 1964), 
attempts to predict species selection on this basis alone have largely 
been unsuccessful (e.g., Westoby 1974, Owen-Smith and Novellie 
1982). 

Optimal foraging theory predicts that the utility of a food to an 
animal is determined by the ratio of nutrient content to handling 
costs (Stephens and Krebs 1986). For grazing ungulates, where 
search time may be assumed to be low, handling costs arise directly 
from the time and energy expended in harvesting leaf from a 
particular plant. As these costs are largely determined by plant 
structure (Ruyle et al. 1987) in terms of the amount and 3- 
dimensional distribution of leaf present, this variable should be an 
important determinant of acceptability to these animals. In a study 
with cattle (O’Reagain and Mentis 1989), species acceptability was 
found to be positively correlated with leaf table height and tussock 
diameter but negatively correlated with stemminess. 

Different ungulate species function under time-energy con- 
straints (Hanley 1982) which are unique for a particular body size 

The author thanks Raymond Ntshangase, for field assistance, Neil Miles for Kjel- 
dahl analyses, Marlene M&faster for typing, and Johan Du Toit, Tim O’Connor, 
Norman Owen-Smith, and 2 anonymous referees for constructive criticism of an 
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(Demment 1983). Consequently, the relative importance of plant 
structure in determining acceptability could vary widely between 
different ungulate species. The present study was initiated to repeat 
the experiment of O’Reagain and Mentis (1989) using sheep, which 
were assumed to function under constraints significantly different 
from those of cattle. The objectives were, first, to determine the 
relationship between plant structure and species acceptability to 
sheep, and secondly, to identify specific components of structure 
important in determining acceptability to these animals. The study 
adopted the hypothesis generating approach (Loehle 1987) in an 
attempt to facilitate maturation of current theories on dietary 
selection. 

Procedure 

Study Area 
The study was conducted on the Dundee Research Station situ- 

ated 10 km east of the town of Dundee, South Africa, (28O IO’S, 
30° 14’E) in the Natal Sour Sandveld (Acocks 1975). Mean annual 
rainfall is 730 mm (20 year mean) concentrated over the summer 
months, with a peak in January. Summers are warm with a mean 
maximum air temperature of 27” C, while winters are cool with 
grass minimum temperatures below 0” C. 

The OS-ha experimental site was situated on a deep, well- 
drained soil of the Hutton form (Macvicar et al. 1977). The area 
had previously (>lO years) been cultivated and was dominated by 
a secondary grassland community comprised largely of Hyparrhe- 
nia hirta (L.) Stapf and various Eragrostis species. 

Methods 
The site was burnt in October 1987 in order to remove residual 

material and, thereafter, grazed by 22 Merino wethers (average 
mass 45 kg) for periods of 10 days in a simulated rotational grazing 
system on 3 December (spring), 9 February (summer), and 14 April 
(autumn). Between grazing periods, animals grazed veld of a com- 
position similar to the study area. Animals received supplementa- 
tion in accordance with the recommended procedure for the area, 
i.e., mineral-phosphate lick in spring and summer and a nitrogen- 
based lick thereafter. 

Nine perennial grass species, common to the area, were selected 
for the study. Species were chosen so as to obtain a wide range of 
acceptabilities and plant structures. These were Cynodon dactylon 
(L.) Pers., Eragrostis capensis (Thunb.) Trin., Eragrostis cuwula 
(Schrad.)Nees, EragrostisgummifluaNees, EragrostisplanaNees, 
Hyparrhenia hirta (L.) Stapf, Michrocloa caffra Nees, Paspalum 
notatum Fluegge, and Sporobolus africanus (Poir.) Robyns and 
Tournay. (Nomenclature follows Gibbs Russell et al. 1990). With 
the exception of C. dactylon and P. notatum, which are creeping 
stoloniferous grasses, all are tussock species. 

Immediately before each grazing period, 100 tussocks of each 
species were randomly selected from the total species population, 
to allow measurement of the attributes listed below. (For stolonif- 
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Table 1. Means of species attributes for 9 perennial grasses in spring (l), summer (2), and autumn (3) in South Africa. 

Species Season Plant 
height 

Leaf Stemminess Tussock Leaf Leaf Leaf Dry Leaf 
table diameter tensile matter CP 

height strength 

C. dactylon 
E. capensis 
E. curvula 
E. gummiflua 
E. plana 
H. hirta 
M. caffia 
P. notatum 
S. africanus 
C. dactylon 
E. capensis 
E. curvuh 
E. gummiflua 
E. plana 
H. hirta 
M. caffra 
P. notatum 
S. africanus 
C. dactylon 
E. capensis 
E. curvula 
E. gummiflua 
E. plana 
H. hirta 
M. caffra 
P. no;atum 
S. africanus 

1 

2 28.65 
2 61.45 

(cm) 
16.14 
61.75 
84.48 
45.51 
50.66 
45.99 
26.86 
13.86 
33.92 
16.75 
62.29 
80.42 
61.53 
67.13 
81.91 
23.54 

13.10 
31.26 
75.22 
60.41 
63.60 
87.09 
15.88 
17.20 
88.51 

(cm) (O-5) 
4.14 1.03 
6.83 3.89 

15.57 2.63 
19.02 1.41 
13.33 0.67 
18.98 0.75 
2.61 3.18 
6.71 0.06 

11.93 0.08 
5.68 1.86 

12.35 3.06 
16.66 2.60 
19.65 2.60 
17.23 1.80 
19.97 3.27 
3.45 2.07 
6.89 1.29 

21.23 1.38 
4.99 0.73 
6.95 I .40 

17.66 2.59 
15.71 2.30 
14.88 1.28 
20.77 3.57 

3.11 0.75 
4.38 0.37 

11.64 2.48 

(cm) 
30.00 
11.35 35 
12.27 47 
20.25 

19.38 

60 

53 
3.98 

17.02 

41 
30.00 

57 

66 
13.06 60 
30.00 48 
15.39 42 
16.98 51 
16.85 53 
16.21 - 
14.72 32 
5.54 55 

30.00 54 
13.55 49 
30.00 45 
13.48 55 
20.98 56 
16.86 63 
18.33 59 
16.71 25 
4.0 1 55 

30.00 60 
9.63 48 

(mid cm) 
1.48 
4.53 
0.95 

2.42 
1.20 

I .66 

1.24 
2.41 
2.02 
2.56 

1.42 

1.65 
2.07 
3.39 
1.84 
0.50 
1.33 
2.28 
1.78 
1.81 
1.59 
5.23 
2.24 
1.92 
1.04 
1.16 
2.47 

Dynes 
2252 
2334 
7612 
3375 
9247 
2819 
7887 
2630 
8366 
2252 
2334 
7612 
3375 
9247 
2819 
7887 
2630 
8366 
2252 
2334 
7612 
3375 
9247 
2819 
7887 
2630 
8366 

51 
52 
44 
44 
39 
59 

45 
54 
64 
66 
51 
51 
46 
68 
44 
46 
56 
52 
65 
53 
60 
51 
58 
51 
55 

(%) 
lb.d7 

656 
6.74 
564 
6.36 
8.02 
6.63 
9.36 
8.34 
9.48 
5.77 
5.79 
4.17 
5.67 
7.02 
5.58 
7.12 
6.09 
8.48 
5.02 
5.54 
3.99 
5.02 
5.01 
5.68 
6.01 
3.76 

erous species, a ‘tussock’ was arbitrarily defined as a 30 X 30-cm 
quadrat.) Of the tussocks selected, 10 were clipped to ground level 
and removed for laboratory analysis. To reduce subjectivity, all 
measurements, with the exception of the Kjeldahl analyses, were 
performed by the author. Expectation bias in the subjective mea- 
surements was unlikely given the extreme range in structures 
between species. 

The following attributes were measured for each species (see 
Table 1) with the sample size (n) given in parentheses: plant 
height-the height above ground level of the tallest, extended part 
of the plant (n= 100); leaf table height-the height below which 80% 
of the plant’s leaves were subjectively judged to occur (n=lOO); 
tussock diameter-the diameter at the widest part of the tussock 
(n= 100); stemminess-the proportion of stems present, subjec- 
tively estimated on a scale of 0 to 5 where O=no stems and 5=many 
stems (n=lOO); leaf percentage-the percentage (%) contribution 
of leaf mass to total tussock mass expressed on a dry mass basis 
(n= 10); leaf density-the mass of leaf (dry mass) per unit volume of 
leaf space (n= 10) where: 

tussocks of each species using a wheel-point apparatus (Tidmarsh 
and Havenga 1955) and visually classifying tussocks as either 
‘grazed’ or ‘ungrazed’. A grazed tussock was defined as one where 
plant material had been removed, the exception being where only 
seed heads had been consumed. Confusion with earlier grazing was 
unlikely as regrowth was good. As the area was fenced and indi- 
genous ungulates absent, sheep can be assumed to have been 
responsible for all defoliations. 

Statistical Analysis 

Leaf space q  n (tussock diameter)2 X leaf table height x. 

2 
(1) 

dry matter percentage-the percent dry matter (DM) of freshly cut 
herbage (n= 10) x; leaf tensile strength-the force required to break 
a single leaf per unit width of the leaf at the broken edge, measured 
using a leaf tensilmeter (Martens and Booysen 1968). Measure- 
ments of leaf tensil strength (n=20) were made only once (autumn) 
as this variable does not change significantly over the growing 
season (Theron and Booysen 1968); leaf crude protein (CP)- 
samples were dried at 6Y C for 48 hours, milled (l-mm sieve) and 
analyzed using the macro-Kjeldahl procedure (AOAC 1970) 
(n=lO). 

The G-test (Sokal and Rohlf 1981), using the ratio of grazed to 
ungrazed tussocks per season, was used to determine whether 
species acceptability was independent of season. The relationship 
between species attributes and acceptability was investigated using 
standard least squares regression (Statistical Graphs Corporation 
1987). For multivariate analysis species were classified into groups 
on the basis of acceptability, i.e., preferred (>60% acceptability), 
intermediate (3060% acceptability), or avoided (<30% acceptabil- 
ity). For each season, discriminant function analysis (DFA) was 
used (Statistical Graphics Corporation 1987) to identify attributes 
which could best discriminate between groups of different accep- 
tability. Correspondence analysis (Greenacre and Vrba 1984) using 
SIMCA (Greenacre 1985) was used to detect patterns of associa- 
tion between acceptability classes over all seasons and the various 
species attributes. Attributes of a particular species were classified 
as being either low(l), medium (2), or high (3) by dividing the total 
range of a variable for all species over all seasons into 3 equal 
groups. 

Species acceptability, expressed as a percentage, was determined 
at the end of each grazing period by systematically selecting 100 

Plants were not used as replications, but were the sampling units, 
as plant species were the experimental units. Replication was not 
considered essential to achieve stated objectives given the hypothe- 
sis generating approach adopted. Animals operate under fixed 
constraints, so under optimal foraging theory (Stephens and Krebs 
1986) the relative importance of different factors in determining 
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dietary selection should be consistent in space and time (Dearing 
and &hall 1992). 

Results 

Species Acceptability 
The most acceptable species were P. notatum and H. hirta in 

spring, E. cape&s and P. notatum in summer, and P. notatum in 
autumn (Table 2). In general, the least acceptable species were E. 
curvula, E. plana, E. gummijlua, and M. caffra. With the exception 
of E. plana and E. curvula there was a significant interaction 

Table 2. The acceptability (percentage of tufts grazed) of 9 grass species to 
sheep in spring, summer, and autumn. G-values indicate significance of 
seasonal effects on acceptabiiity. 

Species Spring Summer Autumn G-value 

C. dactylon ----~l-----%Grazed_________ 56 68 6.07, 
E. capensis 44 84 36.06** 
E. curvula 10 04 8: 3.29 
E. gummijua 21 07 42 36.66** 
E. plana 09 11 I3 0.814 
H. hirta 91 64 65 27.08.. 
M. caffra 02 03 33 54.26’+ 
P. nolatum 92 81 95 io.92* 
S. africanus 76 78 58 ii.32* 

* (pIo.05; x2 = 5.99) 
**(I%O.01; x2 = 13.81) 

between acceptability and season (Table 2) with some species (e.g., 
M. caffra) increasing while others (e.g., H. hirta) declined in accep- 
tability over the grazing season. 

Correlation Analysis 
In spring, no significant relationship could be detected between 

acceptability and any species attribute, although there appeared to 
be a negative relationship with tussock height, leaf tensile strength, 
and dry matter, and a positive relationship with tussock diameter 
(Table 3). Similarly, in summer no significant relationship was 

Table 3. Correlation coefficients(r) for the relationship between the accep- 
tabiiity of 9 different grasses to sheep and species parameters measured in 
spring, summer, autumn, and over ail seasons. 

Attribute Spring 
(n = 9) 

Summer Autumn G-value 
(n q  9) (n = 9) (n = 27) 

Leaf % 0.427 
Leaf CP 0.224 
Leaf tensile strength -0.522 
Leaf table height 0.049 
Stemminess -0.063 
Dry matter 70 -0.592 
Leaf density -0.363 
Tussock height -0.434 
Tussock diameter 0.540 

* (pIo.05) 
l *(KO.ol) 

-0.546 -0.488 -0.151 
0.327 0.329 0.287 

-0.529 -0.742* -0.582** 
-0.015 -0.433 -0.094 
-0.035 -0.162 0.053 
-0.485 -0.885** 4X475** 
-0.489 -0.273 -0.304 
-0.076 -0.371 -0.358 
0.354 -0.371 -0.447. 

evident, although acceptability was negatively related to leaf ten- 
sile strength and percent leaf. In autumn, a strong (EO.01) nega- 
tive relationship was evident between species acceptability and 
both dry matter and leaf tensil strength. Over the grazing season as 
a whole, species acceptability was positively related to tussock 
diameter (EO.05) but negatively related to leaf tensile strength 
(PSO.01) and dry matter (PSO.01). 

Correspondence Analysis 
Axis 1 accounted for 60.8% of the inertia, and separated avoided 
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Fig. 1. Graphical dispiay of the first 2 axes of inertia for sheep, derived 
from correspondence analysis of different acceptability classes and their 
associated spedes characteristics (AV=avoided, PR=preferred, and 
IN=intermediate acceptability class; l=iow, 2=medium, j-high; W=dry 
matter percentage, V=ieaf density, S=stemmines.s, D=tuft diameter, 
P=ieaf crude protein, E=leaf table height, T=ieaftensiie strength, L=ieaf 
percentage, H=tuft height). 

species and species of intermediate to preferred acceptability (Fig. 
1). Axis 2 accounted for 39.2% of the inertia and appeared to 
separate preferred from species to intermediate acceptability. In 
terms of species parameters, the main opposition in axis 1 appears 
to be between short, mat-forming grasses with leaves of high 
quality on the right, and tall-growing grasses with leaves of low 
quality on the left. Axis 2 appears to reflect separation between 
species with low dry matter and stemminess at the top from species 
of intermediate dry matter intermediate to high leaf density at the 
bottom. In general, avoided species had associated attributes of a 
high leaf table height, a high DM%, high leaf tensile strength and 
an intermediate to low leaf crude protein content. Conversely, 
species of intermediate and preferred acceptability had a low leaf 
table height, were nonstemmy, and possessed leaves of low leaf 
tensile strength but high crude protein content. 

Discriminant Function Analysis 
For all seasons, a combination of plant structure and leaf quality 

attributes provided the strongest discriminatory power between 
different acceptability classes (Table4). In spring, leaf table height, 
percent leaf, percent dry matter and leaf tensile strength best 
discriminated between classes, although the function derived was 
nonsignificant. Tussock diameter, stemminess, leaf crude protein, 

Table 4. Discrimhmnt analysis of the attributes of species of preferred 
intermediate and avoided acceptabiiity to sheep in spring, summer, and 
autumn. (DM = dry matter percent; CP = crude protein; LTS = leaf 
tensile strength; LTH = leaf table height). 

Species Canonical Probability Misclassified 
attributes r* >F species (n) 

Spring 
LTH, DM, Percent leaf, 
LTS .940 .I49 I 

Summer 
LTS, stemminess, leaf CP ,920 .049* 1 
Tussock diameter, stemminess, 
leaf CP, DM .985 .027* 0 

Autumn 
LTS, stemminess, DM 
LTH, leaf CP .992 .008* 0 
DM,stemminess, LTS .965 .006* 1 
DM, stemminess, leaf CP .987 .0003** 0 

* (EO.05) 
“(p1o.001) 
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and dry matter formed a significant (m.05) discriminant func- 
tion in summer with all species correctly classified. Similarly, in 
autumn, a highly significant (m.01) discriminant function cor- 
rectly classified all species using the attributes of stemminess, leaf 
protein, and dry matter. Of the attributes used only dry matter was 
common to the functions derived from all seasons while stemmi- 
ness and leaf crude protein were common to both summer and 
autumn. 

Discussion 
Sheep appeared to avoid tall, stemmy species but tended to select 

for short, nonstemmy species with a low leaf table height. This 
suggests that plant structure is an important determinant of species 
acceptability to these animals as has been found with cattle 
(O’Reagain and Mentis 1989), buffalo (Field 1976), and kudu 
(Cooper and Owen-Smith 1986). As leaf forms in excess of 80% of 
sheep diets (Arnold 1960), the effects of plant structure must be 
interpreted in terms of its effects on leaf accessibility and hence the 
rate of nutrient ingestion by the grazing animal. Thus, sheep may 
select for shorter grass species as the amount of leaf harvested per 
unit time is maximized at these heights; evidence from temperate 
pastures indicates that for sheep, intake rates are maximized at a 
sward height of 6 cm but decline above or below this height 
(Penning et al. 1991). If preference is correlated with intake rate 
(Kenney and Black 1984), this may explain why very short (e.g., M. 
caffra)and very tall grasses (e.g., E. curvula), tended to be avoided. 

These results conflict with those for cattle (O’Reagain and Men- 
tis 1989), which selected strongly for species with tall leaves. This 
difference may best be explained in terms of the allometric scaling 
of mouth dimensions with body mass. As larger animals have a 
proportionately greater bite depth than small animals, bite size is 
likely to be maximized at a relatively greater sward height for the 
former animals (Illius and Gordon 1987). Large animals should 
therefore select for comparatively tall swards or species. Sheep 
may also experience difficulty in harvesting tall leaves with their 
nibbling method of grazing (personal observation) while cattle 
readily sweep such leaves into their mouths using their prehensile 
tongues. 

Sheep also appeared to select for nonstemmy plants (Fig. l), in 
agreement with the findings of Murray (1984). Stemminess may 
reduce bite size by physically restricting access to leaf (Arnold 
1962) and may also increase bite time (Ruyle et al. 1987) thereby 
increasing nutrient handling costs. Stemminess may therefore 
modify species acceptability through its effects upon the cost:be- 
nefit ratio, and hence profitability of harvesting leaf from a particu- 
lar species. Interestingly, the effects of stemminess on acceptability 
appear to be less extreme for sheep than for cattle (O’Reagain and 
Mentis 1989). For example, the marked increase in stemminess in 
H. hirta from spring to autumn resulted in a 26% decline in its 
acceptability to sheep (Table 1) compared with a decline of nearly 
50% for cattle over a similar range (O’Reagain and Mentis 1989). 
This discrepancy may be attributed to the different morphological 
and physiological constraints under which the 2 animals operate. 
First, as a consequence of their ‘nibbling’ method of grazing, 
relatively narrow muzzles, and the greater degree of curvature of 
the incisor arcade (Gordon and Illius 1988), sheep have an inher- 
ently superior ability to select small, highly dispersed leaf items. 
Secondly, as foraging time increases with body size (Owen-Smith 
1988), small ungulates have a relatively greater potential to 
increase grazing time to compensate for physical restrictions on 
intake than their larger counterparts. 

Leaf quality in terms of tensile strength, dry matter, and protein 
content was also an important determinant of species acceptability 
(Table 4) with leaf tensile strength possibly being the most impor- 
tant in the present study (Table 3). Theron and Booysen (1966) 

similarly noted that the acceptability of different African grasses to 
sheep was most strongly correlated with tensile strength. Sheep 
may avoid species with high strength leaves for a number of rea- 
sons. First, handling costs in terms of time and energy are likely to 
be significantly greater for high stength leaves. Consequently, rates 
of dry matter consumption are greater for low strength leaves, even 
within a particular species (Mackinnon et al. 1988). Secondly, leaf 
strength is negatively correlated with leaf quality (Evans 1964, 
Wilson 1965, John et al. 1989), and may thus act as an index of leaf 
nutrient content. Thirdly, leaf strength adversely affects rumen 
processing costs. In general, rumination times are longer, dry 
matter disappearance rates slower, and voluntary intakes lower for 
high compared to low strength leaves (Inoue et al. 1989). Signifi- 
cantly, leaf tensile strength appeared to be a relatively more impor- 
tant determinant of acceptability to sheep than to cattle (O’Rea- 
gain and Mentis 1989), possibly reflecting the comparatively 
shorter retention times and lower digestive ability (Demment and 
Van Soest 1985) of small ruminants. 

Sheep also appeared to avoid grass species with high DM (Fig. 1) 
in accordance with Theron and Booysen’s (1966) findings that 
sheep select for succulent species with a high water content. Dry 
matter percent may give an indication of the concentration of cell 
wall constituents and hence potential digestibility of a particular 
species. Sheep may also avoid species with high dry matter as this 
factor is negatively correlated with intake of fresh herbage (Kenny 
et al. 1984). Although intake may be restricted by water content at 
very low dry matter levels (Arnold 1962), these levels are unlikely 
to be encountered under range conditions. 

In general, sheep tended to select for species with a high crude 
protein content and avoid species with low to intermediate levels of 
the nutrient. However, considering the relatively high energy 
requirements of small ungulates such as sheep (Kleiber 1961) it is 
surprising that the relationship between acceptability and leaf 
crude protein was not stronger (Table 3). Removal of the outlier 
points belonging to C. dactylon did not have the effect of improv- 
ing the relationship between the crude protein and acceptability 
(rz0.522; m.01) although this is still considerably weaker than 
that recorded for cattle (O’Reagain and Mentis 1989). As with 
cattle (O’Reagain and Mentis 1989), leaf crude protein appeared to 
be a relatively more important determinant of acceptability in 
summer and autumn (Table 4) when herbage quality in the study 
area declines and may approach sub-maintenance levels (O’Rea- 
gain and Mentis 1988). 

Significantly, acceptability could not be explained solely in 
terms of any single factor, with the strongest relationship, tensile 
strength, only explaining 30% of the variation in the data (Table 3). 
This indicates that acceptability is not determined by any single 
factor but rather by a range of factors. For example, although H. 
hirta is a tall-growing stemmygrass, it was strongly selected (Table 
l), possibly due to its soft, high-quality leaves. Acceptability to 
sheep therefore appears to be determined by the interplay between 
plant structure and leaf quality attributes. Animals appear to 
balance the unfavourable and favourable characteristics of a par- 
ticular species and then select accordingly (Arnold 1964). 

Other factors, not considered in the present study, may also be 
involved in determining species selection by sheep. Secondary 
plant compounds affect dietary selection by browsers (Cooper and 
Owen-Smith 1985) and may also be of importance for grazers. 
Some indigenous grasses have been observed to possess tannin-like 
substances (Ellis 1990) while others such as C. dactylon produce 
cyanogenic compounds (Timson 1943). The costs associated with 
the digestion and passage of food are also likely to be of impor- 
tance in dietary selection (Owen-Smith and Novellie 1982). Slowly 
digestible foods may depress intake as their long retention times 
depress rumen turnover rate while foraging time may be restricted 
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due to the greater rumination requirements of such foods (Spalin- 
ger et al. 1986). Future studies of dietary selection in grazing 
ungulates should therefore take into account handling costs asso- 
ciated with both the ingestion and digestion of food, as well as the 
possible presence of secondary chemicals. 
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Abstract 

In a 4-year field study, 25 perennial triticeae grasses, represent- 
ing a wide range of genomes and genome combinations, were 
evaluated as potential hosts for the bluegrass billbug(Spheuopho- 
ruspurvulus Gyllenhal [Coleoptera: Curculionidae]). Root-sample 
data suggested that Russian wildrye (Psu~/ryrostacriys juncea 
[Fischer] Nevski) was unsuitable for billbug reproduction. Numbers 
of immatures varied significantly among remaining entries. Rhi- 
zomatous entries were more tolerant of billbug injury than caespi- 
tose entries. Plant mortality rates were frequently 50% or higher 
for self-pollinated caespitose entries with the SH genome comple- 
ment (Elymus spp.). Losses to billbugs among the remaining spe- 
cies, particularly those with the J, N, and P genomes, were insigifi- 
cant. Billbugs did not discriminate between native and introduced 
grasses, as resistant and susceptible entries were identified in both 
groups. The results obtained here may aid in selecting triticeae 
grasses for reseeding in areas where billbugs have damaged stands 
in the past. 

Key Words: Acremonium endophyte, Curculionidae, rangeland 
insects, Sphenophorus patvulus 

Improved range grasses are desirable for revegetating degraded 
rangelands in the western U.S. Perennial triticeae species (wheat- 
grasses, wildryes, and their relatives) and interspecific hybrids are 
continually being evaluated. Superior cultivars are usually chosen 
on the basis of forage production and seedling establishment in 
semiarid environments. While revegetation success continues to 
improve, the genetic potential for insect resistance in many forage 
grasses remains underutilized. An alternative to the breeding of 
insect-resistant germplasm may be to use plant materials that are 
inherently resistant. 

In the past little emphasis has been placed on plant diversity in 
revegetation projects. When rangelands are converted to monocul- 
tures by seeding operations, insect outbreaks may be favored. For 
example, monocultures of grass such as crested wheatgrass (Agro- 
pyron spp.) have been heavily damaged by a black grass bug 
(Lubops hesperius [Hemiptera: Miridae Uhler]) over large areas of 
the Intermountain region (Bohning and Currier 1967, Jensen 
1971). 

In the last 10 years the bluegrass billbug (Sphenophorusparvu- 
lus Gyllenhal [Coleoptera: Curculionidae]), a common pest on 
lawn grasses throughout much of the northern half of the U.S. 
(Tashiro and Personius 1970, Kindler and Kinbacher 1975, 
Lindgren et al. 1981) has caused considerable damage in evalua- 
tion nurseries composed of range wheatgrasses (Asay et al. 1983). 
Bluegrass billbugs are not restricted to Poa spp. as hosts, as their 
name implies, for they have been reported on more than 40 other 
grasses (Satterthwait 1931, Ahmad and Funk 1983, Asay et al. 
1983, Johnson-Cicalese and Funk 1990). These insects are often 
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associated with quackgrass (EIytrigia repens [L.] Nevski) (Nielson 
1985) and are commonly found along roadsides and in ditchbanks 
where quackgrass is present. Research has focused primarily on the 
billbug’s impact on turf grasses, but its seasonal history on range 
grasses has also been documented (Hansen 1987). 

Adult insects are dark gray and 6 to 8 mm long. Females are 
slightly larger than males. Like most weevils, billbugs have chew- 
ing mouthparts located at the end of the prominent snout. In the 
spring adult females lay eggs inside the grass stem near the crown. 
After hatching, the white larvae feed inside the stems and migrate 
to the crown and root system, where they feed on the roots and 
rhizomes for several weeks and sever many culms. Because of their 
limited mobility the legless larvae usually complete their develop- 
ment on a single plant, although multiple plant feeding may occur 
in dense stands where roots of adjacent plants intertwine. Most of 
the larvae produced in a season will complete their life cycle by fall, 
but the new adults will generally remain inactive in the soil until the 
following spring. Infested plants appear stunted and drought- 
stressed despite adequate soil moisture. The characteristically dry 
severed stems of damaged plants are easily pulled from the soil. 
Host grasses may be killed within 1 to 2 years after an infestation or 
they may simply exhibit poor vigor for several seasons. Billbugs are 
often accidentally distributed when soil and sod are moved by man. 
Natural dispersal is probably quite slow as the adults rarely fly. 

Our objective was to compare bluegrass billbug survival and 
reproduction on 25 perennial triticeae grasses representing a broad 
range of genomic compositions. The genomic system of classifica- 
tion groups species into genera with a similar genomic formula 
(Barkworth and Dewey 1985). The genomic formula consists of 
letters, each representing a diploid set of 7 pairs of chromosomes. 
Genomes of 2 species are assigned the same letter if they show 
meiotic pairing in the interspecific hybrid, but different letters if 
pairing is minimal. Consideration of genomic formulae has led to a 
recent reclassification of perennial triticeae grasses that is based on 
phylogenetic considerations as well as traditional morphological 
characteristics. Our second objective was to compare plant mortal- 
ity rates among the grass entries after 4 years of billbug infestation. 

Methods 

Twenty-five perennial triticeae entries, including experimental 
species and hybrids, were selected on the basis of genomic compo- 
sition and economic importance (Table 1). Plants were grown from 
seed in a greenhouse and were transplanted to the field 3 km south 
of Logan, Ut., at 4 months of age in May 1986. This location was 
chosen because a natural infestation of billbugs was already pres- 
ent. Plants were spaced on 1.0-m centers to ensure that billbug 
larvae would develop on a single plant. Each plot consisted of 10 
plants of an entry. Plots were arranged in a randomized complete 
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Table 1. Perennial triticeae grasses used in the bluegrass billbug feeding study. 

Entry 

Agropyron crisratum (L.) Gaertner cv. Fairway 
A. desertorum (Fischer ex Link) Shultes cv. Nordan 
A. cristatum X .4. desertorum cv. Hycrest 
Elymus canadensis L. 
E. caninus (L.) L. 
E. fibrosus (Schrenk) Tzvelev 
E. glaucus Buckley 
E. lanceolarus (Scribn. and Smith) Gould cv. Critana 
E. lanceolatus ssp. wawawaiensiti cv. Secar 
E. sibiricus L. 
E. trachycaulus (Link) Gould ex Shinners cv. San Luis 
Elytrigia repens (L.) Nevski X Pseudoroegneria spicara (Pursh) A. L&e RS-I 
Ei. repens X P. spicata RS backcross 
Et. repens X P. spicata RS-MC 
Et. repens X P. spicata RS-N 
Ei. repens X A. deserrorum RD 
&ymus cinereus (Scribner and Merrill) A. Lave cv. Magnar 
Pascopyrum smithii (Rybd.) A. L&e cv. Rosana 
Psathyrostachys juncea (Fischer) Nevski cv. Bozoisky-Select 
Pseudoroegneria spicara ssp. inermis (Scribn. & J.G. Smith) A. L&e cv. Whitmar 
P. spicara P-7845 
P. spicata X E. lanceolarus SL 
P. stipijolia (Czern. ex Nevski) A. L&e (2n q  14) 
P. stipfoolia (2n q  28) 
7’hinopyrum inrermedium (Host) Barkw. & D.R. Dewey cv. Greenar 

Genomic Growth 
Origin’ formula2 habit’ 

I P C 
I PP C 

1x1 PP C 
N SH C 
I SH C 
I SH C 
N SH C 
N SH R 
N SH C 
I SH C 
N SH C 

IXN ssxs R 
IXN ssx R 
IXN ssx R 
IXN ssx R 
1x1 PPSSX R 

N NNXX C 
N SHNX R 
I N C 
N S C 
N ss C 

NXN SSH R 
I S R 
I ss R 
I SJJ R 

IN = Native, I = Introduced. 
IEach letter represents a distinct genome of 7 pairs of chromosomes. 
T = Caespitose, R = Rhizomatous. 
“Latin binomial not yet published. 
5X indicates an unidentified genotne. 

block design with 4 replications as blocks. Soil between plants was 
cultivated as necessary to control weeds and prevent rhizomatous 
entries from spreading to adjacent plots. All plots were mowed and 
raked in the fall. Adult billbugs were observed feeding on the test 
plants within 1 month after planting. 

Data collection began in October 1987. A 10 X 10 X20-cm deep 
soil-root sample was dug from each of 2 plants randomly selected 
per plot in all 4 replications. Soil was separated from the roots and 
sieved through a 3-mm wire screen to isolate billbug life stages. 
Pupae, larvae, and adults from the current year, all designated as 
immatures, and adults from previous seasons were counted. Cur- 
rent year adults were identified by their reddish-brown color and 
clean appearance while previous season adults were grey in color 
and exhibited exoskeletal wear. This sampling procedure was 
repeated in October 1988 and September 1989. Analysis of var- 
iance was used to compare numbers of adult and immature bill- 
bugs among entries. Replications were considered random and 
entries fixed. Means were separated using the Bayes L.S.D. test 
(Smith 1978) and were deemed significantly different at k ratio = 
100. In October 1989 billbug-related plant mortalities were deter- 
mined in each plot, and the mean percentage of dead plants was 
calculated over the 4 replications. 

Results and Discussion 

The grasses used in this study were tranplanted into a cultivated 
field that was previously a stand of hybrid wheatgrass, Elytrigia 
repens X Agropyron desertorum (Fischer ex Link) Shultes (RD). 
This hybrid served as an adequate host for the bluegrass billbug; 
many adult insects were present at the beginning of the study. 
Billbugdistribution among test plants varied considerably over the 
3-year sampling period. The feeding adults did not appear to be 
conditioned to the RD hybrid, which was also one of the test 
entries. Although adults and immatures were collected from 22 of 
the 25 entries, over 50% of the total number of billbugs at the fall 
1987 sampling were from RS-1, RS-MC, ‘San Luis’slender wheat- 
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grass, E. sibiricus L., and E. cuninus (L.) L. (Table 2). Billbug 
reproduction was very low in The plots during 1988, possibly due to 
the dry spring and summer. ‘? ,:ly a single larva was found that year 
over all entries in the experiment (data not shown). Most of the 
adults collected in 1988 : T..: af the 1987 generation, also suggest- 
ing a current year reproiItic,mn failure. The effect of April-June 
precipitation on billbug reproductive success is unclear, particu- 
larly in the arid western states. Short growing seasons in dry 
regions may limit the range of this insect. In 1989 billbug numbers 
increased to 1987 levels but their distribution among entries dif- 
fered from 1987. Sampling data from 1987 probably provided the 
best indication of host preference as equal numbers of healthy 
plants were available to the insects. In the third year of the study, 
billbug distribution among entries was no longer strictly indicative 
of host preference. By this time differences in plant availability 
resulting from differential mortality from billbug damage were 
present. 

Low numbers of immatures collected from some entries suggest 
that these grasses are not suitable for billbug development. For 
example, larvae were not collected from ‘Bozoisky-Select’ Russian 
wildrye during the 3-year sampling period, while relatively few 
immatures were obtained from ‘Fairway’ crested wheatgrass and 
P. stipifolia (Czern. ex Nevski) A. L&e (2n = 14). Remaining 
entries could be considered marginal to excellent hosts. The pres- 
ence of current-year adults in root samples indicates that billbugs 
were able to complete their life cycles on particular host plants. For 
this reason, the higher billbug densities were found on the most 
susceptible entries. Many individual grasses were severely dam- 
aged or killed by billbugs in 1987. Surviving plants from highly 
susceptible entries were often in such poor condition that the 
insects apparently abandoned them for healthier plants in 1988 and 
1989. Plant mortality by the fall of 1989 was as high as 80% for 
some entries (Table 2). 

Resistance to the bluegrass billbug has been associated with the 
presence of a fungal endophyte (Acremonium spp.) in perennial 



Table 2. Number of billbugs collected from fall root samples and plant mortality of 25 perennial triticeae Brasses. Means followed by the same letter in 
each column are not significantly different as determined by the Bayes LSD. (k ratio = 100). 

Entry adults 

Billbugs per plant 

1987 1989 Plant 
immat. adults immat. mortality 

Fairway 
Nordan 
Hycrest 
E. canadensis 
E. caninus 
E. fibrosus 
E. glaucus 
Critana 
Secar 
E. sibiricus 
San Luis 
RS-I 
RS backcross 
RS-MC 
RS-N 
RD 
Magnar 
Rosana 
Boroisky-Select 
Whitmar 
P- 7845 
SL 
P. stip. (2n = 14) 
P. stip. (2n = 28) 
Greenar 
Baves L.S.D. 

_________________b_;~___________(nob’,;b;_‘_____‘______bd____________ 
0.1 c 
0.4 c 0:1 c 0.5 bcde 0.6 cd 
0.3 c 0.8 c 0.1 d 0.1 de 
0.5 bc 0.8 c 0.6 bcde 0.9 bed 
1.6 abc 0.9 c 0.1 de 0.3 d 
0.6 bc 0.8 c 0.1 de Od 
0.1 c 1.1 c 0.1 de 0.1 d 
0.5 bc 0.5 c 0.8 bcde Od 
0.6 bc 0.1 c 0.4 cde 2.9 a 
2.9 a 1.4 bc 0.1 de 0.3 d 
1.1 bc l.Oc 1.6 ab 0.1 d 
2.1 ab 3.0 a 0.4 cde 0.5 cd 
0.1 c 0.6 c 0.6 bcde 0.5 cd 
0.3 c 2.8 ab 1.3 bed 2.1 abc 
0.5 bc 0.5 c 0.4 cde 0.5 cd 
0.5 bc 0.8 c 1.5 abc 1.4 abed 
0.3 c 0.6 c Oe Od 

oc l.Oc Oe 0.5 cd 
0.1 c oc Oe Od 
0.5 bc 0.3 c 2.5 a 2.5 ab 

oc 0.3 c 0.5 bcde 1.3 abed 
0.4C 0.3 c 0.3 de 0.3 d 
O.lc oc 0.4 cde 0.8 bed 

oc 0.3 c 0.5 bcde 0.1 d 
oc 0.5 c 0.3 de 0.5 cd 

1.7 1.6 1.2 I.8 

-;?)-- 
Oe 
Oe 

25 c 
45 b 
80 a 
50 b 
5 de 

18 cd 
78 a 
85 a 
10 de 
3e 
3e 
5 de 

13 cde 
8 de 
Oe 
3e 

18 cd 
8 de 
8 de 
8 de 
3e 
Oe 

1A 

ryegrass, Lolium perenne L. (Ahmad et al. 1986). In a controlled 
feeding study, adult billbug mortalities were higher on endophyte- 
infected tall fescue (Festuca arundinacea Schreb.) than on endo- 
phyte-free tall fescue (Johnson-Cicalese and White 1990). Stem 
samples from each entry in our study were examined for the 
presence of fungal endophytes but none were found. 

Large numbers of billbugs on a plant did not necessarily result in 
its deterioration or mortality. No significant correlation was found 
relating entry mortality with billbug infestation rate. Rhizomatous 
entries survived billbug injury better than caespitose entries. After 
3 years of exposure to billbugs, 30% of the plants of caespitose 
entries were killed, compared to 5% of the plants of rhizomatous 
entries. This difference suggests that a spreading growth habit may 
be an effective defense mechanism against billbugs. Since larval 
mobility is very limited, it is probably that billbugs prefer the high 
stem and root densities associated with bunchgrass crowns. Bill- 
bugs did not discriminate between native and introduced species. 
Highly resistant and highly susceptible entries were identified in 
each category. 

Similar to results of Asay et al. (1983), most entries of SH 
genomic formula, as noted in Table 1, were highly susceptible 
(Table 2). However, ‘Critana’ thickspike wheatgrass (Elymus lan- 
ceolatus [Scribn. and Smith] Gould) had the lowest mortality rate 
in the SH group. Unlike most Elymus spp., thickspike wheatgrass 
is cross-pollinating, rhizomatous, and a long-lived perennial 
(Barkworth and Dewey 1985). With the exception of SH entries, 
there were no significant differences in mortality rates among the 
genomic groups. The effect of an individual genome on a wheat- 
grass’degree of resistance is unclear, but the combination of the S 
and H genome.s, as commonly found in Elymus, apparently is 
associated with susceptibility. Crested wheatgrasses (Agropyron 
spp.), Russian wildrye (Psuthyrostachysjuncea [Fischer] Nevski), 
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and bluebunch wheatgrass (Pseudoroegneria spicata [Pursh] A. 
Love) and related Pseudoroegneriu species were relatively unaf- 
fected. The P, J, and N genomes were associated with resistance 
but reaction of combinations of genomes was not predicted by 
reaction of the individual constituent genomes. 

The effect of long-term billbug infestation on a tolerant wheat- 
grass is unknown. It is possible that stem production, seed yields, 
and overall vigor are reduced while damage inflicted to the root 
system may affect drought tolerance. The impact of the bluegrass 
billbug on the grasses tested here may differ in a rangeland envi- 
ronment where management practices, precipitation, and soil type 
may vary. The presence of natural enemies would also be an 
important factor in billbug success on rangeland. Further host 
preference studies of this insect may aid range managers when 
selecting forage grass species for revegetation. 
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Abstract 

We provided fenbendazole to captive (N q  77) and free-ranging 
(3 study areas) white-tailed deer (Odocoileus virginianus) in Loui- 
siana to determine effects on gastrointestinal nematode burdens. 
Fenbendazole reduced gastrointestinal nematode burdens of cap- 
tive and free-ranging white-tailed deer. Mean eggs per gram of 
feces from captive deer decreased P<O.Ol and P<O.Ol, respec- 
tively) 89% and 84% after provision of fenbendazole in doses 
approximating 0.47 and 0.62 g/deer, respectively. Doses approxi- 
mating 0.42-0.46 g/deer did not affect (P = 0.61) eggs per gram of 
feces collected from free-ranging deer. Mean eggs per gram of feces 
collected from free-ranging deer was affected by fenbendazole 
treatment (P= 0.04) and decreased an average of 86% (SE = 1.9) on 
the 3 study areas after provision of fenbendazole in doses approx- 
imating 1.67-1.82 g/deer. Eggs per gram of feces collected from the 
distal colon and abomasal parasite counts from abomasa of free- 
ranging deer harvested on the study areas were associated posi- 
tively (r = 0.706, P<O.OOl), were affected by fenbendazole treat- 
ment (P<O.Ol andP<O.Ol, respectively), and decreased 66% (SE = 
5.1) and 52% (SE = 7.4), respectively, after provision of fenbenda- 
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zole in doses approximating 1.67-1.82 g/deer. A reduction in the 
crosstransmission of gastrointestinal parasites common to deer 
and livestock might be possible through fenbendazole treatment of 
deer. 

Key Words: anthelmintic, disease, Louisiana, Odocoileus virgini- 
anus, parasites 

Domestic livestock and white-tailed deer (Odocoileus virginia- 
nus) share common range in much of the United States, increasing 
the potential for crossinfection of endoparasites among these rum- 
inants (Beaudion et al. 1970). Prestwood and Pursglove (1981) 
reported that 32 species of gastrointestinal nematodes have been 
recorded in white-tailed deer, several of which also infect livestock 
(Anderson 1962, Prestwood et al. 1973, Prestwood et al. 1975, 
Prestwood et al. 1976, Davidson et al. 1980, McGhee et al. 1981, 
Conti and Howerth 1987). Livestock operations often utilize some 
control program against gastrointestinal parasites and fenbenda- 
zole has been demonstrated to be an effective drug for treatment of 
gastrointestinal parasites in domestic ruminants (Fraser 1986). 
Free-ranging deer could potentially serve as a reservoir for gas- 
trointestinal nematodes (Dunn 1968, McGhee et al. 1981) and lead 
to reinfection of treated livestock. 

Most species of gastrointestinal nematodes are nonpathogenic 
or mildly pathogenic in free-ranging white-tailed deer under nor- 
mal circumstances (Prestwood and Pursglove 1981). However, 
heavy infection combined with malnutrition led to mortality and 
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morbidity of white-tailed deer on the Atlantic and Gulf coastal 
plains (Davidson et al. 1980) and other detrimental cases have been 
reported (Prestwood and Kellogg 1971, Forrester et al. 1974). 
Fawn and yearling deer are particularly susceptible to pathogenic 
gastrointestinal nematode infections (Prestwood and Kellogg 
1971, Forrester et al. 1974, Conti and Howerth 1987). 

Deer population reduction has been suggested as a management 
tool to minimize the risk of parasite-related disease because para- 
site burdens have been shown to be related to deer densities in some 
regions of North America (Herman 1945, Eve and Kellogg 1977, 
Davidson et al. 1982). However, many free-ranging deer popula- 
tions are maintained at high densities through design or default. 
Treatment with anthelmintics may be a reasonable strategy to 
increase productivity of farmed deer or to reduce the potential for 
parasite-related disease problems in free-ranging deer and poten- 
tially reduce reinfection of livestock utilizing the same range 
(Qureshi et al. 1989, 1990). 

Administration of anthelmintics to populations of wild animals 
is in its infancy (Foreyt and Samuel 1979). Garris et al. (1991) used 
ivermectin-treated corn (Zeu mays L.) to control the domestic 
rabbit ear mite (Psoroptes cuniculi) in captive white-tailed deer; 
and Qureshi et al. (1989, 1990) used tricalbendazole and albenda- 
zole, respectively, to control Fuscioloides magna in white-tailed 
deer. The majority of investigations regarding the use of anthel- 
mintics in nondomestic animals have dealt primarily with Euro- 
pean species, zoo animals, and farmed deer; and treatment with 
5-50 mg fenbendazole/ kg body mass has been effective in reducing 
gastrointestinal nematode burdens in these nondomestic species 
(Bockeler and Lindau 1978, Dinnes and Knapman 1980, Duwel et 
al. 1979, Janssen 1985, Kutzer 1981, Wiegand 1981). Wecouldfind 
no reports of the use of this anthelmintic for treatment against 
gastrointestinal nematodes in white-tailed deer. Therefore, our 
study was designed to determine if gastrointestinal nematode 
burdens in captive and free-ranging white-tailed deer could be 
affected through fenbendazole treatment. 

Materials and Methods 

Study Areas 
Captive deer were housed in a 6.5ha paddock of native grasses 

and mature pecans (Curya illinoensis K. Koch) on Idlewild Exper- 
iment Station, East Feliciana Parish, La. Avondale Hunting Camp 
(Avondale, 351 ha) and portions of Blairstown Plantation (Blairs- 
town, 980 ha) and Shades Plantation (Shades, 240 ha) were used to 
examine efficacy of fenbendazole for treatment of gastrointestinal 
nematodes in free-ranging deer. All areas were located in East- 
Feliciana Parish, La., and vegetation was typical of mixed pine- 
hardwood upland forests in the southeastern United States 
(Delany 1985, Barry 1991). 

Captive Deer 
Two trials were conducted using 77 captive, adult (22 years-of- 

age) white-tailed deer. We lightly coated 136 kg pelleted feed with a 
commercial inoculum sticker (VW-4; Urbana Laboratories, St. 
Joseph, MO.) to administer 20% fenbendazole premix (Hoechst- 
Roussel Agri-Vet Co., Somerville, N.J.) for both trials. We admin- 
istered 180 g premix (36 g fenbendazole; x q  0.47 g/deer) and 240 g 
premix (48 g fenbendazole; x = 0.62 g/deer) on 16 May and 9 
August 1990, respectively. 

We collected 30 freshly deposited fecal samples immediately 
prior to each treatment and approximately 2 weeks following each 
treatment (30 May and 21 August 1990). We processed fecal sam- 
ples using a double-centrifugation, sugar-floatation technique 
(Samuel and Trainer 1969) to recover gastrointestinal nematode 
eggs. The number of gastrointestinal nematode eggs per gram of 
feces in each sample was used to index gastrointestinal nematode 
abundance. Fecal egg counts have been used as a nondestructive 

method to evaluate control measures against gastrointestinal nem- 
atode parasites in zoo animals and farmed deer (Bockeler and 
Lindau 1978, Dinnes and Knapman 1980, Mason and Gladden 
1983, Anderson and Wilson 1984, Wilson 1984, English 1985, 
Janssen 1985, Watson and Charleston 1985, Boyce et al. 1991). 

Free-Ranging Deer 
We conducted 3 Haynes’ strip censuses (Hayne 1949) at each 

area and estimated approximately 1 deer/4.4 ha (79 deer) at Avon- 
dale, 1 deer/6.0 ha at Blairstown (163 deer), and 1 deer/2.8 ha (86 
deer) at Shades. We prebaited deer to covered bait stations at each 
study area (6 at Avondale, 12 at Blairstown, and 6 at Shades) 
beginning in February 1990 and provided whole, shelled corn ad 
libitum at bait stations throughout the study. 

We conducted 3 trials for free-ranging deer and used a light 
coating of inoculum sticker, as in the captive deer trials, to fix 20% 
fenbendazole premix to corn. We mixed 30 g of 20% fenbendazole 
premix with 23 kg coated corn at each bait station in May 1990 for 
Trail 1. The amount of corn supplied was based on consumption 
rates during prebaiting such that fenbendazole would be consumed 
within 3-5 days. We provided 180 g (36 g fenbendazole), 360 g (72 g 
fenbendazole), and 180 g (36 g fenbendazole) premix at Avondale, 
Blairstown, and Shades, respectively. 

We mixed 60 g of 20% fenbendazole premix with 23 kg coated 
corn at each bait station in July and November 1990 for Trials 2 
and 3, respectively. We provided an additional 60 g premix mixed 
with 23 kg coated corn at each bait station after all medicated corn 
originally provided had been consumed. For Trials 2 and 3 we 
provided 720 g (144 g fenbendazole), 1,440 g (288 g fenbendazole), 
and 720 g (144 g fenbendazole) premix at Avondale, Blairstown, 
and Shades, respectively. 

For Trials 1 and 2, we collected freshly deposited fecal samples at 
each area immediately prior to fenbendazole adminsitration and 2 
weeks following the final administration of fenbendazole. For 
Trial 3, we collected abomasa and feces in the distal colon from 
hunter-harvested deer prior to and following administration of 
fenbendazole. We attempted to harvest at least 10 deer from each 
area prior to treatment and all pretreatment deer were harvested 
within 11 days prior to treatment. Post-treatment deer were col- 
lected from each area between l-3 weeks following final fenbenda- 
zole treatment. 

Schultz et al. (1993) reported abomasal nematode relative fre- 
quencies on these 3 areas and 5 additional areas in south-central 
Louisiana to be 69.2% Mazammastrongylus pursglovei, 13.8% 
Osteragia mossi. 10.6% Trichostrongylus askivali, 5.1% 0. dik- 
mansi, 0.5% Haemonchus spp., and 0.4% M. odocoilei. Abomasa 
were collected and abomasal parasite counts derived to determine 
if egg counts were reflecting removal of parasites or inhibition of 
egg output. Although eggs are produced by gastrointestinal nema- 
todes other than abomasal parasites, previous work on abomasal 
parasite burdens of deer in Louisiana indicated that abomasal 
parasite counts and fecal egg counts were associated positively (r = 
0.656, P<O.OOl) (Schultz et al. 1993). 

Each abomasum was recovered and prepared using a standard 
method (Eve and Kellogg 1977). We randomly selected 2, 50-ml 
aliquots from each l,OOO-ml abomasal sample and washed con- 
tents in a #120 U.S. standard sieve (0.0049~. Sieve contents were 
washed into a l,OOO-ml beaker, transferred to a flask, and stained 
with iodine solution. We examined flask contents in a gridded petri 
dish under a bionocular dissecting microscope (10x) and counted 
all adult and larval worms observed in each aliquot to derive 
abomasal parasite count. We processed fecal samples collected 
during each trial as for captive deer. 
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Analytical Methods 
Analyses were performed using log-transformed data to approx- 

imate a normal distribution (Eve and Kellogg 1977, Steel and 
Torrie 1980:235, Couvillion et al. 1982, Schultz et al. 1993). Means, 
standard errors, and percent reductions were also calculated from 
the raw data and are presented for comparison to other studies. 

We used Student’s t-tests to evaluate differences between pre- 
treatment versus post-treatment eggs per gram means for captive 
deer trials separately and to compare eggs per gram means between 
trials. We used analysis of variance and a block design to determine 
effects from fenbendazole treatment and study area on eggs per 
gram and abomasal parasite count values for free-ranging deer. 
The association between transformed abomasal parasite counts 
and fecal eggs per gram from individual deer was described using 
Pearson’s correlation coefficient (r). Each trial was analyzed 
separately and all tests were conducted at m = 0.05. 

Results 

Captive Deer 
Although pretreatment and post-treatment fecal eggs per gram 

means were lower during Trial 2 than during Trial 1 (Table l), 

Table 1. Mean number of gastrointestinal nematode eggs per gram from 
fecal groups collected from captive white-tailed deer pre- and post- 
treatment with fenbendazoleas during May 1990 (Trial 1) and August 
1990 (Trial 2), East Feliciana Parish, La. 

Rawb log,oC 
Trial Time N X SE X SE PWd 

I Pre 30 6.1 1.6 0.69 0.06 <O.Ol 
Post 31 0.7 0.2 0.17 0.04 

2 Pre 30 3.7 0.8 0.53 0.07 <O.Ol 
Post 30 0.6 0.5 0.08 0.04 

“Approximately 0.47 g/deer and 0.62 g/deer for Trials 1 and 2, respectively. 
bCalculated from the raw data. 
‘Calculated from loglo-transformed data. 
dProbability of yt) of a difference between pre- and post-treatment means using 
transformed data. 

neither pretreatment (P = 0.17) nor post-treatment (P = 0.91) 
means differed statistically between trials. Post-treatment eggs per 
gram means differed from pretreatment means for both trials 
(P<O.Ol) and pretreatment means were reduced 89% and 84% 
based upon the raw data following fenbendazole treatment for 
Trials 1 and 2, respectively. 

Free-Ranging Deer 
Neither fenbendazole treatment (P= 0.61), study area (P= 0.44), 

nor the interaction of these variables (P = 0.38) affected fecal eggs 

per gram for Trial 1 (Table 2). Mean pretreatment eggs per gram 
levels were reduced an average of 86% (SE = 1.9) among study areas 
following fenbendazole treatment in Trial 2 based upon the raw 
data. Fenbendazole treatment (P = 0.04) affected eggs per gram 
values during this trial as did the interaction between fenbendazole 
treatment and study area (P = 0.01); however, study areas did not 
affect fecal eggs per gram (P = 0.38) when tested against the 
interaction of these variables. 

Transformed abomasal parasite counts and fecal eggs per gram 
from individual deer were positively associated (r = 0.706, P<O.OOl). 
Pretreatment eggs per gram values and abomasal parasite counts 
were reduced an average of 66% (SE = 5.1) and 52% (SE = 7.4), 
respectively, following fenbendazole treatment in Trial 3 calcu- 
lated from the raw means (Table 3). Neither study area (P = 0.24) 
nor the interaction of study area and fenbendazole treatment (P q  
0.57) affected eggs per gram of feces in Trial 3, but eggs per gram 
were affected by fenbendazole treatment (P<O.Ol). Both fenben- 
dazole treatment (P<O.Ol) and study area (P = 0.04) influenced 
abomasal parasite counts in Trial 3, but the interaction of these 
variables did not affect abomasal parasite counts (P = 0.89). 

Discussion 

Fenbendazole was efficacious for reducing gastrointestinal 
nematode burdens in captive and free-ranging white-tailed deer as 
reflected by fecal eggs per gram and abomasal parasite count levels. 
Although eggs per gram of feces from captive deer were reduced 
after provision of fenbendazole at average doses of 0.47 g/deer and 
0.62 g/deer, provision of similar doses to free-ranging deer 
(0.42-0.46 g/deer) did not affect eggs per gram levels. This may 
have been the result of underestimation of free-ranging deer densi- 
ties, consumption of fenbendazole-treated corn by species other 
than deer, or differences in behavior and feeding patterns between 
captive and free-ranging deer. 

Treated feed comprised a major portion of the diet of captive 
deer and all deer probably consumed treated feed during each trial. 
Treated corn, however, was a dietary supplement for free-ranging 
deer. Some free-ranging deer that utilized supplemental corn may 
not have visited bait stations when treated corn was available 
during Trial 1, and deer that visited bait stations when treated corn 
was available may have consumed more than their share (greater 
than the calculated mean). In Trials 2 and 3, provision of larger 
doses of fenbendazole (1.67-1.82 g/deer) over a longer period than 
in Trial 1 reduced fecal eggs per gram and abomasal parasite 
counts of free-ranging deer. Regardless of the reason that there 
were no effects from fenbendazole treatment of free-ranging deer 
during Trial 1, increasing the dose and period of fenbendazole 
provision in Trials 2 and 3 resulted in reduced gastrointestinal 
nematode burdens. 

Table 2. Mean number of gastrointestinal nematode eggs per gram in white-tailed deer fecal groups collected on portions of 3 properties pre- and 
post-treatment with fenbendazole during May 1990 (Trial 1) and July 1990 (Trial 2), Fast Feliciana Parish, La. 

Area” 
Avon 

Time N 
Pre 19 
Post I8 

Trial 1 Trial 2 
(estimated 0.424.46 g/deer) (estimated 1.67-1.82 g/deer) 

Rawb logloC Rawb logloc 

x SE x SE N x SE x SE 

3.4 0.9 0.49 0.09 30 6.5 1.9 0.55 0.09 
6.2 3.8 0.43 0.12 32 I.1 0.5 0.19 0.05 

Btown Pre 42 2.8 0.5 0.46 0.05 32 9.9 1.8 0.83 0.08 
Post 42 2.9 0.8 0.35 0.06 25 0.7 0.3 0.13 0.05 

Shades Pre 27 2.6 0.5 0.45 0.06 30 15.6 3.0 1.04 0.08 
Post 27 7.1 2.8 0.54 0.10 32 2.7 1.1 0.26 0.08 

‘Avon = Avondale Hunting Camp, Btown = Blairstown Plantation, Shades = Shades Plantation. 
kalculated from the raw data. 
‘Calculated from logwtransformed data. 
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Table 3. Mean number of gastrointestinal nematode eggs per gram in white-tailed deer feces collected from the distal colon and abomasal parasite counts 
(APC) from abomasa collected from deer harvested from 3 properties pre- and post-treatment with fenbendazole’ during November 1990, East 
Feliciana Parish, La. 

Area’ 

Avon 

Btown 

Shades 

Time 

Pre 
Post 

Pre 
Post 

Pre 
Post 

EPG APC 

Rawb logloc Rawb 10gKl’ 

N --A SE x SE N x SE x SE 

13 20.9 5.1 1.12 0.15 13 1,536 262 3.10 0.08 
I1 8.2 3.3 0.58 0.20 11 803 394 1.93 0.39 

21 33.9 17.4 1.02 0.14 21 596 76 2.64 0.10 
16 5.5 2.3 0.43 0.14 16 401 211 1.27 0.33 

9 6.4 2.2 0.68 0.15 9 1,467 548 3.02 0.11 
10 2.9 1.1 0.42 0.13 12 347 137 1.84 0.31 

“Estimated 1.67-1.82 g/deer. 
PAvon q  Avondale Hunting Camp, Btown = Blairstown Plantation, Shades = Shades Plantation. 
bCalculated from the raw data. 
‘Calculated from log&ransformed data. 

Although fenbendazole treatment reduced eggs per gram of 
feces from captive deer during Trial 1 *Inc! free-ranging deer during 
Trial 2, eggs per gram values were aga.in elevated when subsequent 
trials began. Previous contamination of pastures apparently pro- 
vided an adequate reservoir of gastrointestinal nematodes to per- 
mit relatively rapid reinfection. Janssen (1985) suggested that 
effects of anthelmintic treatment will be short-lived unless pasture 
contamination is reduced and Myers (1988) recommended pasture 
rotation to reduce contamination. Pasture rotation might be pos- 
sible with captive deer but obviously could not be utilized for 
free-ranging deer. Repeated fenbendazole treatments would be 
required for long-term reductions in gastrointestinal nematode 
burdens. 

A relatively minor proportion of the gastrointestinal nematode 
parasites identified by Schultz et al. (1993) from deer on these and 
other properties in the region are common in livestock. However, 
our results suggest that efficacious treatment could be expected in 
cases where species common to deer and livestock comprise a 
greater proportion of the deer gastrointestinal nematode burden. 

Our results indicate that white-tailed deer gastrointestinal nema- 
tode burdens can be reduced through a+ministration of fenbenda- 
zole. These results have direct implications toward captive deer 
husbandry. Further research is :ded he?gre the practical utility 
of fenbendazole treatment against pn~ri: ,;ltestinal nematodes in 
free-ranging deer can be adequatelj ..&essed. Provision of fen- 
bendazole for treatment of high gastrointest.aal nematode burdens 
in free-ranging deer would probably p .!sitively affect deer popula- 
tions. However, decreases in numbers f these parasites in cases 
where burdens are moderate or low might result in little actual 
benefit to deer. The interrelationship and crosstransmission of 
gastrointestinal nematode parasites between domestic livestock 
and free-ranging deer must be further delineated before effects can 
be described for livestock grazing the same range as free-ranging 
deer treated to reduce gastrointestinal nematode burdens. Our 
results suggest that crosstransmission of gastrointestinal nematode 
parasites from deer to livestock might be reduced through fenben- 
dazole treatment of deer and they provide the foundation for 
continued research regarding treatment of these parasites in deer 
and effects of such treatment on other ruminants utilizing the same 
range. 
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Abstract 

Elk (Cervus elaphus Linnaeus), mule deer (Odocoileus hemio- 
nus Rafinesque), and cattle (Bos tuurus Linnaeus) distributions 
were determined year round from 1975-1979 on a rest-rotation 
grazing system established in steep mountainous terrain. Follow- 
ing implementation of the grazing system, cattle progressively used 
higher elevations and steeper slopes in each succeeding year. Elk 
preferred rested pastures during the grazing season (June-Oc- 
tober) and avoided habitat frequented by cattle by using higher 
elevations and steeper slopes. Few mule deer used the allotment 
during summer, but during the winter, deer selected habitats 
grazed previously by cattle. Elk appeared to adjust to the grazing 
system by making greater use of pastures with cattle present, 
although preference for pastures without cattle continued. 

Key Words: mule deer, elk, cattle, rest-rotation grazing, Idaho 

Rest-rotation grazing systems (Hormay and Talbot 1961) have 
been established on mountain rangelands in the northern Rocky 
Mountains grazed by livestock as a means of improving their 
condition and productivity. Many of these systems are on moun- 
tainous terrain where cattle (Bos tuurus Linnaeus) typically con- 
centrate activities on lower slopes and bottoms (Mueggler 1965), 
and where season-long use may deplete forage (Stoddart et al. 
1975). Efforts to redistribute cattle with salt, water development, 
and fencing away from riparian zones often accompany the estab- 
lishment of a grazing system. Rest-rotation grazing is well adapted 
to mountainous terrain, improving use of upland areas (Holechek 
et al. 1989). Mule deer (Odocoileus hemionus hemionus Rali- 
nesque) and elk ( Cervus eluphus nelsoni Linnaeus) typically prefer 
upper slopes and ridgetops (Julander and Jeffery 1964, Mackie 
1970) and may be displaced by such practices (Skovlin et al. 1968). 
Concentration of cattle into smaller pastures, albeit for shorter 
periods, thus has caused concern that wildlife will be adversely 
affected (West. Assoc. State Game & Fish Comm. 1974). 

Rest-rotation grazing systems should favor increases in grasses, 
whereas shrubs should decline in abundance (Hormay and Talbot 
1961). Mackie (1978) concluded that these grazing systems should 
favor elk rather than mule deer over the long term because of their 
differences in food habits. 

In 1975, the Challis National Forest and Bureau of Land Man- 
agement initiated a 3 pasture rest-rotation grazing system in the 
Herd Creek tributary to the East Fork of the Salmon River, to 
reduce cattle grazing on lower elevation sagebrush-grassland and 
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riparian zones. Grazing was delayed until 15 June every third year 
on these low elevation areas, compared to season-long grazing 
starting in May prior to implementation of the system. An investi- 
gation of the effects of the grazing system on mule deer and elk was 
initiated in 1975. The area was typical of the steep sagebrush-grass 
rangeland in east-central Idaho. Important mule deer winter range 
occurred at lower elevations and elk summer, and winter range at 
higher elevations. 

We hypothesized that if implementation of the grazing system 
was effective in redistributing cattle onto higher elevations and 
steeper slopes, then elk and mule deer would move to still higher 
and steeper terrain. In addition, we expected that plant community 
use by elk and mule deer would differ among pastures depending 
upon whether cattle were present or absent, and whether the pas- 
ture had been grazed or rested that year. Data collection began in 
January 1975 and continued through December 1979. The longer- 
term consequence to mule deer and elk using the grazing system 
was evaluated from population trend and winter distributions 
obtained by Kratville (1989) and Kuck et al. (1989, 1991). 

Study Area 

The 21,590-ha allotment (Fig. 1) has steep terrain with major 
ridge systems tending north to south. Elevations range from 1,768 
m near the mouth of Herd Creek to 3,325 m on Sheep Mountain. 
Slopes are commonly 20-30°. 

Mean annual temperatures during the 1974-1985 period aver- 
aged 6.9” C. Annual precipitation averagd 190 mm for the past 30 
years at the Challis recording station (elevation = 1,580 m) approx- 
imately 40 km from the study area (National Climatological Data 
Center 1974-1986). Precipitation during the June-August growing 
season was 71.3 mm in 1975,57 mm in 1976,77.8 mm in 1977,33.5 
mm in 1978 and 40.8 mm in 1979. The maximum average snow 
depth of 18 1 cm occurred at Mill Creek Summit (elevation = 2,680 
m) during March or April surveys. The greatest deviation from the 
1974-86 average occurred in 1974 (255 cm) and 1977 (83 cm). The 
1977-81 period was generally below average. 

Cattle entry on the early pasture on 15 June was based on 
average phenology of dominant grass species. Movement to the 
late pasture occurred after seed set of the dominant grasses (early 
to mid August). Grazing continued through October, with about 
666 cows and a similar number of calves grazing the allotment each 
year. 

Elk use of the allotment increased from 1970 to 1990. In the 
1970’s, about 150 elk used the allotment through the summer into 
the late fall. From January through April, approximately 20-25 
elk, primarily bulls, wintered on ridges in the allotment. The prim- 
ary winter range for these elk, Willow Creek Summit, carried 45 elk 
in 1969-70 and 420 elk in 1987-88 (Kuck et al. 1989). In 1985,299 
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Fig. 1. Herd Creek Allotment study area showing layout of the 3 pasture 
system and land ownership. 

elk were observed summering on the allotment (Idaho Fish and 
Game Department records, Salmon), double that observed 6 years 
previously. A group of 14 cows and calves was first seen wintering 
on ridgetops on the allotment during the 1978-79 winter. An aerial 
survey in March 1990 revealed 36 elk wintering on the allotment 
(M. Scott, Idaho Fish and Game Department, pers. comm.). 

Mule deer numbers fluctuated from highs in the 1960’s to lows in 
the early 1970’s and have slowly increased since (Kuck et al. 1991). 
Most use of this grazing system by mule deer occurred in winter at 
lower elevations, with few deer remaining on the area in summer. 
During the study, 300-400 mule deer wintered on the allotment. 

Sagebrush-dominated communities occupied 82% of the allot- 
ment. Habitat types follow Hironaka et al. (1983) and Mueggler 
and Stewart (1980), but differences from the habitat types they 
described were encountered. We categorized plant communities 
into 6 community types, using 2 to 4 permanently marked sites 
established within representative stands of each community. 
Trends in canopy coverage of important species and density of big 
sagebrush were reported by Yeo et al. (1990). 

Wyoming big sagebrush (Artemisia tridentata ssp wyomingensis 
Nuttall) occupied 32% of the allotment at lower elevations. On 
southerly aspects, bluebunch wheatgrass (Agropyron spicatum 
Scribner and Smith) was a codominant but other grasses and forbs 
were sparse. This community corresponded to the Wyoming big 
sagebrush/ bluebunch wheatgrass community reported by Hiron- 
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aka et al. (1983). On northerly aspects, Wyoming big sagebrush 
and bluebunch wheatgrass occurred with Sandberg’s bluegrass 
(Poa secundu Vasey) as a codominant. Forbs were more common 
than on southerly aspects. 

Threetip sagebrush (Artemisiu tripartita Rydberg) occurred as a 
mid-elevational band on northerly aspects above Wyoming big 
sagebrush communities. We considered this community type the 
threetip sagebrush/ Idaho fescue (Festuca idahoensis Elmer) com- 
munity described by Hironaka et al. (1983) and Mueggler and 
Stewart (1980). This community type covered 3% of the allotment. 

Mountain big sagebrush (Artemisia tridentata ssp. vaseyana 
Nuttall) occupied the higher elevations of nonforested habitat 
(45% of the allotment). Mountain big sagebrush codominated with 
bluebunch wheatgrass and bluegrasses (Poa spp. L.) on southerly 
aspects while on northerly aspects it occurred with bluebunch 
wheatgrass and Idaho fescue. At the highest elevations, bluebunch 
wheatgrass was no longer present and the dominant grass was 
Idaho fescue. 

Most riparian communities were dominated by willows (Salix 
spp. L.) with water birch (Betula occidentalis Hooker), quaking 
aspen (Populus tremuloides Michaux), and cottonwood (P. tri- 
chocarpa Torrey & A. Gray) occasional associates. Mesic mea- 
dows at high elevations which had seasonally flowing water were 
included with riparian communities for analyses. The basin big 
sagebrush(,4. tridentata ssp. tridentata Nuttall)/ bluebunch wheat- 
grass community type (Hironaka et al. 1983) also occurred in 
major draws and next to riparian communities. Riparian commun- 
ities covered 4% of the allotment. 

Steele et al. (198 1) described forest communities in the region. 
Coniferous forest types occurred at high elevations generally on 
northerly slopes and occupied 13% of the allotment. These con- 
sisted of Douglas-fir (Pseudotsugu menriesii France), Englemann 
spruce (Picea engelmannii Parry), and mixed types of subalpine fir 
(Abies lasiocurpa Nuttall), iodgepole pine (Pinus contorta Dou- 
glas), and limber pine (P. ji’exilis James). 

Other communities were sparsely represented. Low sagebrush 
(A. arbuscula Nuttall)/Idaho fescue communities were found on 
flat, gravelly ridges but comprised only 2% of the study area. 
Curl-leaf mountain-mahogany (Cercocurpus ledifolius Nuttall) 
was associated with rock outcrops on all aspects and elevations but 
occupied less than 1% of the total allotment. 

Methods 

We determined habitat use of elk, mule deer, and cattle on the 
allotment from fixed-wing aircraft at weekly to biweekly intervals 
throughout each year (n q  88 flights from 1 February 1975 through 
10 December 1979). Flight paths systematically followed drainage 
and ridge patterns so that the entire allotment was searched each 
flight. 

We recorded animals of the same species within 100 m of each 
other as a single observation. The total number of observations for 
cattle was 755, for elk 369, and for deer 826. For each observation 
we recorded the elevation, plant community, and pasture in which 
each observation occurred on 1:24,000 topographic quadrants 
with plant community and pasture boundaries delineated. We 
estimated slope steepness of each observation in the categories 
O-loo, lo-20°, 20-30”, 30-40”, 40-50°, and >50°. 

The 3 treatments were: (1) pastures that had not been grazed by 
cattle since initiation of that year’s plant growth at the time obser- 
vations were obtained (rest), (2) pastures that were being grazed by 
cattle at the time observations were obtained (with), and (3) pas- 
tures that had been grazed by cattle since initiation of that year’s 
growth but which were not occupied by cattle at the time observa- 
tions were obtained (without). Observations were summed in each 
of 3 grazing periods for comparison of treatment selection and 
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plant community selection among treatments for each year of 
study. Grazing periods were: (1) summer and fall (16 June-31 
October), (2) winter (1 November-15 March), and (3) spring (16 
March-l 5 June). 

The frequency of observations of each herbivore species in each 
community type was summed for each season by year. We com- 
pared selection of treatments by elk and mule deer and seasonal use 
of community types among treatments using a selectivity index 
(Ivlev 1961) as follows: (observed frequency-expected frequen- 
cy)/(observed frequency + expected frequency). Values range from 
1 to -1 with values >0 indicating preference, 0 indicating expected 
occupancy, and <0 indicating avoidance. Expected frequencies for 
use of each treatment were calculated by multiplying the observed 
frequencies for each year by the percentage of pasture-months 
within each treatment for each year (pasture-months = number of 
pastures undergoing a treatment X number of months within that 
treatment for each year). Expected frequencies for each plant 
community type within each treatment were calculated as the 
observed frequency of observations within each season multiplied 
by the respective percent area occupied by each community within 
the allotment. 

We determined average elevation and slope (using mid-points of 
each slope class) used by each species for each sample date. 
Responses in range use by mule deer and elk to the grazing system 
were analyzed with T and chi square tests. Responses of mule deer 
and elk were compared during the grazing period, winter, and 
spring. Comparisons were made between pastures that cattle 
grazed with those not in use during summer. Comparisons of 
winter and spring range use by mule deer and elk were made 
between pastures grazed and pastures rested the previous season, 

Insufficient observations were obtained to compare community 
type use of elk and deer. Changes in cattle range use patterns were 
compared among years using chi-square and analysis of variance 
tests. Observations of plant community use were weighted based 
on the relative availability of each community within the pasture 
occupied. 

Results 

Cattle Range Use Patterns 
There were no differences between summer and fall cattle habi- 

tat use patterns for the habitat variables measured (&PO. 16) so all 
cattle range use data were combined. Mountain big sagebrush 
communities received 54% of the total use over the entire study 
period, which was comparable to the 45% availability on the 
allotment. Riparian zones received 27% of total use, dispropor- 
tionately more than the 4% availability. Differences in habitat use 
patterns among years were significant (Fig. 2). In 1976, cattle used 
riparian communities more and mountain big sagebrush commun- 
ities less than in subsequent years. Wyoming big sagebrush/blue- 
bunch wheatgrass communities received significantly more use in 
1976 than in subsequent years, likely attributable to grazing the 
low-elevation pasture late, where substantial stands of this com- 
munity occurred. Additionally, the 57 mm of precipitation falling 
in September 1976, the largest monthly total during the study, may 
have contributed to the use of this community. 

Cattle used increasingly higher elevations in each successive year 
(P = O.OOOl), with significant differences between the 1975-77 
period and the 1978-79 period. From 1975 through 1977, use was 
between 2,240 and 2,360 m while in 1978 and 1979, cattle used 
slopes ranging from 2,375 m to 2,475 m. Slopes less than 20” 
received 79% of the total observed use by cattle. Cattle also made 
increasingly greater use of slopes >20” from 1976 through 1979 
(Fig. 3). For the entire study, 5% of cattle observations were in 
draws, 29% on benches and subridges, and 21% on open slopes. 
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CATTLE 

COVER TYPES 

1976 1977 1978 1979 

WA WAP 5 VAP 

q  VAF q  ARTR4 q  RIPARIAN 

Fig. 2. Cattle use of the 6 major nonforested plant communities on the 
Herd Creek allotment, 1976-1979. The frequency of observations within 
each community were weighted by the relative availability of the com- 
munity within each pasture. Segments of each bar marked by an * are 
significantly different than expected (Xl with 1 degree of freedom, 
P<O.O5). Plant communities include: WA = Wyoming big sagebrush/ 
bluebunch wheatgrass, WAP = Wyoming big sagebrush-bluebunch 
wheatgrass-Sandberg bluegrass, VAP = Mountain big sagebrush- 
bluebunch wheatgrass-Sandberg bluegrass, VAF q  Mountain big 
sagebrush-bluebunch wheatgrass, Idaho fescue, ARTR4 = Threetip 
sagebrush. 

Elk Range Use Patterns 
During the summer-fall grazing period, elk use of plant com- 

munities within rested pastures was different from use of grazed 
pastures during the grazing season (Table 1). Mountain big sage- 
brush/ bluebunch wheatgrass/ Idaho fescue received greatest use 
by elk during summer and fall. Mountain big sagebrush/blue- 
bunch wheatgrass/Idaho fescue was used more extensively in 
rested pastures than in grazed pastures. Use of forest and riparian 
communities in rested pastures was almost half of the use observed 
in grazed pastures in summer-fall. Use of forested communities 
showed similar trends in winter, but no elk were observed in 
forested areas on grazed lands in spring. Elk use in winter was 
primarily on mountain big sagebrush communities, with mountain 
big sagebrush/ bluebunch wheatgrass/ bluegrass communities used 
more on grazed pastures, and mountain big sagebrush/ bluebunch 
wheatgrass/ Idaho fescue communities used more on rested pas- 
tures. Use of mountain big sagebrush communities remained high 
in spring. Riparian communities received 3 times the use on both 
rested and grazed pastures than would be expected according to 
availability. 

Elk use of the highest elevations, steep slopes, and forested 
communities was greater in grazed pastures than ungrazed pas- 
tures. Within grazed pastures, 41% of elk observations were on 
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CATTLE Table 1. Elk habitat use in rested and grazed pastures, Herd Creek Allot- 
SLOPE STEEPNESS (DEGREES) ment, 1976-79. 

o-10 q  lo-20 fg 20+ 

Fig. 3. Changes among years of percentage of cattle groups observed 
within 3 slope steepness categories. Bars topped by an * are significantly 
different than expected (Xl with 1 degree of freedom, P<O.OS). 

P= 
k20 fl5 rt28 f 29 

<O.Ol 0.78 

70 128 
2464 2390 

f 15 f I2 
<O.Ol 

‘VAP = mountain big sagebrush/bluebunch wheatgrass/ bluegrass, 
VAF = mountain big sagebrosh/bluebunch wheatgrass/Idaho fescue, 

VF = mountain big sagebrush/Idaho fescue 

slopes >20”, while in rested pastures, 20% of elk observations were 
on slopes that steep. Within grazed pastures elk made less use of 
benches and were located more in draws and on spur ridges than in 
rested pastures. Within rested pastures, elk were distributed evenly 
among slope classes, but within pastures grazed the previous 
summer, elkuse was greater on steeper slopes (76% of observations 
on slopes >lO’). Elk made greater use of draws in rested pastures 
and greater use of slopes in grazed pastures in spring. 

draws in rested pastures and on slope faces in grazed pastures. 

Elk selected rested pastures and avoided pastures with cattle 
present 4 of the 5 years following implementation of the grazing 
system (Fig. 4a). The greatest differences occurred in 1975, the least 
in 1979, suggesting that elk may have been adjusting to the pres- 
ence of cattle as the grazing system continued in operation. Elk 
avoided pastures grazed previously that season by cattle in 3 of the 
5 years. Deviations from that pattern occurred in 1977 when elk 
selected pastures with cattle present and in 1978 when elk avoided 
rested pastures. 

Mule deer use of pastures was consistent 4 of the 5 years of study. 
Mule deer selected pastures grazed by cattle previously that season 
and avoided rested pastures and pastures with cattle present in all 
years except 1977 (Fig. 4b). During 1977 the pattern was opposite. 
Snow depths were 75% below normal in winter 1976-77 and the 
lowest elevation pasture was rested during 1977. The degree of 
selection remained similar among years except in 1977 when indi- 
ces were generally smaller. 

Discussion 

Mule Deer Range Use Patterns 

Cattle responded to implementation of the grazing system as 
Hormay and Talbot (1961) predicted. Higher concentrations of 
cattle within pastures and efforts to redistribute grazing by water 
development, salting, and herding resulted in increased use of 
steeper slopes, higher elevations, and broader distribution among 
habitats. Cattle appeared to respond more to these efforts as the 
grazing system continued. 

Mule deer habitat use patterns did not differ between rested and 
grazed pastures during summer and fall (Table 2). In winter, deer 
made greater use of mountain big sagebrush/ bluebunch wheat- 
grass/ bluegrass and mountain big sagebrush/ bluebunch wheat- 
grass/ Idaho fescue communities in rested pastures (76%) than in 
grazed pastures (40%). Within rested pastures, deer were observed 
at higher elevations than in grazed pastures. Mule deer used draws 
more frequently and benches less frequently in rested pastures than 
in grazed pastures. 

In spring, deer used plant communities similarly in rested and 
grazed pastures, although Wyoming big sagebrush/ bluebunch 
wheatgrass/ Sandberg’s bluegrass and mountain big sagebrush/ - 
bluebunch wheatgrass/ Idaho fescue communities received slightly 
greater use in rested pastures. Deer used steeper slopes in grazed 
pastures than in rested pastures, and were seen more frequently in 

While elk habitat use patterns appeared to be affected by cattle 
grazing pattern and intensity, elk population trends were not con- 
sidered to be similarly related. The conservative harvest of cow elk 
over the past 2 decades (Kuck et al. 1989) was likely the primary 
reason for the population increase. Since elk preferred ungrazed 
pastures and sites not used by cattle, the amount of overlap in 
grazed pastures was reduced, and use of rested pastures, which 
were grazed by cattle early the next year, was increased. Addition- 
ally, elk may have been adiustine to the system by making greater 
use of pastures with cattle present and pastures previously grazed 
by cattle, although preference for pastures without cattle con- 
tinued for at least 5 additional years (Kratville 1989). Changes in 
elk population size or changes in the grazing pattern by cattle 
would affect these relationships. 

Shifts in habitat use by elk on the allotment when cattle were not 
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Habitat variable 
Summer-Fall 
Rest Graze 

Winter 
Rest Graze 

Spring 
Rest Graze 

Plant Community’ 
n= 
VAP (%) 
VAF (%) 
VF (%) 
RIPARIAN (%) 
FOREST (%) 
P= 

Slope Steepness (“) 
n= 
O-10 (%) 
10-20 (%) 
220 (%) 
P= 

Slope Character 
n= 
sub-ridge (%) 
draw (%) 
bench (%) 
face (%) 
P= 

Elevation (m) 
?l= 
mean 
k SE 

66 102 22 25 65 II2 
12 19 32 72 I6 32 
65 39 59 8 59 57 

5 8 0 0 0. 0 
6 I3 0 0 10 I2 

I2 21 9 20 I5 0 
0.03 <O.Ol 0.03 

66 101 
45 24 

<O.Ol 

65 98 24 31 66 124 
II 14 25 39 I2 I5 
I8 33 25 I9 39 I9 
48 I9 25 IO 29 41 
23 34 25 32 20 25 

<O.Ol 0.37 0.03 

66 107 22 27 
2479 2555 2433 2444 

22 25 65 II2 
36 28 36 23 
46 28 31 49 
18 44 33 27 

0.16 0.03 



A.ELK 8. MULE DEER 
1 

0.0 

0 

45 

-1 
1977 

(fJ5) 

1970 

(314) 

1979 

(322) 

Fig. 4. Elk and mule deer selection of 3 grazing treatments on the Herd Creek Allotment, 19751979. Numbers in parentheses are the number of observed 
groups. Methods section explains grazing treatments and selection index. 

Table 2. Mule deer habitat use in rested and grazed pastures, Herd Creek 
Allotment, 1976-79. 

Habitat variable 
Summer-Fall 
Rest Graze 

Winter 
Rest Graze 

Spring 
Rest Graze 

Plant Community’ 

?r= 
WA (%) 
WAP (%) 
VAp (%) 
VAF (%) 
ARTR4 (%) 
RIPARIAN (%) 
FOREST (%) 
P= 

Slope Steepness (“) 
?I= 
o-10 (%) 
10-20 (%) 
20-30 (%) 
>3u (%) 
P= 

Slope Character 

n= 
sub-ridge (%) 
draw (%) 
bench.(%) 
face (%) 
P= 

40 64 98 274 156 430 
0 0 6 14 33 26 
0 0 2 24 28 37 

30 30 45 25 16 16 
28 26 31 15 12 6 

0 0 7 14 8 10 
8 16 4 1 1 2 

35 28 5 6 3 1 
0.64 <O.Ol 0.07 , 

66 102 98 274 156 430 
10 27 16 15 22 12 
28 29 37 30 33 29 
62 44 45 50 39 55 

0 0 2 5 7 4 
0.08 0.33 <O.Ol 

42 78 86 253 146 417 
12 19 25 26 19 14 
31 28 27 14 39 20 

9 10 5 12 19 17 
48 43 43 48 23 49 

0.77 0.33 <O.Ol 

40 64 
2389 2440 
k32 k331 

98 273 
2405 2270 
k 16 f 12 

0.28 <o.o I 

155 430 
2136 2124 
*17 f9 

0.52 

Elevation (m) 

?l= 
mean 
f SE 
P= 

’ WA = Wyoming big sagebrush/ bluebunch wheatgrass, 
WAP = Wyoming big sagebrush/ bluebunch wheatgrass/ Sandberg’s bluegrass 
VAP = mountain big sagebrush/bluebunch wheatgrass/bluebunch, 
VAF = mountain big sagebrush/ bluebunch wheatgrass/ Idaho fescue 

ARTR4 = three-tip sagebrush/Idaho fescue 

present may be related to changes in forage availability and palata- 
bility as well as disturbance. High frequencies of grazed plants 
occurred on level areas, lower slopes, and near water and cover 
(Yeo et al. 1990). Limited use of the more heavily grazed sites by elk 
observed in this study was also observed by Skovlin (1968). How- 
ever, increased use of mountain big sagebrush/ bluebunch wheat- 
grass/ Idaho fescue communities by elk in winter following cattle 
grazing the previous season may reflect reductions in disturbance. 

Three short-term responses of elk to cattle grazing have been 
observed. First, elk may select pastures where regrowth following 
cattle grazing occurs (Anderson and Scherzinger 1975, Grover and 
Thompson (1986), Alt et al. 1992). The regrowth may provide more 
palatable forage than the adjacent ungrazed growth (Pitt 1986). 
Second, pastures currently being grazed by cattle may receive less 
use than ungrazed pastures (Skovlin et al. 1968, Mackie 1985, 
Boyce 1989, Frisina 1992, this study). Third, elk may not prefer to 
use previously grazed pastures either later in the same year or the 
subsequent year (this study). This may occur in areas where habitat 
overlap and seasonal use patterns preclude use of regrowth by elk, 
or where regrowth may not occur due to drought or the prevailing 
moisture pattern. Elk grazed Herd Creek primarily at the same 
time cattle were using it, while on the other areas, elk grazed after 
cattle had left. At Herd Creek, elk used different areas in winter 
than cattle did during the grazing season, primarily due to snow 
accumulations which made areas grazed by cattle unavailable. 
Regardless, the observed shifts were not detrimental to elk. Cattle 
have not made much use of areas occupied by elk until July, well 
after elk calving and near the period when calves were weaned. 
Also, sufficient ungrazed area was available for elk within and 
adjacent to the allotment to provide adequate habitat. 

We observed elk feeding with cattle or within 25 m of cattle on 
summer and fall ranges when humans were not present. Human 
activities associated with monitoring the cattle, rather than the 
cattle themselves, may be responsible for the shifts in elk use. 
Human-caused disturbance was typically short-lived but frequent 
on this system, and the reaction by elk appeared to be similar to 
disturbance caused by persistent logging or recreational activity 
(Ward 1973, Hershey and Leege 1976). 

Winter ranges for elk typically were limited to ridge systems at 
high elevations. Use by cattle of ridgetops used by elk in winter may 
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reflect improved forage quality on these sites attributable to elk 
grazing. Placement of salt below ridges on northerly aspects which 
were inaccessible to elk during most winters, would help to minim- 
ize grazing pressures by both cattle and elk on the ridges, assuming 
elk populations will be limited by hunting. These wintering sites 
may be useful to index vegetation trends in relation to elk popula- 
tion size on this area. 

Since mule deer did not appreciably alter habitat use patterns in 
relation to cattle grazing, effects of the grazing system seemed less 
noticeable than for elk. Use of lower elevations on grazed pastures 
in spring and greater use of draws in rested pastures in winter and 
spring suggest mule deer may have been attracted to the increased 
forage base occurring on these sites. Deer are known to prefer 
ungrazed portions of their ranges (Dusek 1975, Wallace and 
Krausman 1987, Loft et al. 1991, Ragotzkie and Bailey 1991), but 
light grazing by cattle may enhance forage availability (Willms and 
McLean 1978, Willms et al. 198 1). As with elk, suitable habitat was 
sufficiently available within the system for mule deer. 

The slow changes in mule deer populations may be related to the 
climate of the region, augmented by declines in the sagebrush 
which serves as winter forage, rather than hunter harvest, which 
has remained low in recent years (Kuck et al. 1991). An apparent 
decreasing ability of this area to support mule deer because of 
declines in sagebrush (Yeo et al. 1990) may be somewhat offset by 
increases in abundance and palatability of important spring forage 
species such as Sandberg’s bluegrass and bluebunch wheatgrass. 
This may be especially evident when snow depths allow access to 
the lower growing forages which may reduce the importance of 
sagebrush in the diet. The light grazing which could enhance forage 
availability for mule deer in spring could also help offset the decline 
in sagebrush. Mule deer populations will likely remain lower than 
1960 levels, unless current vegetation trends are altered. 

Long-term responses of big game to the grazing system would be 
attributable primarily to vegetation change, and secondarily to 
population levels which may be related primarily to hunting pres- 
sure. The major conclusion from this study is that implementation 
of the grazing system merely inserted additional interactions to an 
already complex ecological system. Both mule deer and elk 
responded predictably in terms of habitat use to changes brought 
on by the grazing system, but no changes in population size attribu- 
table to the system were evident for either species. Obviously, other 
limiting factors, especially hunter harvest, affect population trends 
of mule deer and elk in this area. 

Benefits to mule deer and elk from rearranged grazing systems 
may occur if they are planned for and vegetation, climate, and 
terrain allow. However, there will be situations, like those of this 
investigation, where elk and mule deer populations may adjust 
habitat use without other effect, while goals concerning livestock 
and rangeland conditions are met. 
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Abstract 

Cool-season introduced grass species are not recommended for 
season-long grazing in the northern Great Plains. They mature 
earlier than native species, which leads to an earlier loss in forage 
quality and palatability. A study conducted at Mandan, N.D., 
compared liveweight gains of yearling steers grazing crested 
wheatgrass [Agropyron desertorum (Fisch. ex Link) Schult.], 
smooth bromegrass (Bromus inermis Leyss.), and western wheat- 
grass [(Puscopyrum smithii(Rydb.) LZive] and level native prairie 
(Class II and III land) and hilly native prairie pastures (Class IV 
and VI land), seasonlong. A set stockingrate of 1.5 AUM ham1 was 
used from mid-May through late September in 1988, 1989, and 
1990. Caged standing crop was higher from the seeded pastures 
than from the native pastures but liveweight steer gain was highest 
from the level native. Three-year average gains were 124,114,108, 
106, and 105 kg per steer for level native, smooth bromegrass, 
western wheatgrass, hilly native, and crested wheatgrass pastures, 
respectively. The seeded cool-season grass pastures, grazed season- 
long at a rate 25% higher than that recommended by the SCS for 
native range, produced acceptable liveweight steer gains without 
additional inputs. Season-long grazing may provide an alternative 
use for marginal cropland and other highly erodible land that has 
been reseeded to cool-season species. 

Key Words: crested wheatgrass, smooth bromegrass, western 
wheatgrass, level native, hilly native, liveweight gain, standing 
crop, season-long grazing 

Introduced cool-season grass species, used as cool-season pas- 
ture, have increased overall livestock production in the northern 
Great Plains. These grasses are most palatable during the early part 
of the grazing season and have been recommended for spring and 
early summer grazing (Sarvis 1941, Rogler et al. 1962, Frisch- 
knecht and Harris 1968, Rogler and Lorenz 1969). However, Wil- 
liams and Post (1945) reported that pastures seeded to fairway 
crested wheatgrass [A. crisratum (L.) Gaertner] furnished a longer 
grazing season than smooth bromegrass (Bromus inermis Leyss.) 
pasture or native range. Average daily gain per animal (ADG) was 
similar on all pastures. Crested wheatgrass and smooth brome- 
grass, stocked at 2.5 and 1.7 times heavier than native pastures, 
respectively, produced 2.1 and 1.4 times the average total animal 
gain per acre of the native pasture. Livestock on the crested wheat- 
grass pastures averaged 0.9 kg ADG or more for 75 out of 117 days 
of grazing over 9 years. Williams and Post concluded, “On the 
basis of this analysis it seems logical that crested wheatgrass should 
be utilized early in the season and for an average of about 75 days 
for maximum results. During this period the pasture should be 
stocked heavily enough to prevent the crested wheatgrass from 
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becoming coarse and mature.” 
Hofmann and Ries (1989) compared yearling steers grazing 

cool-season reclaimed mineland pastures with steers grazing native 
pasture, from late May through September. The reclaimed pas- 
tures were dominated by a mixture of smooth bromegrass and 
alfalfa (Medicago sativa L.). Liveweight gains of steers for a 126- 
day grazing season were similar from all pastures. Laycock and 
Layden (1985) also obtained excellent summer-long cattle gains 
from reclaimed mined land dominated by alfalfa, intermediate 
wheatgrass [ l7zinopyrum intermedium (Host) Barkworth & D.R. 
Dewey subsp. intermedium,, and smooth bromegrass. 

These latter findings suggested that early, short-season use may 
not be the only approach to grazing cool-season introduced grasses 
in the northern Great Plains. Our objectives were to evaluate the 
use of seeded stands of standard crested wheatgrass [Agropyron 
deserrorum (Fisch. ex Link) Schult.], smooth bromegrass, and 
western wheatgrass [ Puscopyrum smithii (Rydb.) Love], native 
mixed prairie on Class II and III land (level native) and mixed 
prairie on Class IV and VI land (hilly native) as season-long 
pastures. Forage production and liveweight yearling steer gain 
were compared. 

Materials and Methods 

The research site was located at Mandan, N.D. Seeded and level 
native pastures were located on 98 ha of predominately Wilton silt 
loam, 2 to 3% slope (fine-silty, mixed Pachic Haploborolls) and 
Temvik silt loam, 3 to 6% slope (fine-silty, mixed Typic Haplobo- 
rolls). The hilly native pastures were located on 24 ha of a Werner- 
Sen-Chama Complex (loam, silt loam, and silty clay loam Entic 
and Typic Haploborolls) with 9 to 25% slopes. None of the study 
areas were fertilized after 1982. 

Perennial grass sod, which had been used for grazing experi- 
ments and reserve pasture since 1976, was plowed in fall 1983 and 
fallowed in 1984. Spring wheat (Triticum uestivum L.) was planted 
in May 1985. In August, the grain was harvested using a combine 
equipped with a straw spreader. After harvest, the 3 grass species 
were randomized into each of 4 blocks and directly seeded into the 
wheat stubble with a no-till grain drill. Seeding rates were 9.0,5.6, 
and 6.7 kg pure live seed ha-’ of ‘Nordan’ crested wheatgrass, 
‘Lincoln’ smooth bromegrass, and ‘Rodan’ western wheatgrass, 
respectively. 

The level native prairie area and the hilly prairie area were each 
divided into 4 pastures. Each native pasture was considered a 
sample because site restrictions made it impossible to randomize 
these areas among the seeded areas. These native prairie areas had 
been used as reserve pastures for over 20 years and were lightly 
grazed through 1984 and not grazed during 1985 or 1986. 

The crested wheatgrass, smooth bromegrass, and native pas- 
tures were grazed for 133 days from late May through early 
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October in 1987. Western wheatgrass pastures were not grazed in 
1987 because they establish slowly and usually require 2 years to 
produce grazable stands. 

Three yearling Hereford steers (Bos m.uus) were used to graze 
each 5.7-ha pasture for 133 days yi’; from 19 May to 29 Sept. 1988 
and 1989, and from 27 May to 4 Oct. 1990. Set stocking rates were 
1.5 AUM ha-‘, which was slightly heavier than the 1973 SCS 
recommended rate of 1.2 AUM ha-‘. Steers were weighed, follow- 
ing an overnight shrink off water and feed, at 21-day intervals 
except that the final interval had 28 days. Starting weights, which 
averaged 320 kg, and ending weights were obtained by averaging 
weights from 3 consecutive days. Water and trace mineralized salt 
were offered free choice throughout the grazing season. 

In July 1990, fifteen IO-point frame basal ground cover readings 
were taken randomly across each pasture and averaged over the 4 
pastures of each type to determine plant composition. Planted 
species dominated the seeded pastures (Table 1). Soil and topog- 
raphy differences between the level and hilly native pastures were 

Table 1. Species composition of seeded and native pastures in July 1990. 

Species 

Smooth Western Crested 
Level Hilly brome- wheat- wheat- 
native native grass grass grass 

_________(%oflive)_--_ 

Blue grama 34 23 - - 
[Boureloua grucilis (H.B.K.) Griffits] 

Sedges 43 39 - - 
(Carex spp.) 

Green needlegrass 3 8 
(Sripa viridula Trin.) 

Needleandthread 6 4 - - 
(S. coma& Trin.) 

Threeawn 1 - - - 
(Arirtidu spp.) 

Kentucky bluegrass 6 5 - 7 
(Pou prutensis L.) 

Western wheatgrass 4 - - 81 
Crested wheatgrass 9 
Smooth bromegrass - 97 
Other species 3 12 3 T 
Forbs - 9 

_ -- 

- 

- 

- 

2 

94 

2 
2 

accompanied by differences in species composition. Patches of 
western snowberry (Symphoricarpos occidentalis Hook) and buf- 
faloberry [Shepherdia argenteu (Pursh) Nutt.] were scattered 
throughout the hilly pastures. 

Standing crop was estimated by cutting three 0.38 by 3.0-m 
strips at 5.0 cm height with a sickle bar mower on 20 Sept. 1988,26 
Sept. 1989, and 2 Oct. 1990. Caged standing crop was sampled under 

three 0.9 by 4.3-m protective cages within each pasture. These 
cages were randomly placed at a new location each spring. 
Ungrazed residue was measured from the standing crop remaining 
on the grazed portion of each pasture at the end of the season. 
Standing crop disappearance was estimated by subtracting the 
caged standing crop from the ungrazed residue. 

Percent utilization = caged standing crop - ungrazed residue x 100. 
caged standing crop 

‘All crop dry matter is reported on an oven-dry (60” C) basis. 
Climatic data were obtained from a weather station location 

about 5 km north of the study area. Heat and/ or water stress were 
high during much of the 3 years of study. Total precipitation from 1 
Sept. 1987 to 31 July 1988 was 212 mm less than the long-term 
(1951-1980) average of 354 mm for the same period. The low 
precipitation trend continued from September 1988 until mid-May 
1990 with 430 mm precipitation received compared to the long- 
term average of 679 mm. 

Since the native pastures were not blocked among all treatments, 
data were analyzed as a completely random design by analysis of 
variance. Animal liveweight gain and standing crop production 
means with significant F values (P<O.OS) were compared using the 
Waller-Duncan test. Yearly accumulated liveweight gains for peri- 
ods were compared using LSD [conditional on a significant F test 
(P<O.OS)]. 

Results and Discussion 

Over the 3 years, western wheatgrass produced the highest aver- 
age (P<O.O5) caged standing crop dry matter followed by crested 
wheatgrass, smooth bromegrass, level native, and the hilly native 
pastures (Table 2). When grazing was completed, the ungrazed 
residue (Table 2) remaining on the pastures also differed since all 
were grazed at similar stocking rates. The highest amount remained 
on the western wheatgrass pastures with the next highest amount 
on the crested wheatgrass pastures. Smooth bromegrass and level 
native pastures had similar quantities of residue remaining. Hilly 
native had the least. 

More (P<O.O5) standing crop disappeared from western wheat- 
grass pastures than from the native pastures, but there was no 
difference among the other pastures, which suggested that quantity 
was not limiting (Table 2). Stubble measurements determined that 
little standing crop was grazed below the 5.0 cm mower height. 

Utilization of the pastures averaged 35%, which was light con- 
sidering that the pastures were stocked 25% higher than the 1973 
SCS recommended rate and grazed during drought conditions. 
Visually, western wheatgrass and crested wheatgrass pastures 
appeared to be underused; the others were more heavily used. Hart 
et al. (1988) reported a profitable stocking rate at approximately 60 
to 80% above SCS recommended rates after several years of study. 
However, they questioned whether range condition could be main- 

Table 2. Caged standing crop, ungrazed residue, crop disappearance, percent utilization, and steer gains after grazing seeded and native pastures for 133 
continuous days (fyear average). 

Caged Ungrazed Crop 
Pasture crop residue disappearance Utilization 

__________________(kgha-z)____------610b-.--- 
(2 Level native 1810d 119OC 

Smooth bromegrass 214Oc 129Oc 840ab 39 
Western wheatgrass 3520a 2470a 1040a 30 

Hilly native 1500e 86Od 630b 42 
Crested wheatgrass 2830b 1970b 860ab 30 

‘Within columns, means followed by the same letter are not different at P<O.O5 (Wailer-Duncan test, K = 100). 

Steer gains 

(kg head-‘) (kg ha-‘) 
124a 65a 
114b 6Ob 
108bc 57bc 
106c 56c 
105c 55c 
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tained at those higher rates. We have included a heavy stocking 
intensity treatment in a subsequent study to determine stocking 
effects on the vegetation of the pastures and whether the western 
wheatgrass, crested wheatgrass, or other pastures can be utilized 
more intensively without sacrificing animal performance. 

125 --+- 
-A- 

Flat 

Brome 

Of the 3 seeded species, smooth bromegrass is the least drought 
tolerant. This was visibly evident from the brown-colored, dor- 
mant appearance of the smooth bromegrass plants during much of 
the study, especially during late summer 1989. Smooth bromegrass 
stands in some areas of the pastures looked so poor in fall 1989 that 
we feared they would be partially lost, but they recovered in 1990. 
1~ contrast, western wheatgrass pastures maintained a green color 
throughout the grazing season. 

Western 

Caged standing crop and ungrazed residue were highest in 1988 
when there was carryover from 1987 (Table 3). Drought began 

Table 3. Caged standing crop, ungrazed residue, crop disappearance, and 
liveweight steer gain for 1988, 1989, and 1990 after grazing for 133 
continuous days (average of 5 species). 2OMay QJun 3OJun 21Jul 1lAug 1Sep 3QSep 

Year 
Caged 
crop 

Ungrazed Crop Steer 
residue disappearance gain 

Weigh period 

Fig. 1. Cumulative liveweight gain of steers grazing seeded and native 

1988 
----------(kgha-z)-----910a-- (Al$;kg) 

2880a 1970a 

1989 2180b 13lOb 870a 0.88a 

1990 2020b 1390b 620b 0.87a 

‘Within columns, means followed by the same letter are not different at fYO.05 
(Wailer-Duncan,‘test, K = 100). 

pasture at periodic dates throughout a 133-day season &year average.) * 
Gains between periods are different (IKO.05) except for smooth brome- 
grass between 11 Aug. and 1 Sept. 

reducing crop production and residue in 1988. Less crop disap- 
pearance was recorded in 1990 than in 1988 and 1989. 

tures exceeded gain from the other pastures at the end of Sep- 
tember. Still, the 0.79 to 0.86 kg head-l ADG obtained from the 
seeded and hilly native pastures compared favorably with the 0.82 
kg head-’ ADG reported by Sarvis (1941) for native range grazed 
for 137 days at the rate of 1 steer to 2.8 ha. 

Averaged over all pastures, steer liveweight gain did not follow 
caged standing crop or crop disappearance (Table 3). Steer gain 
was higher in 1989 and 1990 when crop dry matter was lower. Crop 
disappearance includes vegetation eaten, trampled, and all other 
losses. Variability in vegetation measurements, differences in for- 
age quality, and dissimilar opportunities for diet selection among 
the pastures all contribute to lack of correlation between forage 
disappearance and gain. 

Conclusion 

Continuous, season-long grazing is the most common method of 
grazing native range in the northern Great Plains. Cattle are put on 
pastures relatively early in spring, late April to mid-May, and left 
to graze through fall or until the standing crop is gone. This results 
in a simple management, low input, sustainable use of the native 
grass crop. 

Stocking and pasture size differences were removed from our 
study by grazing identical sized pastures with 3 similar sized anim- 
als for the same period of time; therefore, statistical differences 
among the species pastured remained the same for gain per head 
and gain per pasture. Steers grazing the level native pastures gained 
the most weight over the 3 years (Table 2). Gains of steers grazing 
smooth bromegrass and western wheatgrass pastures were similar 
as were gains from western wheatgrass, hilly native, and crested 
wheatgrass. Year by pasture interactions were not significant. Pas- 
ture liveweight steer gain ha-’ was highest from the level native 
pastures (Table 2). 

Presently, a similar season-long grazing treatment is not recom- 
mended for pastures that have been seeded to species such as 
crested wheatgrass or smooth bromegrass because of poor mid- to 
late-summer animal performance on these pastures compared with 
native pastures. Most grazing recommendations for seeded pas- 
tures follow Williams and Post’s (1945) suggestion to stock heavily 
enough to prevent the cool-season species from becoming coarse 
and mature. Thus, stocking intensity on cool-season grass pastures 
is higher than for native range, which increases standing crop 
utilization. 

Cumulative liveweight steer gain over the season was similar for 
all pastures from the start of grazing through mid-August (Fig. 1). 
Mid-May is about the earliest the native pastures are ready for 
grazing in North Dakota which determined our starting date. 
Cool-season species, especially crested wheatgrass, usually provide 
a green standing crop that is ready for grazing by late April to early 
May. Pastures composed of these species can be used to advantage 
by grazing them first and then grazing native range. Starting 
grazing about mid-May did not give seeded pastures a liveweight 
gain advantage over the native pastures during the early part of the 
grazing season. At mid-August average liveweight gains remained 
no different (P<O.OS) among pastures and averaged 84 kg head-‘. 
Early September gain from level native pasture was higher 
(P<O.OS) at 105 kg head“ than from the other pastures which 
averaged 91 kg head-‘. Accumulated gain from level native pas- 

This study compares grazing cool-season and native pastures 
seasonlong. Hart et al. (1988) cautioned that stocking rate must be 
the same when comparing grazing systems. We applied the same 
caution for comparing grazing of species; therefore, our study 
differs from most older studies. Our results suggest that seeded 
introduced species produced acceptable liveweight steer gain when 
grazed at the stocking rate recommended for native range. Our 
pasture gains were similar to the maximum gain of 59.5 kg ha-’ on 
range producing 1,170 kg DM ha-’ and grazed 150 days at 105.5 
steer days ha-’ in Wyoming calculated by Hart et al. (1988). No 
special effort or additional inputs were used to achieve these gains 
during the 3 years. The seeded pastures consisted of relatively pure 
stands of seeded species and results may change if species are 
seeded in mixtures because of palatability differences. 

Seed of these cool-season grass species is readily available, inex- 
pensive, and stands are easy to establish. They appear to be a viable 
alternative to native seeding mix for converting marginal or other 
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cropland into grass for grazing. Likewise, CRP lands that have 
been seeded to cool-season introduced grasses may provide season- 
long grazing from highly erodible soils on a sustained basis. 

Literature Cited 
Frischknecht, N.C., and L.E. Harris. 1968. Grazing intensities and systems 

on crested wheatgrass in central Utah: response of vegetation and cattle. 
USDA Tech. Bull. 1388. 

Hart, R.H., M.J. Samuel, P.S. Test, and M.A. Smith. 1988. Cattle, vegeta- 
tion, and economic responses to grazing systems and grazing pressure. J. 
Range Manage. 41:282-286. 

Hofmann, L., and R.E. Ries. 1989. Animal performance and plant produc- 
tion from continuously grazed cool-season reclaimed and native pas- 
tures. J. Range Manage. 42248-251. 

Laycock, W.A., and T. Layden. 1985. Cattle production on reclaimed 
mined lands in northwestern Colorado. p. 162. In: P.J. Joss, P.W. 
Lynch, and O.B. Williams (eds.) Rangelands: A resource under siege. 
Proc. 2nd Int. Rangeland Congr., Australian Acad. Sci., Canberra. 

Rogler, GA., and R.J. Lorenz. 1969. Pasture productivity of crested 
wheatgrass as influenced by nitrogen fertilization and alfalfa. USDA 
Tech. Bull. 1402. 

Rogler, G.A., R.J. Lorenz, and H.M. Schaaf. 1962. Progress with grass. 
North Dakota Agr. Exp. Sta. Bull. 439. 

Sarvis, J.T. 1941. Grazing investigations on the Northern Great Plains. 
North Dakota Agr. Exp. Sta. Bull. 439. 

Williams, R.M., and A.H. Post. 1945. Dry land pasture experiments. 
Montana Agr. Exp. Sta. Bull. 431. 



J. Range Manage. 
46:254-256, May 1993 

Water quality effects on stability and phytotox- 
icity of picloram and clopyralid 

S.G. WHISENANT AND R.W. BOVEY 

Authors are associate professor, Department of Rangeland Ecology and Management, Texas A&M University, 
College Station 77843-2126; and research agronomist, USDA, ARS, Department of Rangeland Ecology and Man- 
agement, Texas A&M University, College Station 77843-2126. 

Abstract 

Water quality effects on stability of picloram (4amino-3,5,6- 
tricloro-2-pyridinecarboxylic acid) and clopyralid (3,6-dichloro-2- 
pyridinecarboxylic acid) were evaluated by determining their con- 
centrations in spray mixtures 0, 48, and 168 hours after mixing. 
Gas chromatography was used to evaluate picloram and clopyralid 
concentrations in spray solutions mixed with different water sour- 
ces or buffered water solutions. At 168 hours picloram concentra- 
tions in water from La Copita and Midland, Texas, were 11 and 
12% lower than at O-hour and 5 and 6% lower than picloram 
concentrations in distilled water at 168 hours. Water quality effects 
on phytotoxicity to honey mesquite (Prosopis glandulosa) were 
evaluated at 0 and 168 hours after mixing the spray solution. Water 
quality had no effect on clopyralid phytotoxicity to honey mes- 
quite at either 0 or 168 hours after mixing. Phytotoxicity to honey 
mesquite was reduced 42% when picloram mixtures were used 168 
hours after mixing with water from La Copita. This indicates the 
potential for reduced phytotoxicity from picloram when prepared 
spray solutions are not used for 7 days. 

Key Words: Prosopis glandulosa, herbicide, honey mesquite, her- 
bicide carrier, water hardness 

Researchers and commercial applicators have long suspected 
that water quality may affect phytotoxicity of herbicides used for 
honey mesquite (Prosopis glundulosa Torr.) control. Some com- 
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mercial herbicide applicators avoid using water from certain areas, 
under the assumption that it adversely affects phytotoxicity. Alka- 
line or hard water is most often implicated as reducing phytotoxic- 
ity. Hard water occurs in many areas of Texas where water for 
aerial application of herbicides comes from groundwater wells. 
This water hardness is primarily due to calcium and magnesium 
salts and total hardness may exceed 250 mg liter“. Water used for 
rangeland spraying often has sodium and calcium contents exceed- 
ing 450 mg liter-’ and 110 mg liter-‘, respectively. 

Reduced phytotoxicity may result from structural changes in the 
herbicide or from reduced absorption of herbicide into the foliage. 
Reduced phytotoxicity is thought to be more severe when spray 
solutions are mixed several days prior to application. This com- 
monly occurs when weather conditions halt spraying operations 
after the spray solution is mixed. 

Herbicides may form insoluble salts and precipitate out of solu- 
tion or form insoluble salts in plant cells which fail to translocate. 
Most auxin-type herbicides are absorbed best as weak acids in 
undissolved form, but may form insoluble salts that have difficulty 
penetrating the cuticle or translocating. Sorption of weakly acidic 
auxins by cuticular membranes is reduced in alkaline spray solu- 
tions (Schonherr 1976, Riederer and Schoherr 1984, Bukovac et al. 
1990). Uptake of 2,4,5-T (2,4,5trichlorophenoxy acetic acid) by 
honey mesquite and live oak (Quercus virginiana Mill.) decreases 
in alkaline spray solutions (Baur et al. 1971, 1974). The activity of 
2,4-D (2,4-dichlorophenoxy acetic acid) is also reduced in alkaline 
solutions (Blackman and Robertson-Cuninghame 1953, Orgell 
and Weintraub 1957, Szabo and Bucholtz 1961, Wedding and 
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Erickson 1957). Glyphosate [N-(phosphonomethyl)glycine] was 
less phytotoxic when applied in IO-mM solutions of CaClz, FeS04, 
Fe&SO&, MgS04, NaHCOs, NazCOs, and ZnSO4 than when 
applied in distilled water. 

Picloram (4amino-3,5,6-tricloro-2-pyridinecarhoxylic acid) and 
clopyralid (3,6dichloro-2-pyridinecarhoxylic acid) are weakly 
acidic auxins regularly used for honey mesquite control in areas 
with alkaline and hard water. Despite the lack of data indicating 
clopyralid and picloram activity is adversely affected by water 
quality, commercial adjuvants are marketed to counteract detri- 
mental properties of alkaline waters. The extent of water quality 
impacts on efficacy of rangeland herbicide applications is largely 
unknown. The objectives of this research were to determine the 
effect of water quality on the stability and phytotoxicity of clopy- 
ralid and picloram when used for control of honey mesquite. 

Materials and Methods 

Plant Material 
Honey mesquite plants were grown from seed in the greenhouse 

for 12 weeks in pots (12.7-cm diameter by 12.7-cm deep) containing 
a mixture of Bleiblerbille clay (fine, montmorillonitic Udic Pellus- 
tert), sand, and peat moss (l:l:l, v/v/v) from February to May 
1990. Two plants were grown per pot and each had single woody 
stems averaging 36 cm tall with an average of 15 to 17 leaves per 
plant. Pots were randomly arranged in the greenhouse, watered 
daily to soil saturation, and a commercial fertilizer (13-13-13) 
applied at 0.85 g per pot. Daytime temperature was 25 to 30” C, 
and night temperature was 20 to 25’ C. Day length averaged 12 
hours with 775 PE rn? photosynthetically active radiation (PAR) 
at midday. 

Comparison of Water Sources 
Water samples were collected in April 1990 from 3 locations in 

Texas [Brazos (College Station), Midland (Midland), and Jim 
Wells (La Copita) counties]. Samples were stored in the dark at 5” 
C until used. Mesquite plants were treated with the monoethano- 
lamine salt of clopyralid and the potassium salt of picloram applied 
to the foliage at 0.6 kg ae ha-’ at 0,48, and 168 hours after mixing. 
Applications were in 93 liters ham’s using the various water sources 
and buffered solutions. Samples were tested for bicarbonate, 
boron, calcium, carbonate, iron, magnesium, nitrate, phosphate, 
potassium, sodium, sulfate, and zinc content. 

Prepared Ion Solutions 
Using the results of the water analyses as a guide, aqueous 

solutions of CaC12, MgS04, and NazCOs were prepared at concen- 
trations of 1OmM and used to prepare additional spray mixtures. 
Foliar sprays of clopyralid or picloram were applied at 0.6 kg ha-’ 
in 93 liters ha-’ of water carrier in a laboratory spray chamber 
(Bouse and Bovey 1967) to pots containing honey mesquite in 
April and May 1990. 

Analytical Procedures 
Clopyralid and picloram were extracted and analyzed from 

slight modification of published methods (Leitch and Fagg 1985, 
Cotterill 1978). The gas chromatograph was equipped with an 
electron capture detector (63Ni) operated at 300” C. The injector 
port temperature was 280” C and column temperatures were 140’ 
C for clopyralid and 180’ C for picloram. The 2-m column was 
packed with 3% OV210 on 80 to 100 mesh Supelcoport. Herbicide 
concentrations were determined by comparing peak areas with 
those of prepared standards. Clopyralid and picloram recovery 
averaged over 90% and they were easily detected to 0.05 mg liter-’ 
of water. 

Treatment Analysis 
Sixty days after spraying, the response of treated plants to 

picloram or clopyralid sprays mixed with the various water sam- 
ples were evaluated by estimating the percentage of dead stem 
tissue on each plant. Plants with 100% dead stem tissue and no 
resprouts were considered dead. Six replications with 2 plants/re- 
plicate were used in a randomized block design. Data were sub- 
jected to analysis of variance and means were compared with 
Fisher’s protected LSD at the 0.05 level of significance. The exper- 
iments were repeated and data pooled for statistical analysis. 

Results and Discussion 

Ion concentration varied greatly between water sources, with 
Midland water containing the highest concentrations of calcium, 
magnesium, potassium, sodium, and sulfate and the lowest con- 
centrations of bicarbonate and carbonate (Table 1). College Sta- 
tion water contained the highest bicarbonate concentrations and 

Table 1. Ion concentrations in water used to evaluate the effects of water 
quality on picloram and clopyralid stability and phytotoxicity. 

Ions College Station La Copita Midland 

(mg/ liter)’ 
Boron 0.25 0.84 0.32 
Calcium 3.30 19.40 114.00 
Iron 0.00 0.00 0.01 
Magnesium 0.10 10.00 88.00 
Potassium I .99 7.88 17.90 
Sodium 195.00 288.00 468.00 
Zinc 0.01 0.01 0.01 

Total Cations 200.40 325.00 688.10 

Bicarbonate 407.35 289.85 94.00 
Carbonate 11.56 15.41 < 8.30 
Chloride 46.00 224.00 675.00 
Nitrate 0.48 8.28 0.72 
Phosphorus 0.10 0.10 0.10 
Sulfate 18.72 109.20 583.44 

Total Anions 483.60 638.5 1352.40 

Hardness (mg L-l) 3.42 35.76 258.69 

Specific conduc- 9.75 18.50 
tivity (s m-l) 

42.90 

the lowest boron, calcium, magnesium, potassium, sodium, and 
sulfate concentrations. La Copita water contained intermediate 
concentrations of most ions, but had the highest carbonate and 
nitrate levels. The highest pH occurred in water from La Copita 
and College Station. 

Analyses of herbicide solutions at O-hours after mixing were 
included as a control or reference standard for the evaluation of 
changes in stability and phytotoxicity over time. Herbicide solu- 
tions mixed in distilled water also served as a control or reference 
standard against which we compared solutions 168 hours after 
mixing and those mixed in other water types. Each combination of 
water type-time concentration was compared against distilled 
water at the same time and against the same water source at other 
time periods. We believed the most conservative approach to iden- 
tifying water-time combinations that may cause problems was to 
consider only those concentrations (in Table 2) differing from 
distilled water at the same post-mix time and differing from the 
same water type at other post-mix times. 

Chromatographic analyses of herbicide solutions detected no 
differences in concentrations of either picloram or clopyralid 
immediately after mixing (Table 2). This indicated the herbicide 
solutions were similarly mixed and not immediately affected by 
water quality. Additional chromatographic analyses found that 
distilled water had no effect on either picloram or clopyralid stabil- 
ity after 168 hours (Table 2). Clopyralid solutions were generally 
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Table 2. Concentrations of picloram and clopyralid at 3 times after mixing 
in various water solutions. 

Herbicide 
Water type 

Picloram 
Distilled water 
College Station 
La Copita 

PH 

6.4 
8.5 
8.6 

Time after mixing 
(hour) 

0 48 168 LSD (0.05) 

(mg/ liter) 

164.2 160.1 153.1 NS 
164.7 167.2 147.1 7.9 
163.8 161.1 145.6 9.2 

Midland 8.2 164.0 161.7 143.8 11.6 
CaClz buffer 6.3 160.6 143.3 150.7 NS 
MgSOd(7HzO) buffer 6.3 153.4 154.6 154.5 NS 
NazC03 buffer 11.0 161.3 144.7 161.2 NS 
LSD (0.05) NS 10.8 7.2 

6.4 147.9 150.3 148.3 NS 
8.5 151.3 155.0 145.1 7.9 
8.6 148.1 147.2 147.1 NS 

Clopyralid 
Distilled water 
College Station 
La Copita 
Midland 8.2 146.5 152.6 148.0 NS 
CaClz buffer 6.3 148.1 148.5 152.2 NS 
MgSOa (7HzO) buffer 6.3 151.1 151.3 150.7 NS 
NazCOs buffer 11.0 145.8 149.7 149.1 NS 
LSD (0.05) NS 5.5 NS 

stable in all water sources and buffered solutions over the 168 
hours evaluation (Table 2). Clopyralid was only reduced in the 
College Station water 168 hours after mixing, but even this was not 
significantly different from clopyralid concentrations in distilled 
water solutions at the same time period (Table 2). At 168 hours 
after mixing, only the herbicide solutions using La Copita and 
Midland water sources had lower picloram concentrations than 
that from O-hour (11 and 12% reductions, respectively) and from 
distilled water (5 and 6% reductions, repsectively) (Table 2). 

Phytotoxicity of clopyralid and picloram were not affected by 
water quality when applied immediately after mixing, nor were 
they affected after 168 hours when mixed with distilled water 
(Table 3). After 168 hours, mesquite stemkill was significantly 

Table 3. Stem kill of hone1 mesquite grown in the greenhouse following 
application of 0.6 kg ha- picloram or clopyralid in various water solu- 
tions. 

Herbicide Time after mixing (hours) 
Water source 0 168 

Picloram 
Distilled 
College Station 
La Copita 
Midland 

LSD (0.05) 

Clopyralid 
Distilled 
College Station 
La Copita 
Midland 

LSD (0.05) 

($%o stemkill) LSD (0.05) 

53 61 NS 
43 56 NS 
57 33 Significant 
40 46 NS 
NS 23 

28 21 NS 
32 32 NS 
15 24 NS 
35 22 NS 
NS NS 
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reduced when picloram was mixed in water from La Copita. Phy- 
totoxicity of clopyralid was not affected by the variation in water 
quality used in this study (Table 3). Picloram phytotoxicity to 
honey mesquite was reduced by 42%, 168 hours following mixing 
with water from La Capita (Table 3). 

Clopyralid stability and phytotoxicity were not reduced by 
water types studied in these experiments. The La Copita and 
Midland water types reduced picloram stability 168 hours after 
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mixing. Attributes of water quality which may have reduced piclo- 
ram stability and phytotoxicity (La Copita only) are not com- 
pletely clear. The La Copita and Midland waters contained more 
Ca, Mg, K, Na, and total hardness than the College Station water 
and had greater specific conductivities (Table 1). Hard or alkaline 
water might decrease picloram phytotoxicity by forming insoluble 
salts that (1) precipitate out of solution; (2) do not penetrate the 
cuticle; or (3) do not translocate. In this study, reduced phytotoxic- 
ity was generally associated with lower picloram concentrations in 
the spray solution, suggesting the formation of insoluble salts that 
might have precipitated picloram out of solution, but those data 
are inconclusive. However, none of the buffered solutions reduced 
picloram concentrations after 168 hours (Table 2). 

Water quality affected picloram efficacy when herbicide solu- 
tions were mixed several days prior to application. When these 
results became evident after the first experiments, we repeated the 
entire study. Data presented are pooled from both experiments. 
The results of the first and second application of both the stability 
and phytotoxicity experiments were not significantly different, 
indicating the observed pattern of reduced phytotoxicity was real 
rather than the result of random or experimental error. 

This research indicates the potential for reduced picloram activ- 
ity on honey mesquite when spray solutions are mixed I days prior 
to application. This usually occurs when environmental conditions 
(such as excessive wind speed or temperature) delay application. 
We were unable to determine the water quality factors causing the 
problems. No phytotoxicity reductions should be anticipated 
unless the herbicide solution is mixed several days prior to 
application. 
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Abstract 

The effects of droplet size and spray volume (spray-mixture 
application rate) on honey mesquite (Prosopis glandulosa Torr.) 
mortality were evaluated using 0.55 to 0.58 kg ae (acid equivalent) 
ha-’ clopyralid (3,6 dichloro-2-pyridinecarboxylic acid). A factor- 
ial combination of 3 spray volumes (19,37, and 75 liters ha-‘) and 
droplet sizes of 325 f 25, 475 f 25, and 625 f 25 pm nominal 
D,, (volume median diameter) were replicated 3 times at both 
Andrews and Big Lake, Tex., during June 1989. The experiment 
was repeated in 1990 at Big Lake and Campbellton, Tex., without 
the 75 liters ha-’ spray volume. Honey mesquite mortality and 
canopy reduction 16 months after application were significantly 
less on the 625 I.rm droplet treatments in 2 of 4 experiments, when 
compared to plots treated with smaller droplet sizes. Mortality 
increased with larger spray volumes, particularly with 625 pm 
droplets. Relative mortality data from the 4 experiments clearly 
demonstrated that larger droplet sizes require larger spray volumes 
for greatest efficacy. 

Key Words: herbicides, droplet size, spray-mixture application 
rate, spray volume, Prosopis glandtdosa 

Aerial application of herbicides requires management decisions 
that involve compromises among efficacy, safety, and economics. 
The application of greater volumes of spray solution may improve 
herbicide efficacy but also increases treatment costs. Smaller drop- 
let sizes increase drift potential, but may improve herbicide efli- 
cacy. Aerial applicators seek to improve efficacy while balancing 
the risks associated with smaller droplets and the greater costs 
associated with increased spray volumes. Despite a general appre- 
ciation for these variables, the relationships between efficacy, drop- 
let size, and spray volume have not been demonstrated during 
actual rangeland applications. 

Phytotoxicity is usually increased when leaves absorb more 
herbicide. Herbicide absorption is increased with greater herbicide 
concentrations in the spray solution and more contact area 
between the leaf surface and the herbicide solution (McKinlay et al. 
1972,1974; Cranmer and Linscott I99 1). The contact area between 
the spray solution and leaf surface is increased by using surfactants 
to reduce droplet surface-tension, increasing the amount of spray 
solution applied (spray volume), and decreasing droplet size 
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(which increases droplet density). Surfactants are routinely used 
and have no disadvantages, but the selection of droplet size and 
spray volume inevitably requires tradeoffs between efficacy, 
expense, and risk. For a given herbicide application rate, herbicide 
concentration (in the spray solution) is increased as spray volume 
decreases. Thus, spray volume selection requires a balance between 
herbicide concentration and the increased distribution of herbicide 
on the leaf surface associated with larger spray volumes. 

Although greater spray volumes should improve herbicide dis- 
tribution on the leaf surface, several scientists have reported 
reduced phytotoxicity with increasing spray volumes (McKinlay et 
al. 1972,1974; Buhler and Burnside 1983,1984,1987; Cranmer and 
Linscott 1991). Those reductions in phytotoxicity were attributed 
to reduced herbicide concentrations in the spray solution when 
using greater than normal spray volumes. For example, formu- 
lated glyphosate [N-(phosphonomethyl)glycine] absorption was 
greater when a single concentrated droplet was applied to velvet- 
leaf (Abutilon theophrasti Medik.) compared to when a greater 
number of more dilute drops was applied (Cranmer and Linscott 
1991). They found that at small herbicide concentrations, the 
steepness of the herbicide concentration gradient across the cuticle 
and plasmalemma was reduced and concluded that absorption rate 
was increased when the spray solution contained high concentra- 
tions of glyphosate. 

In greenhouse experiments using formulated herbicides, fluazifop- 
butyl ((R)-butyl, 2_C4-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phen- 
oxy]proponoate), haloxyfop-methyl {methyl 2#4_CE3-chloro-5-(tri- 
fluromethyl)-Zpyridinylloxylphenoxylpropanoate}, and seth- 
oxydim (2-[ l-(ethoxyimino)butyl]-5-[2-(ethylthio)propyl]-3-hy- 
droxy-2-cyclohexene-I-one} toxicity to forage sorghum (Sorghum 
sp.) and yellow foxtail (Setaria gluucu (L.) Beauv.) increased as 
spray volume decreased from 570 to 24 liters ha-‘. Field results 
corroborated greenhouse data and indicated a general increase in 
phytotoxicity with all herbicides as spray volume decreased from 
570 to 24 liters ha-‘. This part of the study did not consider 
associated changes in droplet size. They stated that the smaller 
orifice nozzles used to produce the smaller volumes probably 
produced smaller droplets, which resulted in greater phytotoxicity 
(Buhler and Burnside 1984). 

In aerial applications, spray volumes are changed by altering 
nozzle orifice size, pressure, number of nozzles, and aircraft speed. 
These factors affect droplet size, yet previous field studies have not 
evaluated the relationship between spray volume and droplet size. 
An understanding of these relationships and their influence on 
honey mesquite (Prosopis glundulosu Torr.) mortality will facili- 
tate the selection of safe and effective herbicidal management 
practices. 

Our objectives were to evaluate the effects of and the relation- 

257 



Table 1. Description of site and soil temperature where experiments were applied to evaluate spray volume and droplet size effects on honey mesquite. 

Location 

Andrews 

Big Lake 
Big Lake 

Campbellton 

Treatment date 

27-28 June 1989 

29-30 June 1989 
16-17 July 1990 

4-7 June 1990 

Range sites 

sandyland 
sandy loam 

clay loam 
clay loam 
clay loam 

claypan prairie 
claypan prairie 

tight sandy loam 
shallow 

Soil 
subgroups 

ustalfic Haplargids 
petrocalcic ustalfic 

Paleargids 
aridic Paleustolls 
aridic Paleustolls 

torrertic Calciustolls 
vertic Argiustolls 
pachic Argiustolls 
typic Natrustalfs 

shallow tveic Areiustolls 

Soil temperature 
at 30 cm 

29 

26 
28 

31 

ships between spray volume and droplet size on honey mesquite 
mortality with clopyralid (3,6 dichloro-2-pyridinecarboxylic acid). 

Materials and Methods 
The monoethanolamine salt of clopyralid was applied at 4 loca- 

tions in west and south Texas in 1989 and 1990. A randomized, 
complete block design with a factorial combination of treatments, 
including spray volumes of 19, 37, and 75 liters ha-’ and spray 
droplet sizes of 325 f 25, 475 f 25, and 625 f 25 pm nominal 
Dv.5 (volume median diameter) were replicated 3 times. Experi- 
ments were applied at Andrews (Andrews County) and Big Lake 
(Reagan County) in west Texas during 1989. With the exception of 
treatments containing the 75 liters ha-’ spray volumes, the experi- 
ment was repeated in 1990 at Big Lake and Campbellton (Atascosa 
County) Tex. Application dates, sites, and soil temperatures are 
listed in Table 1. The 1989 treatments contained 0.58 kg ae (acid 
equivalent) clopyralid ha-’ and the 1990 treatments contained 0.55 
kg ae clopyralid ha-‘. The clopyralid was applied in a diesel:water 
emulsion [1:5 (v:v)] containing 3 ml of a 1% polyvinyl polymer 
liter-’ spray solution as a drift control agent. 

Preliminary studies were conducted to determine configurations 
which produced the desired spray volume and droplet size combi- 
nations. The different spray volume rates were obtained with con- 
ventional hydraulic disc-core nozzles by varying nozzle orifice size, 
number of nozzles on the spray boom, spray pressure, nozzle 
orientation relative to horizontal and back, and with presence or 
absence of a core in the nozzle (Table 2). Droplet statistics were 
estimated with a droplet size spectrometer system (Particle Mea- 
surement Systems Company, Boulder, Colo.) using equipment and 

procedures described by Bouse et al. (1990) under simulated aerial 
application conditions for airspeed and nozzle parameters. Drop- 
let spectrums from nozzles operated in the airstream from a high- 
speed blower were measured for airspeed and nozzle parameters 
included in the field studies. 

Applications were made with a Cessna Tl88C Ag-Husky agri- 
cultural aircraft equipped with a 9.8-m long, straight spray boom. 
The aircraft was flown at a height of 4 to 5 m above the honey 
mesquite canopy at an airspeed of 192 km ha-’ using a 13.7-m 
swath spacing. The 1989 plots consisted of 5 adjacent 402-m long 
swaths. The 1990 plots at Big Lake were 7 swaths wide and 402-m 
long, while the Campbellton plots had six, 518-m long swaths. 

A portable weather station was placed within 1 of the untreated 
plots at each study site to record temperature, relative humidity, 
wind speed and angle of the wind relative to flight direction at 
5-minute intervals during treatment application. Measurements 
were made at a height of 2.5 m above ground level for all tests 
except Big Lake, 1990; where the measurements were taken at 5 m. 
The distance of the treated plots from the weather measurement 
system ranged from about 40 m to 2 km. As a result, the weather 
data were not necessarily representative of conditions at a given 
plot at the time of application. This is particularly true for the wind 
measurements, which changed rapidly with time and distance. The 
aircraft flaggers exercised judgment as to when the wind was 
excessive in speed or crosswind angle and advised the pilot by radio 
to make or delay the application of each spray swath applied. 

Treatments were evaluated following the second post-treatment 
growing season (Oct. 1990 and Sept. 1991). Canopy reduction and 
plant mortality were estimated on at least 150 trees in each plot and 

Table 2. Nozzles, spray volume application rates, and droplet size statistics for sprays used to apply experiments. Applications were made with a Cessna 
T-188C Ag-Husky equipped with a 9.8-m spray boom. All sprays were a dieseLwater emulsion [1:5 (v:v)] containing 3 ml of a 1% polyvinyl polymer 
liters-l spray solution as a drift control agent. 

Spray volume 
application rate 

Nozzle 
type’ 

Pressure Nozzle 
orientation2 

- 
Dv.5 Volume3 

<204 pm 
Volume4 
>415 pm 

Relative 
span5 

Number 
of nozzles 

(liters ha-‘) 
18.7 
18.7 
18.7 
37.4 
37.4 
37.4 
74.8 
74.8 
74.8 

D4-46 
D4 
D4 

D6-46 
D6 
D5 

D10-46 
D7 
D7 

(@a) 
207 
138 
359 
138 
207 
379 
207 
207 
379 

(degrees) 
32 

0 481 
0 626 

30 327 
10 451 
0 628 
0 323 
0 487 
0 623 

(%I 
6.81 
1.00 
0.46 
8.04 
1.71 
0.56 
6.53 
1.28 
0.93 

(%) 
21.2 
65.9 
81.5 
25.7 
58.9 
81.1 
19.7 
67.2 
78.8 

0.73 52 
1.19 62 
0.96 38 
1.00 61 
1.16 43 
1.27 47 
0.83 49 
1.01 64 
1.03 M 

~Nozzle designation refers to disc-core combination. 
2Relative to airstream direction (horizontal and back). Nozzles were tested at 192 km h-’ simulated airspeed (created by highspeed blower). 
‘Percentage of the spray volume in droplets smaller than 204 pm. 
‘Percentage of the spray volume in droplets larger than 415 Km. 
‘Relative span = (DV.s - D..I)/ D,,s. where D,,s and Dv.l are droplet diameter at 90, 50, and 10% cumulative spray volume. 
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plot means were used in subsequent statistical analyses. Trees with 
no foliage after the second post-treatment growing season were 
considered dead. Differences between droplet size and spray 
volume were determined with a factorial analysis of variance to test 
for significance of interactions between site, droplet size, and spray 
volume. Fisher’s protected least significant difference (L.S.D.) was 
used to identify treatment means differing at the 5% level. 

Results 
Honey mesquite mortality ranged from 58 to 80% among 

sprayed treatments and from 23 to 97% on individual sprayed 
plots. These treatment means are similar to those reported in other 
studies examining the effects of clopyralid on honey mesquite 
(Jacoby et al. 1990a, 1990b, 1991; Bovey and Whisenant 1991). 

Site-by-treatment interactions were not significant for either the 
1989 or 1990 experiments, indicating similar treatment response 
patterns occurred at both sites during each of the 2 treatment years. 
Therefore, data are pooled over sites (within an application year). 
No statistical comparisons of canopy reduction or mortality were 
made between the 2 application years, since the herbicide applica- 
tion rates differed (0.58 kg ha-’ in 1989 versus0.55 kg ha-’ in 1990) 
and the 75 liters ha-’ treatments were not applied in 1990. There 
were no significant interactions between droplet size and spray 
volume in any of the analyses. 

Each of these experimental applications required several hours 
to complete and weather parameters varied during that time. Some 
applications were made early in the morning when wind and 
temperature were low and the relative humidity high, while others 
were made during afternoon hours when temperature and wind 
were higher and relative humidity was low. Temperature, relative 
humidity, and wind speed ranged from 21 to 36” C, 17 to 82%, and 
4 to 19 km hr-‘at Andrews and from 19 to 31” C, 28 to Sl%, and 2 
to 13 km hr-’ at Big Lake in 1989. At Campbellton, the temperature 
ranged from 25 to 36’ C, relative humdity 39 to 89%, and wind 
speed 5 to 19 km hr.‘. In 1990 at Big Lake, the temperature, relative 
humidity and wind speed ranged from 20 to 27” C, 66 to 92%, and 2 
to 14 km hi’, respectively. 

Deposition of spray solutions on leaves, soda straws, and water 
sensitive cards was also determined during these experiments and 
is reported elsewhere (Bouse et al. 1992). No consistent trends were 
detected for the effect of droplet size on the deposit on plant leaves; 
but, smaller droplets tended to produce the highest deposits on 
soda straws. Droplet density (droplets cme2) on water sensitive 
cards was greatest for small droplets and decreased with an 
increase in droplet size. Droplet density increased with increasing 
spray volume for most experiments, but not in direct proportion to 
the amount of spray volume increase (Bouse et al. 1992). Stepwise 
regression analysis was unable to identify the relative contributions 
of droplet size, spray solution onto mesquite leaves (Bouse et al. 
1992). 

Spray Volume 
Following the 1989 applications, no significant differences in 

honey mesquite mortality or canopy reduction were detected 
between the 19 or 37 liters ha-’ volume treatments (Table 3). 
However, the 75 liters ha-’ treatments produced significantly 
greater mortality and canopy reduction than either the 19 or 37 
liters ha-’ treatments (Table 3). Treatments with spray volumes of 
37 liters ha-’ in 1990 had greater mortalities than the 19 liters ha-’ 
treatments, but canopy reductions were no different (Table 4). 

Relative mortality, calculated by dividing measured mortality 
by the maximum mortality for each experimental site, was affected 
less by the different environmental conditions during and after 
applications. Since there were no significant treatment by site (or 
application year) interactions for relative mortality data, analyses 

Table 3. Mortality and canopy reduction of honey mesquite in October 
1990 following application of 0.58 kg ae ciopyraiid ham1 at different 
combinations of droplet size and spray volume in June 1989 at Andrews 
and Big Lake, Texas. Droplet size evaluations are pooled over site and 
spray volume. Spray volume evaluations are pooled over site and droplet 
size. 

N' Mortality2 
C=vy 

reduction2 

Droplet size 
(rm) 

0 (untreated) 
325 
475 
625 

Spray volume 
(liters ha“) 

0 (untreated) 
I9 
37 
75 

6 
18 
18 
18 

6 
I8 
I8 
18 

(%I (%I 

Oa 4a 
16 b 92 b 
72 b 92 b 
71 b 90 b 

Oa 4a 
69 b 89 b 
71 b 90b 
80 c 94 c 

IN is the number of plots used to calculate the associated treatment mean. 
*Means within a column and application parameter followed by the same letter are not 
significantly different according to Fisher’s protected LAD. at the 5% significance 
level. 

Table 4. Mortality and canopy reduction of honey mesquite in September 
1991 following application of 0.55 kg ae ciopyraiid hi’ at different 
combinations of droplet size and spray volume in July and June 1990 at 
Big Lake and Campbeiiton, Texas, respectively. Droplet size evaiuations 
are pooled over site and spray volume. Spray volume evaluations are 
pooled over site and droplet size. 

N’ Mortality2 
Canopy 

reduction2 

Droplet size 
(w-n) 

0 (untreated) 
325 
475 
625 

Spray volume 
(liters ha-‘) 

0 (untreated) 
19 
37 

(o/o) (%I 

6 2a 20 a 
I2 75 c 98 c 
I2 71 c 97 bc 
12 58 b 94 b 

6 2a 21 a 
18 63 b 96 b 
18 73 c 98 b 

IN is the number of plots used to calculate the associated treatment mean. 
2Means within a column and application parameter followed by the same letter are not 
significantly different according to Fisher’s protected L.S.D. at the 5% significance 
level. 

among all sites and application years were used. When averaged 
over droplet size, relative mortality increased with increasing spray 
volumes (Table 5). Applying clopyralid in 75 liters ha-’ total spray 
volume significantly increased relative mortality compared to the 
19 liters ha-’ treatment, but neither differed from the intermediate 
spray volume treatment. 

Droplet Size 
Droplet size of the clopyralid spray solutions had no significant 

effect on honey mesquite mortality or canopy reduction following 
the 1989 applications (Table 3). Following the 1990 applications, 
mortality resulting from the largest (625 pm) droplet size was 
significantly less than mortality from either the 325 or 475 pm 
droplet size treatments (Table 4). Canopy reductions resulting 
from treatments containing the largest droplets were less than 
reductions from treatments receiving the smallest droplets, but 
were not different from canopy reductions resulting from the 
intermediate sized droplets (Table 4). 
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Table 5. Relative mortality of honey n&quite following clopyrriid appli- 
cations at different droplet size and spray volume combinations in 1989 
and 1990 at Andrews, Big Lake and Campbellton, Texas. Droplet size 
evaluations and pooled over year, site, and spray volume. Spray volume 
evaluations are pooled over year, site, and droplet site. 

Droplet size 
Cum) 

N’ 
Relative 

mortality2 

(%Y Relative 

0 (unke~ted) 12 
325 30 
475 30 
625 30 

Spray volume 
(liters ha-‘) 

0 (untreated) 
19 
37 
75 

12 la 
36 74 b 
36 81 bc 
I8 87 c 

la 
84 c 
80 bc 
74 b 

eo I. I’ I ..I’ I’ I. t 

10 20 30 40 50 60 70 80 

Spray volume (liters hi’) 

IN is the number of plots used to calculate the associated treatment mean. 
‘Relative mortality is mortality on each plot as a percentage of the highest mortality on 
anv olot treated at the same site and date. 
Jhieans within a column and application parameter followed by the same letter are not 
significantly different according to Fisher’s protected L.S.D. at the 5% significance 

Relative mortality of honey mesquite treated with the smaller 
droplets (325 pm) was significantly greater than relative mortality 
of honey mesquite treated with the largest droplets, but treatments 
receiving the intermediate droplets were not significantly different 
from either the 325 or 625 pm treatments (Table 5). 

Discussion 
Two trends appeared consistently in these experiments, but were 

not always statistically significant. Honey mesquite mortality and 
canopy reduction were increased as spray volume increased. Mor- 
tality tended to be inversely related to droplet size of the spray 
mixture, i.e., honey mesquite mortality increased as droplet size 
decreased. 

Droplet density has been suggested as being of major impor- 
tance in the effectiveness of foliar-applied herbicides on honey 
mesquite (Behrens 1957). An average droplet spacing of 3,100 pm 
was suggested to provide the maximum effective droplet density of 
11 droplets cm-‘. In this study, reducing droplet size or increasing 
spray volume increased droplet density, and generally increased 
phytotoxicity. 

Early research indicated that changing spray volume from 19 to 
112 liters ha-’ did not affect honey mesquite mortality from ester 
formulations of 2,4,5-T (2,4,5-trichlorophenoxy acetic acid) (Fisher 
et al. 1956). Since that time, herbicide applications for honey 
mesquite control have routinely used spray volumes of 18 to 28 
liters ha-‘. Spray volumes from 5 to 37 liters ha-‘, containing0.28 to 
0.56 kg ae ha-’ 2,4,5-T or 2,4,5-T + picloram (4-amino-3,5,6- 
trichloro-2-pyridinecarboxylic acid) aerially applied did not signif- 
icantly affect honey mesquite mortality, but droplet sizes at various 
spray volumes were unknown (Fisher et al. 1974). Previous field 
studies examining the effect of spray volume on honey mesquite 
mortality were confounded by droplet size changes of unknown 
magnitude. Although spray volumes can be changed-within cer- 
tain limits-without changing droplet size, it seldom occurs. 
Recent evidence indicates that the relationship between droplet 
size and spray pressure depends on nozzle orientation on the spray 

Fig. 1. Relative mortality of honey mesquite following clopyralid applica- 
tions at 0.55 to 0.58 kg hi’ at different droplet size and spray volume 
combinations in 1989 at Andrews and Big Lake and in 1990 at Big Lake 
and Campbellton, Tex. Means within a spray volume followed by the 
same letter are not significantly different according to Fisher’s protected 
L.S.D. at the 5% significance level. Relative mortality is calculated as 
mortality on each plot expressed as a percentage of the highest mortalit 

-i on any plot treated at the same site and dafe. Each 19 and 37 liters ha 
point is the mean of 12 plots, which were treated at 4 sites in 1989 or 1990. 
Each 75 liters ha-’ point is the mean of 6 plots treated at 2 sites in 1989. 

sure actually decreases droplet size for nozzles directed rearward at 
small angles to the direction of flight, due to the greater differential 
between spray mixture speed out of the nozzle and airstream speed 
(Bouse 1991). The greater speed differential between spray and 
airstream increases the windshear that reduces droplet size. As a 
result, much of our current understanding of drift reduction during 
aerial application may be wrong. 

Phytotoxicity of foliar-applied herbicides is affected by distribu- 
tion of the herbicide solution over the leaf surface and concentra- 
tion of formulated herbicide in the spray solution. Within the range 
of spray volumes used in this study, the benefits of greater distribu- 
tion of spray droplets apparently outweighed the potential prob- 
lems associated with reduced herbicide concentration in the spray 
solution. In a greenhouse study, no differences in spray deposit on 
honey mesquite seedlings were found between droplet size spec- 
trums of 160 or 330 pm Dv.s or spray solution applications of 47 or 
187 liters ha-’ (Bovey et al. 1991). The relatively small range of 
droplet sizes in the Bovey et al. (1991) study may explain the lack of 
treatment differences. 

Relative mortality was used to combine data from 4 sites and 2 
application years. This facilitated the development of a graph 
which demonstrated the pattern of response over all the experi- 
ments (Fig. 1). This single figure illustrates the overall results of the 
entire study. At larger spray volumes, droplet size becomes less 
important. Greater volumes (75 liters ha-‘) allow the use of 625 pm 
spray droplets in situations where drift must be reduced. However, 
for most situations where treatment costs are critical, the 325 pm 
droplets will allow the use of reduced (19 liters ha-‘) spray volumes. 
However the potential for drift increases with decreasing droplet 
size. The percentage of spray volume in droplets smaller than 
approximately 200 pm is considered to be an important factor in 
determining the degree of drift hazard. 

boom and can be opposite to the previous understanding, at least 
with fixed-wing applications. Previously, higher spray pressure 
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Abstract 

The response of selected plant species to a single application of 
factorial combinations of nitrogen (N), phosphorus(P), and sulfur 
(S) on 2 lodgepole pine (Pinus contorlo Dougi.) clenrcut-logged 
sites In British Columbia was evaluated over 3 years. Increasing N 
rates typically resulted in higher forage standing crop on both sites, 
in all years, but standing crop at Fly Creek was nearly double that 
at Beaverdam Lake. On both sites, forage yields peaked at 400 kg 
N/ha in 1982 and carry-over of the fertilizer effect lasted for 3 years 
although yields declined annually. Addition of P to N applications 
enhanced (P<O.O5) total standing crop, other grass standing crop, 
and pinegrass (Gdmagrostis rubescens Buckl.) standing crop at 
Beaverdam Lake and grass standing crop at Fly Creek, but bad no 
effect (mO.05) on other species and groups. Sulfur, added to N 
applications, enhanced total yields compared to control on both 
clearcuts although at Fly Creek this response nearly doubled that 
produced at Beaverdam Lake. Nitrogen fertilization increased 
(P<O.O5) pinegrass crude protein (CP) content, particularly in the 
first year after fertilization. Acid detergent fiber (ADF) generally 
increased in response to increasing N levels in 1982, but declined 
compared to control in 1983 and 1984. Elevated forage CP levels, 
litter N concentrations, and soil N levels in 1984 indicated that the 
carry-over response on these forest sites resulted directly from N 
remaining in the soil or again becoming available for plant growth. 

Key Words: forage standing crop, forage quality, nitrogen, pbos- 
pborus, sulfur, urea 

Interior Douglas-fir (Pseudotsuga menriesii (Mirbel) France.) 
forests extend from southern British Columbia (B.C.), to northern 
Mexico (Daubenmire 1978) and account for nearly 6 million ha of 
the grazing resource in B.C. Throughout much of this zone, lodge- 
pole pine (Pinus contorta Dougl.) often dominates the forest stand 
because of disturbances such as logging and fire (Tisdale and 
McLean 1957). Once clearcut-logged, these areas are extremely 
valuable to the livestock industry because of their high forage 
capability compared to adjacent forest. Productivity of this transi- 
tory forage resource, which may persist for lo-15 years, can be 
enhanced further by seeding domestic forage species (Clark and 
McLean 1975, Clark and McLean 1978, Clark and McLean 1979), 
but less is known about the response of these sites to fertilization. 

Nitrogen(N) deficiencies often limit plant growth on forestland. 
Freyman and van Ryswyk (1969) found that ammonium nitrate, 
applied at 100 and 200 kg/ ha on an open-forest site dominated by 
pinegrass (Cahvnagrostis rubescens Buckl.) in Interior Douglas-fir 
(IDF) biogeoclimatic zone (Lloyd et al. 1990) near Kamloops, 
B.C., improved palatability, nutritive value, and forage standing 
crop. Both forage standing crop and quality were further enhanced 
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when sulfur (S) was applied with N but this response lasted only 1 
growing season (Freyman and van Ryswyk 1969). 

Clark and McLean (1979) applied ammonium nitrate, alone and 
in combination with S, to Engelmann spruce (Picea engelmannii 
Parry)-subalpine fir (Abies lasiocarpa (Hook.) Nutt.) clearcuts 
near Kamloops, B.C. Nitrogen application rates of 16,33, and 66 
kg N/ha, and the same rates of N combined with 5, 11, and 21 kg 
S/ha, were applied on cutblocks seeded to a mix of timothy 
(Phleum pratense L.), smooth brome (Bromus inermis Leys.), 
crested wheatgrass (Agropyron cristatum (L.) Gaertn.) and alsike 
clover ( Trifolium hybridum L.). Their results indicated that forage 
standing crop increased 2-4 times following N application but 
response lasted only I year. The addition of S did not improve 
yields beyond N alone. 

This study assessed the potential for fertilization as a range 
improvement technique on lodgepole pine clearcuts in the IDF 
zone of southern interior B.C. Specifically, we studied the effects of 
5 rates of N, 3 rates of P, and 2 rates of S, alone and in factorial 
combinations, on forage standing crop, forage quality, litter N 
content, and soil N status following fertilization. 

Study Area and Methods 

Two lodgepole pine sites were studied in the south Cariboo 
region of interior B.C. The Beaverdam Lake site(51° 16’N; 121’ 3’ 
W) was located in the Very Dry Mild IDF subzone (Lloyd et al. 
1990) 16 km southwest of 70 Mile House, B.C. The site was 
clearcut-logged in 1977, drag scarified, and broadcast seeded at 6 
kg/ ha in 1978. The seed mix consisted of 60% crested wheatgrass, 
10% intermediate wheatgrass (Agropyron intermedium (Host) 
Beauv.), 10% smooth brome, 10% Rambler alfalfa (Me&ago 
SQGVQ L.), and 10% white clover (Trifolium repens L.) by seed 
weight. 

The Fly Creek site (51’ 19’N; 121’ 12’W) occurred in the Dry 
Cool IDF subzone, 23 km east of 70 Mile House. Following 
clearcut-logging in 1979, the area was aerially seeded at 4.5 kg/ ha 
in 1980 with a seed mix comprised of 26% orchard grass (Dacfylis 
glomeruta L.), 10% timothy, 15% smooth brome, 15% interme- 
diate wheatgrass, 10% perennial ryegrass (Lolium perenne L.), 
10% white clover, and 12% alsike clover by seed weight. 

Despite seeding, pinegrass dominates the herbaceous native 
vegetation at both sites. Naturally regenerating lodgepole pine, 
which occurs infrequently within the experimental areas, repres- 
ents the dominant tree species. Soils are Degraded Eutric Brunisols 
(Eutochrept; pH 6.2) and Orthic Gray Luvisols (Boralfs; pH 5.5) at 
Beaverdam Lake and Fly Creek, respectively. Both sites have level 
topography, occur at 1,070 m elevation, and were fenced to prevent 
livestock grazing. 

Annual precipitation at 70 Mile House, (51° 18’ N; 121° 24’ 
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1,080 m elevation), the nearest permanent weather station to both 
sites, averages 227 mm with nearly 75% occurring during the 
growing period (Fig. 1). Bimodal peaks in precipitation occur in 
January (35 mm) as snow and in June (45 mm) as rain. Highest 
mean daily maximum temperatures occur in July (23’ C); coldest 
daily mean temperatures prevail in January (-17” C). The frost- 
free period averages only 33 days (Environment Canada 1982). 

Standing Crop 
Plots were established in a randomized complete block design 

consisting of 5 blocks, each with 30 main plots of 4 X 4 m area. 
Each of the main plots was further subdivided into 4 subplots of 2 
X 2 m area to provide for 4 years of destructive sampling. 

Each 4 X 4-m main plot was hand fertilized in 1981 using 
factorial combinations of N, P, S, and an untreated control. Forest 
grade urea (45-O-O) was applied at 100,200,300, and 400 kg N/ha; 
triple super phosphate (0-45-O) at 25 and 50 kg P/ha; and elemental 
S at 55 kg S/ha. Annual herbaceous standing crop was clipped in 
late-July 1982, 1983, and 1984 to a 5-cm stubble height on a 1 X 
I-m area located centrally within each of the 2 X 2-m subplots. 
Clipped vegetation was hand sorted into pinegrass, orchard grass, 
timothy, smooth brome, other grasses, timber milkvetch (Astraga- 

lus miser Dougl.), other forbs, and litter. Samples were oven dried 
at 70’ C and weighed. 

Forage Quality, Litter Nitrogen, and Soil Constituents 
Nutrient analyses on pinegrass and litter N concentrations were 

determined to provide an index of fertilizer effects on forage qual- 
ity and to establish the extent to which litter acted as a N sink. Only 
samples collected at the Fly Creek site were analyzed. Three repli- 
cations per treatment combination were selected from oven-dried 
material collected to estimate pinegrass standing crop. These sam- 
ples were ground through a 40-mesh screen in a Wiley mill and 
analyzed for crude protein (CP), acid-detergent fiber (ADF), cal- 
cium (Ca), and phosphorus (P). Additional litter samples were 
similarly collected and analyzed for N. 

Following plant dormancy in September, soil samples were 
collected annually at both sites on subplots previously clipped for 
standing crop. Only control plots and those treated with different 
N levels alone were sampled. At each subplot, 8 cores (2 cm diam) 
were collected to a 15-cm depth and composited. After removing 
undecomposed organic material, the samples were air dried, 
passed through a 2-mm sieve, and analyzed for total nitrate-N. The 
British Columbia Ministry of Agriculture and Fisheries soil, feed, 
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and tissue testing laboratory, at Kelowna, B.C., conducted chemi- 
cal analyses on all forage, litter, and soil samples. 
Statistical Analysis 

Data were analyzed with analysis of variance (ANOVA) using 
SAS PROC GLM (SAS 1979). Standing crop data were analyzed 
with a split-plot ANOVA in a randomized complete-block design 
with 30 treatment combinations (N, P, and S), a split-plot (Years) 
and 5 replications (Blocks). Forage quality data were analyzed 
similarly except only 3 replications were used. Data from the soil N 
experiment were analyzed with a split-plot ANOVA in a random- 
ized complete-block design with N levels as the main plots, years as 
the split-plot, and 5 replications (Blocks). The nature of the fertil- 
izer response over N rates was assessed using orthogonal polynom- 
ial contrasts (P<O.O5) to the second degree polynomial in all 
experiments. 

Results and Discussion 
I Forage Yields 

All four-way interactions involving N, P, S, and year, were 
insignificant (p>O.OS). Significant 3-way interactions are dis- 
cussed in text. 
Nitrogen Effect 
Beaverdam Lake 

Increasing N rates typically resulted in higher total standing crop 
on both sites and in all years (Tables 1,2,3,4). Total standing crop 
at Beaverdam Lake peaked at 400 kg N/ha in 1982, the year 
following urea application, producing 320% more herbage than the 
control (Table 1). Even though N response declined from 1982 to 

Table 1. Effect of nitrogen, phosphorus, and sulfur on forage standing 
crops at Beaverdam Lake in 1982,1983, and 1984. 

Year Level 
Pine- Orchard- Other Timber Other Total 
grass grass grass milkvetch forb yield 

Nitrogen 
1982 0 
1983 
1984 

92 
111 
52 

1982 100 
1983 
1984 

1982 200 
1983 
1984 

136 
128 
66 

179 
157 
78 

211 
169 
67 

286 
161 
80 

9 
15 
3 

28 
24 
4 

123 
35 

1 

162 
16 
0 

84 
20 
0 

141 
270 

67 

473 
596 
171 

659 
915 
275 

36 128 
39 240 
12 154 

13 327 
15 279 
7 144 

405 
676 
289 

16 343 
8 111 
2 135 

16 266 
8 235 
2 169 

23 235 
5 252 
2 201 

979 
1044 
392 

1326 
1233 
492 

1982 300 
1983 
1984 

1982 400 
1983 
1984 

877 
919 
313 

1068 
1012 
291 

1534 
1346 
551 

1699 
1468 
575 

Phosphorus 
1982 0 
1983 
1984 

154 
159 
74 

77 
28 

3 

598 
538 
208 

589 
809 
201 

15 
15 
2 

1982 25 181 
1983 166 
1984 79 

54 
20 

1 

113 
18 
2 

21 
12 
8 

252 1100 
262 1012 
136 423 

283 1129 
183 1195 
185 474 

1982 50 207 
1983 111 
1984 53 

744 27 244 1337 
881 18 226 1253 
262 5 161 482 

Sulfur 
1982 0 
1983 
1984 

162 51 473 20 289 998 
167 15 511 13 216 922 
83 2 150 3 180 417 

1982 55 200 111 814 22 230 1379 
1983 123 29 974 17 230 1385 
1984 54 2 297 6 142 502 

1984, forage standing crop still remained 36%, 70%, 9 I%, and 99% 
higher than control at the 100,200,300, and 400 kg N/ha rates, 
respectively, in 1984. Some of the decline in response from 1982 to 
1984 likely resulted from the moister conditions throughout the 
1982 growing season (Fig. l), although stand aging also may have 
been a factor. 

At Beaverdam Lake, fertilization increased standing crop for all 
species and groups except other forbs and timber milkvetch (Table 
1, 2). Other grasses, predominated by Kentucky bluegrass (Pea 
prutensis L.), accounted for 35% of the total standing crop before 
fertilization in 1982. Following N application, increases in other 
grass standing crop had both significant linear and quadratic com- 
ponents (Table 2) with this group comprising an increasingly larger 
portion of total standing crop as the fertilizer rates increased from 
100 kg N/ ha (48%) to 400 kgN/ ha (63%) (Fig. 2). At 400 kg N/ ha, 
other grass standing crop increased by 927 kg/ ha (657%) compared 
to control and standing crop may have increased even further at 
higher N rates because the growth response had not peaked at 400 
kg/ ha. 

A significant nitrogen X year interaction (Table 2) indicated that 
other grass standing crop increased directly with higher N rates but 
trends among years were different. Other grass response continued 
into 1983, producing 645 kg/ ha more forage than the control at 200 
kg N/ha. By 1984, other grass standing crop declined significantly 
with the maximum standing crop produced at 300 kg N/ha (Table 
1). 

Pinegrass, which accounted for 23% of total standing crop in 
1982, responded similarly to other grasses after N fertilization, 
although standing crop increases were lower than for other grasses 
(Table 1). For example, pinegrass standing crop increases over 
control ranged from 48% and 211% in 1982 to 27% and 54% in 1984 
at the 100 kg N/ha and 400 kg N/ha, respectively. In 1982, maxi- 
mum pinegrass standing crop occurred at 400 kg N/ha (Table 1). 
Although response continued into 1983, with peak standing crop 
occurring between 200 and 300 kg N/ha, only negligible standing 

Table 2. Forage standing crop contrasts at Beaverdam Lake. 

Contrast 
Pine- Orchard- Other Timber Other Total 
grass grass grass milkvetch forb yield 

Year(Y) 

G:, 
* 
NS 

Nitrogen (N) 
NL * 

NQ NS 
NLXYL * 
NQXYL NS 
NLXYQ NS 
NQXYQ NS 
NLXPL NS 
NQXPL NS 
NLXPQ NS 
NQXPQ NS 
NLXSL NS 
NQXSL NS 

Phosphorus (P) 
PL NS 
PO NS 
PLX YL * 
PLXYO * 
PQXYL 
PQXYQ 
PLXSL 
PQXSL 

Sulfur (S) 
SL 
SLXYL 
SLXYQ 

NS 
NS 
NS 
NS 

NS 
* 
* 

* * * * * 
* * NS NS * 

* * * NS * 
* * * NS * 
* * NS NS * 
* NS NS * * 
* NS * NS NS 
NS NS NS * NS 
NS * 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 * NS NS NS 
NS NS NS NS NS 
NS * NS * NS 
NS NS NS NS NS 
NS NS NS * NS 

* * NS NS * 
* * NS NS * 

NS * NS NS * 

L = Linear 
Q = Quadratic 

* q  Significant at P<O.OS 
NS = Not significant 
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Fig. 2. Proportion of total yield of pinegrass, orchard grass, timber milkvetch, other grasses, and and other forbs at (a) Beaverdam Lake, and of pinegrass, 
orchardgrass, timothy, smooth brome, other grasses, and other forhs at (b) Fly Creek over N fertilizer rates from 1982 to 1984. 

crop increases were evident by 1984 (Table 1). In contrast to other 
grasses, the proportion of pinegrass in total yield correlated 
(P<O. 10) inversely with N application rate in 1983 (r2 q 0.68, n = 5) 
and 1984 (rz = 0.76, n q 5) suggesting that other grasses competed 
more effectively for N than pinegrass (Fig. 2). Moreover, these 
changes indicate that N fertilization may be a useful tool to alter 
species composition on clearcut forest sites. 

Orchard grass responded to N applications similarly to pine- 
grass (Table 1,2), but this species only represented 2% of total yield 
on the control plots in 1982. Orchard grass response peaked at 300 
kg N/ ha, producing 150 kg/ ha more herbage than control in 1982, 
but by 1983 standing crop on the fertilized plots was similar to the 
control (Table 1). 

Significant nitrogen X year interactions for other forb standing 
crop (Table 1) result partly from an inconsistently low response at 
the 200 kgN/ ha rate in 1983. In addition, the expected reduction of 
standing crop over time, caused changes in the nature of the 
response to N in each year. 

The proportion of other forbs increased from nearly 32% to 53% 
of total yield on the control plots between 1982 and 1984, but 
showed little response to N application rates (Fig. 2). Like pine- 
grass, the contribution of other forbs to total yield declined as N 
rates increased in 1982. By 1984, the proportion of other forbs in 
total yield was lower than the control at all N rates, suggesting that 

other grasses competed more effectively for applied N than other 
forbs. 

Timber milkvetch standing crop was reduced in all years and by 
all levels of N application (Tables 1,2). Nitrogen fertilization often 
reduces legume standing crop by inhibiting N-fixation (Wood- 
house and Griffith 1974) enabling other plant species to compete 
more effectively for limiting growth factors other than N. These 
losses in timber milkvetch standing crop may be beneficial to cattle 
by reducing its availability. Nitrogen fertilization may also reduce 
toxin levels of timber milkvetch, particularly at later growth stages 
(Majak and Wikeem 1986). 

Fly Creek 
At the Fly Creek site, a slightly more mesic site than Beaverdam 

Lake (Fig. l), standing crop was nearly double that of Beaverdam 
Lake (Table 1, 3). Maximum total yields were 365% greater than 
control and occurred at 400 kg N/ha in 1982 (Table 3). Fertilizer 
response declined from 1982 to 1984 but total yields still averaged 
23% (144 kg/ ha) and 72% (444 kg/ ha) higher than the control at 
100 and 400 kg N/ha, respectively by 1984. 

Forage standing crop was increased by N fertilization (P<O.O5) 
for all other species and groups at Fly Creek (Table 3) with pine- 
grass, timothy, and orchard grass accounting for 35%, 44%, and 
16% of the total yield increase, respectively, in 1982. Standing crop 
increases of the remaining species groups were negligible (Table 3). 
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Table 3. Effect of nitrogen, phosphorus, and sulfur on forage standing crops et Fly Creek in 1982,1983, and 1984. 

Year Level Pinegrass Orchardgrass Timothy 
Smooth 
brome Other grass Other forb Total yield 

____________ ___ kg/ha ____- _____________ ---------______________ 
Nitrogen 
1982 
1983 
1984 

----------___________ 

0 396 
417 
418 

1982 100 1042 
1983 611 
1984 482 

1982 200 1353 
1983 692 
1984 511 

1982 300 1088 
1983 701 
1984 459 

1982 400 1255 
1983 566 
1984 468 

Phosphorus 
1982 0 1044 
1983 677 
1984 471 

1982 25 995 
1983 563 
1984 474 

1982 50 1042 405 909 13 59 100 2527 
1983 552 52 454 118 38 171 1385 
1984 459 9 156 74 54 140 891 

Sulfur 
1982 
1983 
1984 

1982 
1983 
1984 

0 1040 257 
651 23 
493 7 

55 1013 501 
543 76 
443 27 

784 
332 
130 

933 
477 
173 

4 21 
19 25 
17 23 

16 57 
118 31 
100 40 

54 2161 
27 1177 
14 784 

115 2635 
161 1408 
127 912 

132 99 2 
35 153 6 

8 40 8 

319 954 13 
39 367 6 
18 103 29 

383 
62 
18 

971 8 
395 54 
154 49 

528 1101 13 
44 481 45 
20 195 104 

532 1170 15 
68 626 230 
19 266 103 

323 791 2 
36 388 63 
20 136 52 

408 877 15 
60 371 23 
20 163 50 

4 36 
16 116 
9 128 

9 65 
35 105 
10 113 

58 110 
36 94 
46 108 

57 138 
13 162 
38 108 

66 72 
41 244 
56 147 

23 78 
19 141 
8 108 

34 75 
28 120 
34 114 

669 
743 
614 

2402 
1165 
758 

2884 
1334 
887 

1444 
924 

3109 
1775 
1058 

2262 
1325 
796 

2405 
1166 
856 

Unlike the pinegrass standing crop response at Beaverdam Lake 
which was greatest when fertilized at 400 kg N/ha, pinegrass 
standing crop at Fly Creek was greatest when fertilized at 200 kg N. 
Pinegrass standing crop declined when N was applied at rates 
greater than 200 kg/ ha, suggesting that pinegrass was unable to use 
N fully at higher rates, or that other species were able to use N more 
effectively. Although fertilization at 200 kg N/ha resulted in the 
highest level of pinegrass standing crop in 1982 (957 kg/ ha increase 
over control), N application at 100 kg/ ha produced the best forage 
return per kg of N applied in all years (Table 3). Contrary to earlier 
research (Freyman and van Ryswyk 1969), which indicated that N 
effects declined after 1 year, pinegrass standing crop on fertilized 
plots was still higher than the control 3 years after a single applica- 
tion of N (Table 3). Similar to Beaverdam Lake, the relative 
proportion of pinegrass to total yield was inversely correlated 
(P<O. 10) with N fertilization levels in 1982 (r* = 0.66, n = 5), 1983 
(t-2 = 0.77, n q  5), and 1984 (r2 = 0.99, n = 5) resulting in a greater 
percentage of timothy and smooth brome (Fig. 2). 

years and, even at 400 kg N/ha, timothy standing crops over 
control declined in 1983 (473 kg/ ha) and 1984 (226 kg/ ha) com- 
pared to 1982 (1,071 kg/ ha). 

Phosphorus Effect 
Except for total standing crop, other grasses, and pinegrass at 

Beaverdam Lake, and other grasses at Fly Creek, most species were 
unaffected (-0.05) by P over all N and S fertilization rates 
(Tables 2, 4). Averaged over all N and S levels, total yield at 
Beaverdam Lake responded directly (P<O.O5) to P applications 
with the greatest yield increase over control (24%) occurring in 
1983 from 50 kg P/ha. By 1984, however, these increases equaled 
only 12% and 14% at the 25 and 50 kg P/ha rates, respectively 
(Table 1). 

Orchard grass standing crop ranged from 187 to 400 kg/ ha more 
than the control in 1982 at 100 and 400 kg N/ ha rates, respectively, 
but standing crops were only slightly higher than control in 1983 
and 1984 at all N rates (Table 3). In contrast to orchard grass, 
timothy produced 864% more standing crop than control at 100 kg 
N/ha but higher N rates did not improve yields substantially in 
1982 (Table 3,4). Moreover, nitrogen X year interactions (Table 4) 
indicated that timothy responded differently across N levels among 

A nitrogen X phosphorus X sulfur interaction at Beaverdam 
Lake indicated that adding P alone had little effect on pinegrass 
standing crop across N levels. Addition of P to N and S suppressed 
standing crop at 100 kg/ ha N, but at rates higher than 200 kg/ ha N, 
phosphorus enhanced pinegrass growth (Fig. 3). 

At Beaverdam Lake, significant phosphorus X year interactions 
(Table 2) indicate that other grasses responded at both P levels in 
1983 but only at 50 kg P/ha in 1982 and 1984. Peak increases in 
grass standing crop above control (343 kg/ha) occurred at the 
combined rates of 50 kg P/ha and 400 kg N/ha in 1983. This 
delayed response likely resulted from the relative immobility of P 
to leach into the rooting zone compared to N which was exacer- 
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Table 4. Forage standing crop contrasts at Fly Creek. 

Contrast 

Year(Y) 
YL 

YQ 

Nitrogen (N) 
NL 

NQ 
NLXYL 
NQXYL 
NLXYQ 

NQXYQ 
NLXPL 
NQXPL 
NLXPQ 

NQXPQ 
NLXSL 
NQXSL 

Phosphorus (P) 
PL 

PQ 
PLXYL 
PLXYQ 

-PQXYL 

PQXYQ 
PLXSL 
PQXSL 

Sulfur (S) 
SL 
SLXYL 
SLXYQ 

Pinegrass Orchardgrass 

* * 
* * 

* * 
* NS 
* * 
* NS 
NS * 

NS NS 
NS NS 
NS NS 
NS NS 
NS NS 
NS * 

NS NS 

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

NS * 

NS * 

NS NS 

Timothy 

* 

NS 

* 
* 
* 
* 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

NS 
NS 
NS 

Smooth 
brome 

* 
* 

* 

NS 
NS 
NS 
* 
* 

NS 
NS 
NS 
NS 
* 
* 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

* 

NS 
NS 

Other 
grass 

NS 
NS 

* 

NS 
NS 
NS 
NS 
NS 
* 

NS 
NS 
NS 
NS 
NS 

* 

NS 
NS 
NS 
NS 
NS 
NS 
NS 

* 

NS 
NS 

Forb 

* 
* 

* 

NS 
NS 
* 
* 
* 

NS 
NS 
NS 
NS 
* 

NS 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

1; 

NS 
NS 

Total yield 

* 
* 

* 
* 
* 
l 

* 
* 

NS 
NS 
NS 
NS 
* 

NS 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

* 
* 

NS 

L = Linear 
Q q  Quadratic 
* = Significant at P<O.OS 
NS = Not significant 

bated by the drier than normal conditions in May and June 1982 
when most plant growth occurs in this area. 

A significant phosphorus X sulfur X year interaction for pine- 
grass (Fig. 3) indicated that standing crop increased compared to 
the control when P was applied with S in 1982 at both 25 and 50 kg 
P/ha. In 1983 and 1984, the combination of P with S depressed 
forage production, especially at the 50 kg P/ha rate (Fig. 3). Since 
P generally stimulates root growth, the lower standing crop in the 
last 2 growing seasons may have resulted from an allocation of 
plant resources to increased root-growth at the expense of 
top-growth. 

At Beaverdam Lake, maximum standing crop for orchard grass 
occurred at 300 kg N/ha when P was added at 50 kg/ ha. This 
response, however, diminished rapidly and by 1984 there were no 
differences among P levels (Fig. 3). 

Addition of P to N increased other grass standing crop beyond N 
application alone at Beaverdam Lake and Fly Creek. A nitrogen X 
phosphorus interaction for other grasses at Beaverdam Lake 
(Table 2), suggests that this increase only resulted partly from 
direct effects of P on plant growth, while additional response 
resulted from increased use of available N. For example, other 
grasses did not utilize N applied at rates higher than 200 kg/ ha 
except with P. Apparently, N fertilization increased other grass 
growth which resulted in soil P deficiencies and ultimately limited 
further production. Our results suggest that P became limiting in 
the soil at Fly Creek when N application rates exceeded 100 kg/ ha. 

Sulfur Effect 
Sulfur enhanced total yields compared to control on both sites 

(Table 1,3). However, at Beaverdam Lake standing crop was only 
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about one half as much as Fly Creek in 1982. Although maximum 
total yields were experienced at Fly Creek, S applications pro- 
duced relatively more forage compared to control at Beaverdam 
Lake (22% vs. 38%). Significant 3- and 2-way interactions involv- 
ing N, S, and year at both sites (Tables 2, 4) indicate that S 
improved forage yielded more as the N level increased. 

At Beaverdam Lake, total yield increased by more than 50% 
when S was added to 400 kg N/ ha compared to N alone at the same 
rate. Significant sulfur X year interactions at both sites (Table 2,4) 
revealed that by 1984 response had declined to 20% and 16% more 
than control at Beaverdam Lake and Fly Creek, respectively. 

Pinegrass response to S application differed on the 2 sites. 
Pinegrass standing crop at Beaverdam Lake increased with S 
application in 1982 and was less than control in 1983 and 1984 
(Tables 1,2). At Fly Creek, however, S did not enhance pinegrass 
standing crop at any year (Table 3), suggesting that other plant 
species more effectively utilize combined N and S than pinegrass at 
Fly Creek. 

A nitrogen X sulfur interaction (Table 2) at Beaverdam Lake 
indicated that S increased grass standing crop beyond that attained 
with N alone even at the lowest N rate. The other grass standing 
croti equaled 72%, 90%, and 98% more than control in 1982, 1983, 
1984, respectively, when S was applied with N, but part of this 
response likely resulted from plants becoming more vigorous each 
year. 

At Fly Creek, orchard grass was most productive when both N 
and S were applied (Fig. 3). Although orchard grass declined from 
1982 to 1984, the standing crop remained higher in 1984 on the S 
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Fig. 3. Three-way interactions (PCO.05) demonstrating the effects of (a) nitrogen, phosphorus, and sulfur on pinegrass standing crop at Beaverdam Lake, 
(b) phosphorus and sulfur from 1982 to 1984 on pinegrassstanding crop at Beaverdam Lake,(c) nitrogen and phosphorus from 1982 to 1984 on orchard 
grass standing crop at Beaverdam Lake, and (d) nitrogen and sulfur from 1982 to 1984 on orchard grass standing crop at Fly Creek. 

treated plots than on the controls, indicating a carry-over of yields 
to 1984. 

Similarly, significant nitrogen X sulfur interactions for smooth 
brome and total forbs at Fly Creek, and for orchard grass at 
Beaverdam Lake (Table 2,4), indicated that all species benefited 
when both N and S were added. However, forb and orchard grass 
standing crops declined by 1984, but standing crops of smooth 
brome remained higher in 1984 compared to 1982 (Table 1, 3). 
Moreover, standing crops for all 3 species remained higher in 1984 
on the S treated plots than on the control plots, indicating a yield 
carry-over to the third year. The relationship between N and S 
likely occurs because both elements are required for plant protein 
synthesis, and at high N rates, Scan limit plant growth when soil S 
becomes depleted or unavailable. 

pinegrass acid detergent fiber (ADF) generally increased in 
response to N levels in 1982 but declined compared to control in 
1983 and 1984 (Table 5). Pinegrass Ca content declined over all N 
rates compared to control in 1982 but by 1983 Ca levels were the 
same over all N rates (Table 5). In contrast to Ca, P concentrations 
increased linearly as both N and P rates increased (Table $7) but 
by 1984 P levels for all fertilized samples were the same as control. 

Enhanced crude protein levels in 1984 suggests that part of the 
forage yield carry-over response observed on these forest sites 
resulted from soil N remaining or again becoming available for 
plant growth. Indeed, elevated N concentrations were evident in 
litter samples at Fly Creek and in soil extracts from both sites 
following urea application (Table 5,7). For example, even in 1984, 
soil N levels at the Beaverdam Lake site were still higher (P<O.O5) 
on N fertilized plots compared to controls although residual soil N 
declined each year. II Forage Quality 

At 300 kg N/ha, pinegrass crude protein (CP) increased by 28% At Fly Creek in 1982, soil N levels were enhanced for all fertilizer 
compared to control in 1982. This increase over control was still rates greater than 100 kgN/ ha but by 1984 virtually no residual soil 
evident in 1984 although absolute amounts of CP were lower N remained (Table 7). Similarly, litter N content at Fly Creek 
(Table 5, 6). Crude protein levels of unfertilized pinegrass were increased (P<O.O5) with N application rates in 1982 but by 1984 
generally lower in 1984 than in other years. These lower CP levels litter N levels were similar to control (Table 5). The greater deple- 
in 1984 possibly reflected the relatively cooler and drier condition tion of soil N at Fly Creek compared to Beaverdam Lake may have 
in 1984 (Fig. 1) which may have resulted in plants maturing earlier. occurred because of higher leaching losses and/or higher plant 

Significant nitrogen X year interactions (Table 6) indicated that uptake because of the wetter weather conditions at Fly Creek 
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Table 5. Effects of nitrogen, phosphorus, and sulfur on pinegrass forage Table 6. Contrasts for pinegrass forage quality and litter nitrate-N at Fly 
quality and litter nitrogen at Fly Creek from 1982 to 1984. Creek. 

Year Level 

Acid 
Crude detergent Phosph- Litter 
protein fiber Calcium OlUS nitrogen 

kg/ ha 
Nitrogen 
1982 0 
1983 
1984 

________________%_______-__------ 

1982 100 
1983 
1984 

1982 200 
1983 
1984 

1982 300 
1983 
1984 

1982 400 
1983 
1984 

8.9 41.2 
7.4 42.1 
1.8 41.7 

8.5 43.9 
7.8 41.2 
2.5 40.9 

9.8 43.9 
8.6 40.4 
3.1 40.4 

11.4 42.7 
8.7 39.3 
2.4 40.0 

11.4 44.8 
8.5 39.8 
2.8 40.3 

Phosphorus 
1982 0 
1983 
1984 

10.3 42.6 
8.4 40.6 
2.3 40.7 

1982 25 9.8 
1983 8.0 
1984 2.9 

1982 50 9.9 
1983 8.2 
1984 2.3 

Sulfur 
1982 0 
1983 
1984 

9.8 
8.3 
2.6 

1982 55 10.2 
1983 8.1 
1984 2.4 

43.9 
40.7 
41.1 

43.4 
40.4 
40.3 

43.5 
41.1 
41.0 

43.1 
40.4 
40.3 

0.44 
0.42 
0.30 

0.30 
0.38 
0.28 

0.24 
0.36 
0.29 

0.25 
0.35 
0.29 

0.23 
0.35 
0.28 

0.19 
0.21 
0.22 

0.20 
0.19 
0.23 

0.23 
0.25 
0.23 

0.25 
0.23 
0.24 

0.26 
0.23 
0.22 

0.32 
0.37 
0.29 

0.28 
0.38 
0.29 

0.21 
0.21 
0.22 

0.28 
0.38 
0.29 

0.22 
0.23 
0.23 

0.23 
0.23 
0.23 

0.29 0.22 
0.37 0.22 
0.29 0.23 

0.30 0.23 
0.37 0.22 
0.28 0.22 

0.54 
0.10 

0.59 
0.11 

0.75 
0.14 

0.88 
0.13 

0.90 
0.16 

4.4 
0.9 

4.8 
0.7 

4.6 
0.8 

4.4 
0.8 

4.7 
0.8 

during the study period (Fig. 1). 

Summary and Management Implications 
Nitrogen fertilization quadrupled forage yields and increased 

pinegrass crude protein content by 28% on clearcut-logged lodge- 
pole pine sites. This response, however, was most evident in the 
first year after fertilizer application and forage yields declined in 
the following 2 years. Increases in crude protein content only 
occurred in the first year after the fertilizer was applied. Sustained 
increases in forage production can only be maintained on Douglas- 
fir forest range with annual, or almost-annual, applications of 
nitrogen fertilizer. 

Interior Douglas-fir forests in B.C. are used as late-spring, 
summer, and early-fall range only. Although increases in forage 
production potentially can increase carrying capacity for livestock, 
the viability of using fertilization as a range management tool on 
forest range depends on both economics, and the availability of 
other range and forage crops to feed livestock during fall, winter, 
and spring. If forage supplies are not available during these periods 
there is little incentive to increase cow/ calf herds. 

Single applications of nitrogen fertilizer that provide short-term 
increases in high quality forage, could be used to attract and hold 
stock on selected areas of range temporarily so that other areas can 
be rested. Moreover, a single application of N also might be used to 
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Contrast 

Acid 
Crude detergent Phosph- Litter 
protein fiber Calcium orus Nitrate-N 

Year(Y) 

;; 

Nitrogen 
NL 
NQ 
NLXYL 
NQXYL 
NLXYQ 
NQXYCj 
NLXPL 
NQXPL 
NLXPQ 
NQXPQ 
NLXSL 
NQXSL 

Phosphorus 
PL 
PQ 
PLXYL 
PLXYQ 
PQXYL 
PQXYQ 
PL x SL 
PQXSL 

Sulfur (S) 
SL 
SLXYL 
SLXYQ 

* * NS NS 
* * * NS 

* NS * * 
NS NS * NS 
* * * * 

NS NS * NS 
NS * NS NS 
NS NS NS NS 
NS NS NS NS 
NS NS NS NS 
NS NS * NS 
NS NS NS NS 
NS NS NS NS 
NS NS NS NS 

NS NS NS * 

NS NS NS NS 
NS NS NS NS 
NS NS NS NS 
NS NS NS NS 
NS NS NS NS 
NS NS NS NS 
NS NS * NS 

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

* 

* 
NS 
* 

NS 

NS 
NS 
NS 
NS 
NS 
NS 

NS 
NS 
NS 

NS 

NS 
NS 

NS 
NS 

L = Linear * = Significant at P<O.O5 
Q = Quadratic NS = Not significant. 

Table 7. Effects of fertilizer application on soil nitrogen from 1982 to 1984 
at Beaverdam Lake and Fly Creek. 

Year 
Nitrogen Beaverdam PlY 

level Lake Creek 

1982 
1983 
1984 

1982 
1983 
1984 

1982 
1983 
1984 

1982 
1983 
1984 

1982 
1983 
1984 
Contrast 

kg/ha 
0 

100 

200 

300 

400 

__________pg/ml__________ 

3.6 1.0 
1.0 1.0 
3.4 1.8 

2.0 1.2 
3.8 1.0 
4.2 2.2 

5.8 7.2 
2.8 1.0 
3.8 2.2 

18.6 18.2 
3.8 1.0 
7.4 4.0 

27.2 41.4 
17.0 1.0 
8.4 2.8 

Year(Y) 

;; 

Nitrogen (N) 

Ej 
NLXYL 
NQXYL 
NLXYQ 
NQXYQ 

l * 

NS * 

l * 

NS NS 
* * 

NS * 

NS * 

NS NS 

L = Linear 
Q = Quadratic 

* = Significant at P<O.O5 
NS = Not significant 
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offset shortfalls in forage created by canopy closure on older 
clearcuts which occur before new areas are harvested. More 
research needs to be conducted to determine if these possibilities 
are biologically and economically practical. 

Sulfur increased forage standing crop by up to 50% beyond N 
alone on both clearcuts. Since most of the cost of fertilization 
results from labour and equipment during application, the addi- 
tion of S to N might make fertilizer application more economically 
attractive on these sites. 

Changes in species composition can occur following N applica- 
tion on forested sites. Indeed, timber milkvetch declined in the 
stand following N applications which may be an important secon- 
dary benefit of fertilization, This treatment, however, must be 
carefully considered when the forage stand includes other legumes 
with high forage value. 
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Abstract 

Three methods for determining proportions of botanical com- 
ponents, i.e., grasses, legumes, and forbs (nonleguminous dicots), 
of continuously grazed Mediterranean pastures were compared. 
Percentage contribution to dry matter yield was determined by 
sample clipping and separating into botanical components. Both 
percentage of sward and specific contribution were determined by 
the point-intercept method. These were defined by the relative 
contribution of 1 botanical component to the total number of 
counted intercepts between 200 pins inserted vertically into the 
sward and all botanical components. For specific contribution 
only the number of pins contacted by the various botanical com- 
ponents were considered, whereas for percentage of sward even 
multiple contacts between a pin and plant parts of a particular 
botanical component were taken into account. 

Percentage contribution was highly significantly correlated with 
percentage of sward (R = 0.92) and specific contribution (R q  0.93) 
running the analyses across all botanical components, although 
there was a significant trend to underestimate forbs and overesti- 
mate legumes by the point-intercept methods. It is concluded, 
however, that for most practical purposes determination of specific 
contribution, the least laborious method, should give satisfactory 
estimates of percentage contribution. 

Key Words: botanical composition, percentage of sward, specific 
contribution, percentage contribution, sward measurement 

The point-intercept method has been widely used as a tool for 
vegetation studies, especially in pastures and rangeland. Originally 
described as the point-quadrat method (Levy and Madden 1933, 
Goodall 1952, Goodall 1953) using a string grid or a frame with 
steel pins to determine whether or not the vertical projection of a 
point intercepts with a plant shoot part, the method has since been 
subjected to several modifications (e.g., Heady and Rader 1958, 
Daget et Poissonet 1971, Taha et al. 1985). 

The interpretation of the results depends upon whether only a 
list of the species touched by each pin is recorded or the number of 
contacts with each species is counted. Provided the diameter of the 
pins used is negligibly small, the mean number of points per 100 
examined, at which contact is made with 1 particular species, 
corresponds to the percentage of ground covered by that species. 
This was referred to as percentage cover by Levy and Madden 
(1933). 

Percentage of sward was defined by Levy and Madden (1933) as, 
comparing the number of pin-intercepts with 1 species to the 
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JOURNAL OF RANGE MANAGEMENT 46(3), May 1993 

number of intercepts with all species. This means, the total number 
of contacts with the aboveground plant parts of a species was 
recorded. In contrast, specific contribution was defined by Daget 
et Poissonet (1971) as the number of species hit by each pin, 
irrespective of eventually occurring multiple contacts. 

Percentage cover is influenced by the diameter of the pins used 
and tends to be overestimated (since diameter never is zero). The 
percentage of sward and specific contribution are generally consi- 
dered independent of needle size. Mueller-Dombois and Ellenberg 
(1974) claimed that cover repetition can be correlated to biomass, 
provided correlations are worked out empirically for each vegeta- 
tion type analysed. 

The objective of this study was to find out to what extent 
percentage contribution to dry matter yield, which is laborious to 
determine, is correlated with percentage of sward and specific 
contribution. 

Materials and Methods 

The study was carried out at Mitra Farm, an experimental 
station of Evora University, in the Alentejo region of Portugal. The 
average annual rainfall is 764 mm (winter incidence). Shallow, 
sandy, acidic soils prevail. The landscape is a typical, slightly 
undulating “motado’‘-area (Maranon 1988) characterized by 
scattered oak trees (Quercus ilex L. and Quercus suber L.) in 
seminatural grasslands. Traditional land-use is sylvo-pastoral. 

Three continuously grazed pasture plots of 2 ha each were 
chosen. Two of them (plots B and C) had been sown in the past 
(1986), 1 with Trifolium subterraneum L. and 1 with Ornithopus 
compressus L. respectively. The species sown, however, contrib- 
uted less than 5% of dry matter to the sward. One pasture had never 
been sown (plot A). Stocking densities were 6.0, 5.0, and 6.5 
Merino sheep (50 kg liveweight) per hectare on plots A, B, and C 
respectively. The dominant species on all pastures were Vzdpia 
geniculata (L.) Link, Bromus mollis L. and B. rigidus Roth 
(grasses), Ornithopus compressus L., Trifolium subterraneum L. 
and other clovers such as T. fragiferum L., T. stellatum L., and T. 
campestre Schreb. (legumes), as well as Tot’pis barbata (L.) 
Gaertn., Rumex bucephalophorus L., Erodium moschatum (L.) 
L’Herit., Coleostephus myconis Dur. and Leontodon hispidus 
(Del) Boiss. (forbs defined as nonleguminous dicotyledons). 

Between January and May 1988 (main growing season) the 
development of the botanical components (grasses, legumes, and 
forbs) on the 3 pastures was observed monthly by 3 different 
methods. During this time the average sward height never exceeded 
8 cm. Standing biomass increased from 440, 537, and 704 kg dry 
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matter ha-’ in January to 781,808, and 832 kg dry matter ha-’ in 
April for pastures A, B, and C, respectively. 

At the middle of every month, percentage contribution to dry 
matter yield, percentage of sward, and specific contribution of 
botanical components were measured. 

For determination of percentage contribution, a clipping frame 
of 0.1 mz(0.4 m by 0.25 m) was randomly tossed 30 times over each 
pasture (Frame 1981). The biomass harvested within the frames 
was separated into the above-mentioned botanical components, 
oven-dried and weighed, and their proportion of total dry matter 
was calculated. 

Percentage of sward and specific contribution were determined 
using a modified point-intercept method similar to that described 
by Daget et Poissonet (197 1) and Glatzle (1990). Meter tapes were 
stretched along both diagonals of each pasture and, at equal dis- 
tances along each diagonal, 100 steel pins of 2 mm diameter were 
inserted vertically into the soil. All contacts of pins with the pasture 
crop were noted separately for grasses, legumes, and forbs. Percen- 
tage of sward (PS) was calculated by formula (I), and specific 
contribution (SC) by formula (2). 

PS = number of all pin-contacts with plant parts of 1 BC 
* 100 (1) 

number of all pin-contacts with plant parts of all BCs 

sC q  number of pins contacted by 1 BC 
* 100 (2) 

sum of number of pins contacted by each of the BCs 

with BC q  botanical component 
Statistical evaluation was a three-factorial analysis of variance 

where the factors methods applied and dates of observation were 
considered as fixed, and pasture plots as random effects. For 
comparison of the methods applied linear regressions were cal- 
culated. 

Results and Discussion 
Analysis of variance showed that proportions of botanical com- 

ponents were significantly different in the pasture plots observed 
but did not differ significantly from 1 date of observation to 

PERCENTAGE CONTWBUTKW 

Table 1. Significant effects at EO.05 (*) and p10.01 (**) of different 
sources of variance of the observed variables (botanical components). 

sources of variance: 
methods applied (MA) 
pasture plots (PPs) 
dates of observation (DO) 

interactions: 
MA X PPs 
MAXDO 
PPs X DO 

ns = non significant 

botanical component 
grasses legumes forbs 

ns .* ** 
l * ** ** 

ns ns ns 

ns * ns 
ns ns ns 
ns l * ns 

another (Table 1). Significance levels between methods applied 
depended on the botanical component involved. Since significant 
effects were found only with methods applied and pasture plots but 
not with dates of observation, figures for dates of observation are 
not specified in Table 2. 

There was a trend to underestimate the proportion of forbs and 
overestimate legumes by the point-intercept methods, whereas the 
proportion of grasses remained the same no matter which method 
was applied (Table 2). Forbs, with few and large leaves such as 
Leontodon hispidur (Del.) Boiss., Echium moschatum (L.) L’Hirit. 
and Tolpis barbata (L.) Gaertn. may have a relatively high dry 
matter density within the sward, but because of the low number of 
leaves, might intercept less frequently with the pins than would be 
expected by their proportion on a dry matter basis. Numerous 
small and outstretched leaves of most legumes and grasses increase 
the chances of pin-contacts, especially because pin diameter is not 
zero. 

In spite of the above-mentioned trends for forbs and legumes, 
linear correlations over all data between both, specific contribu- 
tion and percentage cover (R = 0.93; P<O.OOl; Fig. I), and percen- 
tage of sward and percentage cover (R = 0.92; EO.001) were 
highly significant. The slopes of the regression lines are close to 1, a 

*_-- 

,’ 

0 10 20 30 40 50 60 70 80 90 100 

% SPECIFIC CON’IRlBUllON 

; i?ashmpktts: .*.A OCOB oooc 

Fig. 1. Linear regression between specific contribution (SC) and percentage contribution (PC) to dry matter yield of botanical components. Confidence 
intervals at SO.05 are marked. 
PC q  0.93*SC + 2.33 (R q  0.93; EO.001). 
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Fig. 2. Linear regression between specific contribution (SC) and percentage of sward (PS) of botanical components. Confidence intervals at p10.05 are 
marked. 
PS = 1.05*X - 1.98 (R = 0.99; EO.001) 

Table 2. Means over the four-month observation period of proportions 
($5) of botanical components (BC) in the 3 pasture plots observed as 
determined by 3 different methods (PC = percentage contribution to dry 
matter yield, PS = percentage of sward, SC = specific contribution). 

than low ones of the same sward and, tend to be underestimated by 
the method determining specific contribution which does not take 
into account multiple contacts. 

BC Method A 
pasture plots 

B C Mean 

PC 
;;o______~~_;____(~)________“______ 

grasses PS 66:8 89:7 
68.6 68.Oa 
67.0 74.5 a 

&IS) 
63.9 84.7 67.9 72.2 a 

(8.9) 

Significant differences in the botanical composition (Tables 1 
and 2) of the pasture plots may be attributed mainly to differences 
in managerial history. Regressions between different methods app- 
lied were not affected to any significant extent by the pasture plots 
studied. For legumes only, there was a significant interaction 
between methods and pasture plots (Table 1). This may have been 
an accidental effect since legume content of pastures was small and 
variable. 

PC 
legumes PS 

(&5) 

5.6 4.0 1.5 
9.4 4.2 8.6 

11.3 5.8 10.5 

3.7 a 
7.4 ab 
9.2b 

(4.7) 

forbs 
PC 40.5 14.5 29.9 28.3 a 
PS 23.8 6.2 24.4 18.1 b 

(&5) 
24.8 9.6 21.7 18.7 b 

(7.9) 

LSD5 q  least significant difference at pIo.05. 

The procedure of estimating a dependent variable, difficult or 
expensive to measure, from an independent variable, easy or cheap 
to measure, on the basis of a regression analysis previously carried 
out, has been described by Cook and Stubbendieck (1986) as the 
“double” sampling technique. The regressions reported here were 
obtained from grazed Mediterranean grassland. They may not 
readily be extendable to other types of grasslands with different 
sward height and composition. Revalidation of the above men- 
tioned regressions may be necessary using the double sampling 
technique. 

result similar to that obtained by Daget et Poissonet (1971) for 
specific contribution. 

Conclusion 

Differences between percentage of sward and specific contribu- 
tion were never significant within any botanical component (Table 
2). This may be a result of the factor that sward height was kept low 
by sheep grazing during the entire observation period. Multiple 
pin-plant intercepts were relatively infrequent (average of 1.8, 1.2, 
and 1.2 intercepts per pin contacted by grasses, legumes, and forbs, 
respectively). Thus differences between percentage of sward and 
specific contribution remained small. 

Both percentage of sward and specific contribution gave satis- 
factory estimates of percentage contribution to dry matter yield on 
continuously grazed annual Mediterranean grassland. There was, 
however, a significant trend to underestimate forbs and overesti- 
mate legumes. 

The correlation coefficient between specific contribution and 
percentage of sward was very high (R q  0.99, pSO.001; Fig. 2). It is 
assumed, that this coefficient declines as average sward height 
increases. Tall species will intercept more frequently with a pin 

It is suggested that the least laborious method viz. that for 
determining specific contribution is sufficiently accurate for most 
cases of botanical analysis of annual Mediterranean grassland. It 
must be kept in mind that species or groups of species may be 
systematically over or underestimated, especially when swards are 
heterogenously composed and species differ in leafiness, bulk den- 
sity in the sward, and growing height. 
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Abstract 

Experiments were conducted to investigate efficiency in analysis 
of fecal samples by near infrared reflectance spectroscopy (NIRS) 
to predict cattle forage diet quality. Stability of fecal samples 
during shipping and methods of reducing analysis time were evalu- 
ated. In experiments with actual and simulated shipping, no differ- 
ence was found between predictions from samples shipped fresh or 
frozen, allowing analysis time to be reduced by 1 day. Drying 
procedures were developed which allowed sample analysis 24 
hours after arrival in the lab for an additional reduction of 1 day in 
analysis time. Minimal effects on NIRS predictions were observed 
for simulated shipping delays up to 12 days for crude protein and 
14 days for digestible organic matter. 

Key Words: near infrared reflectance spectroscopy, cattle, nutri- 
tion, fecal matter, crude protein, digestible organic matter 

Potential for fecal near infrared reflectance spectroscopy (NIRS) 
prediction of herbivore forage diet quality has been demonstrated 
(Brooks et al. 1984, Coleman et al. 1989, Stuth et al. 1989, Lyons 
and Stuth 1992). Results obtained from NIRS analysis of fecal 
material have many applications for commercial livestock produc- 
ers such as determining the nutritional balance for free-roaming 
herds. Information received from NIRS fecal analysis could be 
used to determine when to initiate or discontinue livestock sup- 
plemental feeding programs. Feasibility of fecal NIRS analysis for 
use in range livestock management will depend on the promptness 
with which results are available for use in management decisions. 

This manuscript was published with the approval of the director, Texas Agricultu- 
ral Experiment Station, Texas A&M University as TA-30324. 

Manuscript accepted 19 Sept. 1992. 
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Therefore, factors such as shipping time and sample drying time 
become important. It also is imperative to know if delays during 
shipping affect diet quality predictions. 

The purpose of this paper is to provide information concerning 
sample shipping and drying which could facilitate commercializa- 
tion of NIRS fecal analysis technology. Experiments were con- 
ducted to (1) determine if samples could be mailed fresh instead of 
frozen to reduce turnaround time by at least 1 day; (2) determine if 
reduced sample size and modified drying procedures would allow 
samples to be analyzed 24 hours after arrival in the lab; and (3) 
determine if delays in shipping affect predictions of forage diet 
quality. 

Methods 
A shipping experiment was conducted in which fecal samples 

were collected from cattle on the Yribarren Ranch in Inyo County, 
Calif. Samples were taken from cattle that grazed in the Owens 
Valley at elevations of about 1,220 m from 14 May to 12 July, in the 
Sierra Nevada Mountains at elevations between 2,500 and 3,100 m 
from 13 July to 7 August, and returned to the Owens Valley 8 
August through 18 August 1991. Fecal collections were made at 
2-week intervals from 3 separate sites within the location currently 
being grazed. Samples from 10 cows within each site were compos- 
ited and thoroughly mixed. Composite samples were divided and 
placed in polyethylene zipper-seal bags with half shipped fresh and 
half frozen-both with freeze packs in Styrofoam mailers by 2day 
mail service to the Range Nutrition Lab at Texas A&M University. 
Thus, 15 fresh and 15 frozen samples were taken from the Owens 
Valley and 6 fresh and 6 frozen samples were from the Sierra 
Nevada Mountains. 
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Species composition of the Owens Valley meadows is primarily 
sedges (Curex spp.), saltgrass (Distichlis spicufa var. stricta (L.) 
Greene.), bird’s_foot trefoil (Lotus corniculutus Waldst. & Kit. ex. 
W&i.), baltic rush (Juncus bulticus Willd.), and creeping wildrye 
(tiymus triticoides Buckl.) (Novak, unpublished data 1990). 

Table 1. Comparison of NIRS predicted percent diet crude protein (CP) 
and percent in vlvo corrected digestible organic matter (DOM) from 
fresh and frozen fecal samples for actual and simulated shipping studies. 

Species composition of the mountain meadows is primarily 
sedges (Curex spp.), mat muhly (Muhlenbergiu richardsonis 
(Trin.) Rydb.), rushes (Juncus spp.), and lupine (Lupinusprutensis 
Heller.). Species composition in the surrounding shrub/grass 
community consists of predominately sagebrush (Artemisiu spp.), 
bitterbrush (Purshiu spp.), mountain mahogany (Cercocurpus 
spp.), ricegrass (Oryzopsis spp.), and needle-and-thread grass 
(St&w comutu Trin. & Rupr.), (Novak, and USDA FS unpub- 
lished data 1990). 

Treatment Mean SE’ Probability2 

Actual Shipping (n = 42) (%) 
Fresh CP 11.6 
Frozen CP 11.7 
Fresh DOM 58.4 
Frozen DOM 58.5 

0.24 0.24 
0.26 
0.34 0.47 
0.36 

Twenty-one frozen and 21 fresh samples were analyzed in this 
experiment. Unless indicated, samples in all experiments reported 
in this paper were dried for 48 hours in a forced-air oven at 60° C 
and then ground in Udy Cyclone mill to pass through a l-mm 
screen. Sample moisture was stablized by forced-air oven drying 
overnight at 60” C and samples cooled 1 hour in a desiccator prior 
to NIRS analysis (Lyons and Stuth 1991). Samples in this experi- 
ment were scanned in duplicate, and forage diet crude protein (CP) 
and in vivo corrected digestible organic matter (DOM) were pre- 
dicted with fecal NIRS equations (Lyons and Stuth 1992). Data 
were analyzed in a randomized complete block with sub-sampling 
using samples as blocks and sample X replication as the error term 
to test treatment effects. 

Simulated Shipping (n = 28) 
Frozen CP 
Frozen CP 
Fresh DOM 
Frozen DOM 

12.3 0.24 0.25 
12.2 0.25 
61.8 0.16 0.14 
61.6 0.14 

freezing usually delays shipping by at least 1 day and can delay 
drying if samples arrive partially frozen, sending fresh samples can 
reduce analysis time, providing livestock producers with more 
timely management information. 

Effects of shipping samples fresh and frozen were also simulated 
using 28 individual fecal samples collected over a 4-week period 
from cows grazing native pastures near College Station, Tex. 
Equal portions of each sample were placed fresh with a freeze-pack 
in a Styrofoam mailer or frozen and then placed with a freeze-pack 
in a mailer to simulate 2-day delivery. Samples were then processed 
for NIRS analysis. Data were analyzed in a randomized complete 
block design with samples as blocks. 

Sample stability is a concern when fresh or frozen feces are 
mailed because transit times may be variable. In a sample stability 
study, both CP and DOM predictions were affected (P<.Ol) by 
simulated delays in shipping (Table 2). Generally, CP increased 
over the 14day period, while the DOM showed a variable response 
(Table 2). Although statistically significant these differences were 

Table 2. Sample stability comparisons for NIRS predicted percent crude 
protein (CP) and percent in vivo corrected digestible organic matter 
(DOM) for 2 days through 14 days. 

Day Mean SE’ 

Sample stability during delayed shipping was tested using com- 
posited feces from 8 cows grazing native pastures near College 
Station, Tex. One hundred ninety-six, 50-cc subsamples of a fresh 
homogeneous fecal mixture were placed in zipper-seal, plastic bags 
and then placed with freeze-packs in a Styrofoam mailer stored at 
room temperature. Samples were removed from mailers at 2day 
intervals to create 7 treatments consisting of day 2 through day 14. 
Each treatment was present in each of 14 mailers and each treat- 
ment was duplicated within each mailer. When removed from 
mailers, samples were processed as previously indicated for NIRS 
analysis. Data were analyzed in a randomized complete block 
using mailers as blocks. Protected least significant differences 
(LSD) was used for mean separation. 

CP (n q  192) 
2 
4 
6 
8 

IO 
I2 
I4 

DOM (n = 192) 
2 
4 
6 
8 

10 
12 
14 

b? a 

9:4* 
9.7b 
9.7b 
9.5”tb 
9.7b 

10.IC 

.07 

.09 

.08 

.06 

.ll 

.I0 

.09 

Potential for reducing sample drying time was tested using 45 
individual fecal samples collected over a 6-week period at College 
Station, Tex. Sample size was reduced to IOO-cc and samples 
placed in ovens at 60’ C until dry enough to grind (about 24 hours). 
After grinding, each sample was divided into 2 equal portions, 
placed into paper coin envelopes, and returned to the forced-air 
ovens. One portion was removed from the ovens after 1 hour, 
cooled in a desiccator, and scanned by NIRS. The second portion 
remained in ovens overnight before scanning. Data were analyzed 
in a randomized complete block using samples as blocks. 

59.6’ .05 
59.8b .06 
59.7a.b .05 
59.3c .06 
59.78.b .05 
59.6’ .05 
59.1C .05 

’ s E = Standard error. 
‘* “Means in a column with the same letter are not significantly different (P<O.Ol). 

Results and Discussion 

of questionable practical importance. For example, CP changed 
less than 1 percentage point with the maximum mean predicted 
value occurring on day 14 (Table 2). Changes in DOM were also 
less than 1 percentage point (Table 2), remaining in the 59% range 
during the Zweek study period. These results appear to indicate 
that substantial shipping delays would have minimal effects on 
NIRS predictions of CP and DOM, particularly if the samples 
were not exposed to excessively high temperatures. 

No differences were found in NIRS predictions for CP (P = 0.24) 
or DOM (P = 0.47) between samples sent fresh or frozen in the 

No differences were found for predictions of CP (P = 0.32) or 

actual shipping experiment (Table I). In addition, no differences in 
DOM (P = 0.17) between l-hour or overnight post-grinding drying 

NIRS predictions were found in the simulated shipping experi- 
(Table 3). Based on these results, we suggest the technique of 

ment (Table 1) for CP (P = 0.25) or DOM (P = 0.14). Because 
reducing sample size and using l-hour post-grinding drying to 
stabilize sample moisture would allow samples to be analyzed 
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Table 3. Comparision of NIRS predicted percent diet crude protein (CP) 
and percent in vivo corrected digestible organic matter (DOM) for 
samples dried 1 hour (IHR) post-grinding vs. samples dried overnight 
post grinding. Both treatments were dried 24 hours at 60’ C and ground 
to 1 mm. 

Treatment Mean SE’ Probability2 

CP (n = 45) 
1 Hour b”k’ 0.29 0.32 
Overnight 9.4 0.25 

DOM (n = 45) 
1 Hour 59.0 0.35 0.17 
Overnight 59.1 0.32 

‘SE = Standard Error. 
2Probability that the mean predictions for I hour and overnight treatments 
are significantly different. 

about 24 hours after arrival in the lab. This procedure could reduce 
analysis time by an additional day. 

NIRS technology can help increase our understanding of the 
nutritional status of free-roaming ungulates in a timely manner. 

Book Reviews 
Plant Biology of the Basin and Range. Edited by C. Barry 

Osmond, Louis F. Pitelka, and George M. Hidy, with 27 
text contributors. 1990. Springer-Verlag, New York. 375 
p. US$69.50 hardbound. ISBN O-387-51219-5. 
This volume is number 80 in the highly regarded Ecological 

Studies Series. This book is the first to attempt to bring together 
under one cover the wide spectrum of current research in the Basin 
and Range Province of the western United States. As noted in 
Chapter 1, the boundaries of the Basin and Range are more easily 
described in terms of present drainage than by plant distribution. 
The Province (or Great Basin, or Intermountain Region) is 
bounded by The Snake and Columbia Rivers to the north, the 
Wasatch Range to the east, the Sierra Nevada to the west, and the 
Colorado River drainage to the south, encompassing an area of 
about 650,000 km*. Present-day vegetation is both a reflection of 
the arid climate in the region and recently of man’s influence. 

The book contains 9 chapters entitled (1) Man and plants in the 
Great Basin, (2) Atmospheric processes and the climates of the 
Basin and Range, (3) The mountain forests of North America and 
their environments, (4) Ecophysiology of high elevation forests, (5) 
Ecophysiology of Great Basin and Sierra Nevada vegetation on 
contrasting soils, (6) Ecophysiology of plants in the Intermountain 
lowlands, (7) Basin hydrology and plant root systems, (8) Isotopic 
assessment of vegetation changes in grassland and woodland sys- 
tems, and (9) The North American Great Basin: A sensitive indica- 
tor of climatic change. Following Chapter 9 are taxonomic and 
subject indexes. The text is enhanced by 16 color plates which are 
distributed throughout the book. Tables and figures are generally 
well done, and add much to each chapter’s discussion. References 
are included at the end of each chapter, which results in repeated 
listing of many citations. 

The chapters are generally concise and free of too much jargon. 
The opening pages of Chapter 1 seem to set the tone for the book. 
“Few of the Earth’s landscapes evoke so consistently for an 
observer the mixed emotions of boredom, fear and awe in the 
manner of the Great Basin.” A brief discussion of early (pre- 
European) inhabitants is included in the first chapter. 
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Results from the actual shipping study indicate sampling in remote 
locations is feasible. It is also evident that samples can be stored at 
cool temperatures for extended periods, permitting researchers to 
accumulate samples for up to 7-10 days prior to shipping or 
processing. Properly equipped laboratories can process samples 
for analysis the next-day after receipt. This study demonstrates the 
wide adaptability and timeliness of NIRS fecalanalysis for predic- 
tion of dietary quality. 
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The intended audience for this book includes “those interested in 
the region itself, as well as those interested in the principles of, and 
approaches to, desert plant ecology.” Anyone with a good back- 
ground in science and an interest in the Basin and Range Province 
will find the book informative and worth obtaining for their 
library. The work is an extensive review of research done in the 
Great Basin, both past and present, and will be of real value for 
those conducting research in the Great Basin. W.D. Billings, in 
whose honor this book was published, presents a very readable and 
informative discussion of vegetation development and zonation in 
forests of the North American continent. Meaningful discussion of 
effect of herbivory on vegetation is generally lacking. Those inter- 
ested in use of stable isotopes in ecological research will find 
Chapter 8 of interest. It uses examples from adjacent ecosystems 
and includes a section with the heading “Biogeochemistry of car- 
bon and operational assumptions.” 

The book closes with a discussion of one of the major issues of 
our time: global change. The chapter discusses “...responsiveness 
of the Great Basin to past climatic change and demonstrate[s] the 
Great Basin’s utility in improving our understanding of contem- 
porary global climatic change. ” All-in-all the book is a clear and 
compelling presentation of the importance of the Basin and Range 
to the development of modern ecology, and to the importance of 
the region presently as a laboratory for researching relationships 
among plants, soil and environment.-Raymond F. Angell, USDA- 
ARS, Burns, Oregon. 

Response of Plants to Multiple Stresses. Edited by Harold 
A. Mooney and William E. Winner and Eva J. Pell. 1991. 
Academic Press, New York. 422 p. US$69.95 hardbound. 
ISBN 0-12-505355-X. 
This volume is one of a series of over 15 texts on various 

physiological ecology topics produced by this publisher in the last 
20 years and continues the tradition of producing well-organized 
and edited books. This book contains contributions from 27 lead- 
ing ecologists, primarily physiological ecologists from the United 
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are included at the end of each chapter, which results in repeated 
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The opening pages of Chapter 1 seem to set the tone for the book. 
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manner of the Great Basin.” A brief discussion of early (pre- 
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The intended audience for this book includes “those interested in 
the region itself, as well as those interested in the principles of, and 
approaches to, desert plant ecology.” Anyone with a good back- 
ground in science and an interest in the Basin and Range Province 
will find the book informative and worth obtaining for their 
library. The work is an extensive review of research done in the 
Great Basin, both past and present, and will be of real value for 
those conducting research in the Great Basin. W.D. Billings, in 
whose honor this book was published, presents a very readable and 
informative discussion of vegetation development and zonation in 
forests of the North American continent. Meaningful discussion of 
effect of herbivory on vegetation is generally lacking. Those inter- 
ested in use of stable isotopes in ecological research will find 
Chapter 8 of interest. It uses examples from adjacent ecosystems 
and includes a section with the heading “Biogeochemistry of car- 
bon and operational assumptions.” 

The book closes with a discussion of one of the major issues of 
our time: global change. The chapter discusses “...responsiveness 
of the Great Basin to past climatic change and demonstrate[s] the 
Great Basin’s utility in improving our understanding of contem- 
porary global climatic change. n All-in-all the book is a clear and 
compelling presentation of the importance of the Basin and Range 
to the development of modem ecology, and to the importance of 
the region presently as a laboratory for researching relationships 
among plants, soil and environment.-Raymond F. Angell, USDA- 
ARS, Bums, Oregon. 

Response of Plants to Multiple Stresses. Edited by Harold 
A. Mooney and William E. Winner and Eva J. Pell. 1991. 
Academic Press, New York. 422 p. US$69.95 hardbound. 
ISBN 0-12-505355-X. 
This volume is one of a series of over 15 texts on various 

physiological ecology topics produced by this publisher in the last 
20 years and continues the tradition of producing well-organized 
and edited books. This book contains contributions from 27 lead- 
ing ecologists, primarily physiological ecologists from the United 
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States and Great Britain. It is organized into 3 parts: 1. Structure, 
Function and Resources; II. Biotic Interactions; and III. Plant 
Growth Forms. 

Part I contains 10 chapters on subjects including: leaves as 
regulators of stress response; ecological scaling of carbon gain to 
stress and resource availability; effects of multiple stress on nut- 
rient availability and use; water and nutrient interactions with 
plant water stress; carbon allocation; partitioning response of 
plants to stress; growth rate, habitat productivity, and plant stra- 
tegy as predictors of stress response; stress effects on plant repro- 
duction; and modelling the response of plants to stress. Part II has 
2 chapters emphasizing stress effects of pathogens and insect her- 
bivory. Part III contains 6 chapters which review the effects of 
stress on different plant growth forms including annuals, herbace- 
ous perennials, aquatics, shrubs and trees. All chapters contain 
thorough up-to-date literature citations. 

The preface of the book emphasizes our need to understand the 
effects of long-term multiple stress at the whole-plant level rather 
than concentrating on short-term effects of a given stress on a 
single physiological process. Most of the contributing authors of 
the text achieve this aim. As a consequence, however, there is 
surprisingly little reference to specific stresses. Rather, stress is 
treated more in generic terms. Of the more common stresses which 
affect rangelands, drought and nutrient availability are the most 
thoroughly discussed. The effects of fire receive only minor consid- 
eration and herbivory is covered from primarily the insect perspec- 
tive. As a result, I was frustrated when trying to determine the 
effects of these 4 stresses which I consider to be the most prevalent 
on rangelands. This probably was caused by my bias of wanting to 
partition out the effects of different classes of factors. This is clearly 
not the authors’ objective. There is also little discussion of the 
effects of stress from the plant population or community context. 

The book is well edited and contains clear, informative figures. It 
is very readable and contains a minimum of physiological ecology 
jargon. Topic coverage is more uniform and concise than many 
multiple-author books that are available. I recommend the text for 
those interested in the effects of stress in general on the entire plant 
system. It is not well designed to answer questions related to the 
effects of specific stresses or the effects of stress on plant communi- 
ties. The book’s title states its purpose well.-Stephen C. Bunring, 
University of Idaho, Moscow, Idaho. 

Fire in the Tropical Biota. Ecosystem processes and global 
challenges. Edited by J.G. Goldammer. 1990. Springer- 
Verlag, New York. 528 p. US$148.00 cloth. ISBN 
O-387-521 15-1. 
This book, number 84 of the Ecological Studies series, is the 

result of the Third Symposium on Fire Ecology held at Freiburg 
University. The book achieves its stated purpose to focus on tropi- 
cal and subtropical fire ecology, history and atmospheric condi- 
tions, remote sensing and climatology. The chapters focus on the 
relationship of fire ecology and history to the ecosystem processes 
in tropical systems. Each chapter is written by an author or authors 
with experience in each region or country. The numerous authors 
cause variation in readability because of different writing styles. 

Each subject has several chapters devoted to it, with most chap- 
ters (14) focusing on fire ecology and history. The chapters on fire 
ecosystem processes tend to the redundant, but they offer excellent 
bibliographies for each specific region. 

The remote sensing chapters provide examples of how this tech- 
nique could be beneficial to land and fire management personnel 
and to policy makers. They primarily review the value of this 
technique in predicting the extent of fire impacts on a regional scale 
and point out the current limitations associated with remote sens- 
ing techniques. 

The section on atmospheric conditions associated with burning 
on tropical systems is a good summary of impacts caused by fire 
pollutants. Chapter 21, “Global Change: Effects on Forest Ecosys- 
tems and Wildlife Severity” was interesting but seemed out of 
place. The discussion and examples centered around North Ameri- 
can forests with limited discussion on tropical regions. 

In summary, this volume provides a good synopsis of fire 
impacts in the tropical regions and discusses subject areas where 
research is lacking. It also provides an excellent literature review of 
what has been done in specific tropical countries.-Allen Ras- 
mussen, Utah State University, Logan, Utah. 

JQIJRNAL OF RANGE MANAGEMENT 46(3), May 1993 277 



Theodore Adams 
Edith Allen 
Dean Anderson 
Val Anderson 
Ray Angel1 
R. James Ansley 
K.H. Asay 
A.W. Bailey 
Derek W. Bailey 
Dan Baker 
Jerry Barrow 
Steve Battle 
Tom Bartlett 
James Bartolome 
Sam Beasom 
Reldon Beck 
William Berg 
M.E. Biondini 
Robert Blank 
D. Terrance Booth 
Mike Borman 
Rodney W. Bovey 
Leonard A. Brennan 
Jan Briede 
David D. Briske 
Carlton Britton 
John Brock 
Joel Brown 
Fred Bryant 
John Buckhouse 
Steven Bunting 
Elizabeth Burritt 
John Capinera 
Len Carpenter 
Jean Chambers 
Peter R. Cheeke 
Jack Connelly 
D. Layne Coppock 
Jerry Cox 
W.R. Davidson 
Don Davis 
Tim DelCurto 
B. Dehority 
Stephen Demarais 
Victor Deregibus 
Jerry Dodd 
Paul Doescher 
Gary Donart 
Robert Dougherty 
D. Lynn Drawe 
Lee Eddleman 
Daniel Edge 
Jim Everitt 
George Feldhammer 
Peter Felker 
George Fernandez 
Jerran T. Flinders 
David Forbes 
George Foster 
A.B. Frank 

Journal of Range Management 
Peer Reviewers 

Ed L. Fredrickson 
William Frost 
David Ganskopp 
Duane Gardiner 
Bob Gartner 
Maurice R. Gebhardt 
Dick L. Gebhart 
Melvin George 
Robert Gibbens 
Robert Gillen 
Harold Goetz 
John Gross 
Fred Guthery 
Marshall Haferkamp 
Gary Halverson 
Jon Hanson 
Stuart Hardegree 
Richard Hart 
Rod Heitschmidt 
Eric Hellgren 
Jerry Holechek 
Larry K. Holzworth 
Donald Horneck 
Volney W. Howard 
Ellis Huddleston 
Raymond Hunt 
Ed Huston 
Russell Ingram 
Pete Jacoby 
Rob Jackson 
Don Jameson 
Anthony Joem 
Donald E. Johnson 
Doug Johnson 
M.K. Johnson 
Robert J. Joy 
Herman Kiesling 
Don Kirby 
Nancy Koerth 
M.M. Kothman 
Paul Krausman 
William Krueger 
Les Krysl 
Emelio Laca 
John Lacey 
Karen Launchbaugh 
Wayne C. Leininger 
David M. Leslie, Jr. 
C. Les Marcum 
Clayton B. Marlow 
Bjom Martin 
Herman Mayeux 
Robert Masters 
Henry Mayland 
Jennifer McAdams 
Durant McArthur 
Mitch McClaran 
Terry McClendon 
Ted McCollum 
Mike McInnis 

1992 

Cyrus M. McKell 
Guy McPherson 
Alicia Melgoza 
Evelyn Merril 
Wally Miller 
Ron Mitchel 
Stephen B. Monsen 
Jeff Mosely 
Lowell Moser 
Daniel P. Mowery 
Jeff Mullahey 
Hamid Narjissee 
Jim Nichols 
Tom Nimlos 
Ben Norton 
Fred Obermiller 
Bret Olsen 
Carl Olson 
Jerry Onsager 
Keith Owens 
Clinton Owensby 
Kip Panter 
J. Calvin Parrott 
James M. Peek 
Bruce Pendery 
Jim Pfister 
Rex Pieper 
Glen Plumb 
William Pinchak 
Michael D. Pitt 
H. Wayne Polley 
Jeff Powell 
Fred Provenza 
David Pyke 
Michael Ralphs 
Allen Rasmussen 
Ray Ratliff 
Ed Redente 
Pat Reece 
Ken Renard 
Peter Rice 
Greg Riegel 
Ron Ries 
Larry R. Rittenhouse 
C.T. Robbins 
Ben Roche, Jr. 
Randy Rogers 
Jim Romo 
Tim Ross 
Bruce Roundy 
M.D. Rumbaugh 
George Ruyle 
Marilyn Samuel 
Robert Sanderson 
David Scarnecchia 
Steve Sharrow 
Dennis Sheehy 
John Sheetz 
Ahmed Sidahmed 

Nova Silvy 
Don Sisson 
Lamar Smith 
Mike Smith 
Stan Smith 
Jeffrey Snyder 
Ron Sosebee 
Bok Sowell 
Donal Spalinger 
Robert Staigmiller 
Al Steuter 
Jim Stubbendieck 
Jerry Stuth 
Tony Svejcar 
John Tanaka 
C.A. Taylor 
George Taylor 
Steve Thomas 
Mike Thompson 
Charles Tischler 
Steve Torbit 
L. Allen Tore11 
Charles H. Townsend 
Milton J. Trlica 
Paul Tueller 
Darrel N. Ueckert 
Daniel W. Uresk 
Phil Urness 
Raul Valdez 
Martin Vavra 
Louis Verne 
Christina Vertucci 
Ken Vogel 
Jerry Volesky 
Paul Voigt 
John Waddington 
D.D. Walgenbach 
John Walker 
Joe D. Wallace 
Carl Wambolt 
D.J. Weber 
Tommy Welch 
Jeff Welker 
Neil West 
Walter G. Whitford 
Larry White 
Harold Wiedemann 
Randy Wiedmeir 
Craig Wiegand 
E. Earl Willard 
Brad Wilcox 
April Whicker 
Steve Whisenant 
Sam Williamson 
Karl Wood 
John Workman 
Bruce Wylie 
James A. Young 
Phil Zwank 



Journal of Range Management 
Manuscript Submission and Copyright Release Form 

This form must be completed and submitted with the manuscript. If the manuscript is not accepted for publication, this affidavit shall 
have no leeal effect and mav be considered null and void. 

1. 

d 

PLEASE PRINT 

Manuscript Title: 

2. Name and Address of Corresponding Author: 

Name 

3. Membership: 
I(we) affirm that at least one of the authors is a current member of the Society for Range Management. 

Name of member: 

4. Assurance of Content: 
I(we) have read this manuscript and I(we) hereby affirm that the content of this manuscript or a major portion thereof has not been 
published in a refereed journal, and it is not being submitted for publication elsewhere. 

5. Section Preference: 

Plant Physiology 
Plant Ecology 
Animal Ecology 
Plant-Animal Interactions 
Grazing Management 
Animal Physiology 

6. Publication Costs: 

The current charge for publication is $80 per printed page in the Journal for members for the first 3 printed pages. Page 4 and 
beyond is $lOO/pg. For nonmembers the charge is $lOO/pg. Reprints may be ordered. The following agency or individual will be 
responsible for publication costs: 

Name 

Address 

7. Copyright Release: 

Address 

Telephone ( ) 

q  Improvements 
0 Reclamation 
0 Soils 
0 Hydrology 
0 Economics 
0 Measurement/ Sampling 

Copyright laws make it necessaryfor the Society to obtain a releasefrom authorsfor all materials published. To this end we ask you 
to grant us all rights, including subsidiary rights, for your article. 

Whereas the Society is undertaking to publish the Journal of Range Management, of which the undersigned is author of one or 
more parts, the author grants and assigns exclusively to the Society for its use any and all rights of whatsoever kind or nature now or 
hereafter protected by the copyright laws (common or statutory) of the United States and all foreign countries in all languages in and 
to the above-named article, including all subsidiary rights. The Society, in turn, grants to the author(s) the right of republication in 
any book of which he is author or editor, subject only to his giving proper credit in the book to the original Journal publication of the 
article by the Society. (OVER) 



Each author agrees that the material furnished for the Journal has not been published previously elsewhere. 
The corresponding author will be given an opportunity to read and correct the edited manuscript as page proofs, but if he fails to return 

pages proofs to the editor of the Journal within the time specified by the editor, production and publication may proceed without the 
author’s approval of his edited manuscript. 

The author(s) will receive no monetary return from the Society for the use of material contained in the manuscript. 

I(we) agree to the foregoing terms: 

Author (print or type) Date 

Signature Citizen of (country) 

Author (print or type) Date 

Signature Citizen of (country) 

Author (print or type) Date 

Signature Citizen of (country) 

Author (print or type) Date 

Signature Citizen of (country) 

Author (print or type) Date 

Signature Citizen of (country) 

I(we) agree to the foregoing terms except item 7. I(we) am unable to sign a copyright release for reasons stated below: 

Send this form and 4 copies of manuscript on line-numbered paper to: 

Editor 
Journal of Range Management 
1300 Wheatridge Ct. 
Loveland: Colorado 80537 



INSTRUCTIONS FOR AUTHORS (from revised Handbook and Style Manual) 

Eligibility 
The Journal of Range Management is a publication for report- 

ing and documenting results of orginal research and selected invi- 
tational papers. Previously published papers are unacceptable and 
will not be considered for publication. Exceptions to this criterion 
are research results that were originally published as department 
research summaries, field station reports, abstracts of presenta- 
tions, and other obscure and nontechnical handout publications. 
Manuscripts submitted to the JRMare the property of the Journal 
until published or released back to the author(s). Manuscripts may 
not be submitted elsewhere while they are being considered for this 
journal. Papers not accepted for publication are automatically 
released to the authors. 

who consider that their manuscript has received an unsatisfactory 
review may file an appeal with the Editor. The Editor then may 
select another Associate Editor to review the appeal. The Associate 
Editor reviewing the appeal will be provided with copies of all 
correspondence relating to the original review of the manuscript. If 
the appeal is sustained, a new review of the manuscript may be 
implemented at the discretion of the Editor. 

Authors should feel free to contact the Associate Editor assigned 
to their manuscript at any stage of the review process: to find out 
where the paper is in the process; to ask questions about reviewer 
comments; to ask for clarification or options if a paper has been 
rejected. 

Kinds of Manuscripts Page Proofs 

Journal Articles report original findings in Plant Physiology, 
Animal Nutrition, Ecology, Economics, Hydrology, Wildlife Hab- 
itat, Methodology, Taxonomy, Grazing Management, Soils, Land 
Reclamation (reseeding) and Range Improvement (fire, mechani- 
cal chemical). Technical Notes are short articles (usually less than 
two printed pages) reporting unique apparatus and experimental 
techniques. By invitation of the Editorial Board, a Review or 
Snythesis Paper may be printed in the journal. Viewpoint articles 
or Research Observations discussing opinion or philosophical 
concepts regarding topical material or observational data are 
acceptable. Such articles are identified by the word viewpoint or 
observations in the title. 

Page proofs are provided to give the author a final opportunity 
to make corrections of errors caused by editing and production. 
Authors will be charged when extensive revision is required 
because of author changes, even if page charges are not assessed for 
the article. One author per paper will receive page proofs. These are 
to be returned to the Production Editor, 1839 York Street, Denver, 
Colorado 80206, within 48 hours after being received. If a problem 
arises that makes this impossible, authors or their designates are 
asked to contact the Production Editor immediately, or produc- 
tion and publication may proceed without the author’s approval of 
his edited manuscript. 

Manuscript Submission 
Page Charges and Reprint Orders 

Contributions are addressed to the Editor, Gary Frasier, Jour- 
nal of Range Management, 1300 Wheatridge, Loveland, Colorado 
80537. Manuscripts are to be prepared according to the instruc- 
tions in Journal’s Handbook and Style Manual. If the manuscript 
is to be one of a series, the Editor must be notified. Four copies of 
the complete manuscript, typed on paper with numbered line 
spaces, are required. Authors may retain original tables and figures 
until the paper is accepted, and send good quality photocopies for 
the review process. Receipt of all manuscripts is acknowledged at 

-once, and authors are informed about subsequent steps of review, 
approval or release, and publication. 

Authors are expected to pay current page charges. Since most 
research is funded for publication, it will be assumed that the 
authors are able to pay charges unless they indicate otherwise in 
writing, when submitting a manuscript. When funds are unavaila- 
ble to an author, no page charges will be assessed. Only the Editor 
will have knowledge of fund status of page charges; the Associate 
Editors and reviewers will accept or reject a manuscript on content 
only. 

An order form for reprints is sent to one author with the page 
proofs or shortly thereafter. Information as to price and procedure 
are provided at that time. The minimum order is 100; no reprints 
are provided free of charge. 

Manuscripts that do not follow the directives and style in Jour- 
nal handbook will be returned to the authors before being 
reviewed. A manuscript number and submission date will be 
assigned when the paper is received in the appropriate format. 

Basic Writing Style 

Manuscript Review 

Manuscripts are forwarded to an Associate Editor, who usually 
obtains two or more additional reviews. Reviewers remain anon- 
ymous. These reviews have the major responsibility for critical 
evaluation to determine whether or not a manuscript meets scien- 
tific and literary standards. Where reviewers disagree, the Asso- 
ciate Editor, at his discretion, may obtain additional reviews before 
accepting or rejecting a manuscript. The Associate Editor may also 
elect to return to the author those manuscripts that require revision 
to meet format criteria before the Journal review. 

Every paper should be written accurately, clearly, and concisely. 
It should lead the reader from a clear statement of purpose through 
materials and methods, results, and to discussion. The data should 
be reported in coherent sequence, with a sufficient number of 
tables, drawings, and photographs to clarify the text and to reduce 
the amount of discussion. Tables, graphs and narrative should not 
duplicate each other. 

The Associate Editor sends approved manuscripts, with recom- 
mendations for publication, to the Editor, who notifies the author 
of a projected publication date. Manuscripts found inappropriate 
for the JRM are released to the author by the Associate Editor. 
Manuscripts returned to an author for revision are returned to the 
Associate Editor forfinal acceptability of the revision. Revisions 
not returned within 6 months, are considered terminated. Authors 

Authors should have manuscripts thoroughly reviewed by col- 
leagues in their own institution and elsewhere before submitting 
them. Peer review before submission insures that publications will 
present significant new information or interpretation of previous 
data and will speed JRM review processes. 

Particular attention should be given to literature cited: names of 
authors, date of publication, abbreviations or names of journals, 
titles, volumes, and page numbers. 

It is not the task of Associate Editors or Journalreviewers to edit 
poorly prepared papers or to correct readily detectable errors. 
Papers not properly prepared will be returned to the author. 


	TABLE OF CONTENTS: Vol. 46, No. 3, May 1993
	ARTICLES
	Viewpoint: Selection for improved drought response in cool-season grasses
	Germination response of hand-threshed Lehmann lovegrass seeds 
	Decomposition of blue grama and rough fescue roots in prairie soils 
	Influence of ruminally dispensed monesin and forage maturity on intake and digestion
	Diets of goats grazing oak shrublands of varying cover in northern Greece
	Nutrient compostion of whitetop
	Plant structure and the acceptability of different grasses to sheep
	Bluegrass billbug feeding response to perennial triticeae grasses
	Efficacy of fenbendazole against gastrointestinal nematodes in white-tailed deer
	Influence of rest-rotation cattle grazing on mule deer and elk habitat use in east-central Idaho
	Comparison of seeded and native pastures grazed from mid-May through September
	Water quality effects on stability and phytotoxicity of picloram and clopyralid
	Droplet size and spry volume effects on honey mesquite mortality with clopyralid 
	Forage response to N, P, and S fertilization on clearcut lodgepole pine sites

	TECHNICAL NOTES
	Botanical components of annual Mediterranean grasslands as determined by point-intercept and clipping methods
	Influence of handling methods on fecal NIRS evaluation

	BOOK REVIEWS
	Plant Biology of the Basin and Range; Response of Plants to Multiple Stresses; Fire in the Tropical Biota. Ecosystems processes.
	Response of Plants to Multiple Stresses
	Fire in the Tropical Biota. Ecosystem processes and global challenges


	AUTHORS
	Angel, Raymond F.
	Asay, Kay H.
	Asay, K. H.
	Barry, Robert X.
	Bouse, L.F.
	Bovey R. W.
	Bovey, R. W.
	Branine, M.E.
	Bunring, Stephen C. 
	Dormaar, Johan F.
	Crane, R. A.
	Emmerich, William E.
	Forbes, Will A
	Frank, A. B.
	Fredrickson, E. L.
	Galyean, M.L.
	Glatzle A.
	Hardegree, Sturat P.
	Hofmann, L.
	Johnson, Douglas A.
	Johnson, Mark K.
	Jones, T.A.
	Karn, J. F.
	Kvale, Craig T.
	Larson, Larry L.
	Lyons, Robert K.
	McInnis, Michael L.
	Mechel, A.
	Miller, Richard F.
	Nastis, Anastasios S.
	Newman, Reg F.
	Nielson, D.C.
	O'Reagain, Peter J.
	Papachristou, Thomas G.
	Pearce, Robert A.
	Peek, James M.
	Rasmussen, Allen
	Ries, R. E.
	Schultz, Stephen R.
	Sowell, B.
	Stuth, Jerry W.
	Van Ryswyk, A. L.
	Vaz Lourenco, M. E.
	Wallace, J.D.
	Whisenant, S.G.
	Whisenant, S. G.
	Wikeem, Brian M
	Wittinger, William T.
	Willms, Walter D.
	Yeo, Jeffrey J.


