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Abstract 

The fust standardized soil erosion prediction equation used on 
rangelands was the Universal Soil Loss Equation (ISLE). The 
Revised Universal Soil Loss Equation (RUSLE) was developed to 
address deficiencies in the USLE by accounting for temporal 
changes in soil erodibility and plant factors which were not origi- 
nally considered. Improvements were also made to the rainfall, 
length, slope, and management practice factors of the original 
USLE model. The Water Erosion Prediction Project (WEPP) 
model was developed to estimate soil erosion from single events, 
long-term soil loss from hillslopes, and sediment yield from small 
watersheds. Temporal changes in biomass, soil erodibility, and 
land management practices, and to a limited extent, spatial dis- 
tribution of soil, vegetation, and land use are addressed in the 
WEPP model. 

To apply new process-based erosion prediction technology, 
basic research must be conducted to better model the interac- 
tions and feedback mechanisms of plant communities and land- 
scape ecology. Thresbolds at which accelerated soil erosion 
results in unstable plant communities must be identified. 
Research is needed to determine the confidence limits for erosion 
predictions generated by simulation models so that the probabii- 
ty of meeting specified soil loss values (kg ha-’ yi’) for given 
management systems can be calculated at specific significance 
levels. As the technology for modeling soil erosion on rangelands 
has improved, limitations with the techniques of parameter esti- 
mation have been encountered. Improvements in model parame- 
terization techniques and national databases that incorporate 
vegetation and soil variability are required before existing ero- 
sion prediction models can be implemented. 

Key Words: Sediment yield, Merrill erosion, Rill erosion, USLE, 
RUSLE, WEPP 

Soil erosion on rangelands was recognized as a serious problem 
at both local and national scales in the United States in the 1920s; 
by 1935 soil erosion was considered a national menace on an area 
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covering over one-half of the country (Sampson and Weyle 1918, 
Bennett and Chapline 1928, Chapline 1929, Weaver and No11 
1935). Soil erosion is an all-inclusive term describing the defla- 
tion of the landscape by wind and water. Specific terms like inter- 
rill and rill erosion are used to define the detachment of soil parti- 
cles by raindrop impact and by flowing water, respectively (Table 
1). In natural plant communities, the erosion potential of a site is 
the result of complex interactions between soil, vegetation, topo- 
graphic position, land use and management, and climate. Soil 
erosion is a natural process, but the quantity and rate of surface 
runoff and sediment yield may be altered through land use and 
management practices. 

This paper addresses upland soil erosion and will concentrate 
on interrill and 1511 erosion processes. Piping, debris flow, channel 
scour, side-wall sloughing, head-cutting, and other processes that 
can significantly affect soil erosion on rangeland watersheds will 
not be addressed. The influence of abiotic and biotic factors on 
soil erosion and sediment yield on rangelands is addressed in the 
first section of this paper. The second section focuses on existing 
prediction models that were developed for regional or national 
conditions in the United States. The third section addresses future 
research needs required to improve our understanding of the ero- 
sion process and our ability to model soil erosion. 

Abiotic and Biotic Factors that Influence Soil Erosion 

There are many abiotic and biotic factors affecting soil erosion 
and sediment yield on rangelands. Plant and surface cover vari- 
ables influence runoff and the basic erosion processes of soil 
detachment by raindrops and concentrated flow, sediment trans- 
port, and sediment deposition through the amount and distribu- 
tion of exposed bare soil, the tortuosity and connectivity of the 
concentrated flow path, hydraulic roughness, and soil properties 
of the site (i.e., interrill and rill erodibility). Soil erosion is a func- 
tion of total standing biomass, biomass by lifeform class (i.e., 
grass vs. shrub), distance between plants, canopy cover, ground 
cover or the components of ground cover (rock, litter, plant basal 
area, cryptogamic crust), bare soil, bulk density, soil texture, soil 
organic carbon, aggregate stability, the amount of interspace or 
coppice dune area, number or size of surface depressions, and 
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Table 1. Definition of erosion terms. 

Term Definition 

Iuterril erosion Detachment of soil particles by raindrop impact and their transport by broad sheet flow to concentrated flow areas. 

Rill erosion Detachment and transport of soil particles by concentrated (till) flow. 

Detachment Dislodging of soil particles from the soil mass by hydrodynamic forces due to raindrop impact and flowing water shear stress. 

TRUlSpt Movement of detached soil particles (sediment). 

Sediment transport Ability or power of flowing water to carry sediment. 

Deposition Settlement of detached soil particles. 
Sediment yield Total sediment outflow per unit area measured at a point of reference and for a specific time period (inchuhng deposition). 

Soil loss Quantity per unit area and time of soil detached and transport from an area without significant deposition. 

Sediment discharge The rate of movement of a mass of sediment past a point or through a cross section related to velocity of flowing water. 

rainfall intensity (Table 2). The complex interaction of these and 
other abiotic and biotic variables determines how much, when, 
and where soil erosion will occur. 

Vegetation and Management 
Vegetation amount, distribution, and lifeform are the primary 

factors controllable by human activity that influence the spatial 
and temporal variability of surface runoff and soil erosion on 
rangelands. Blackbum (1975) found that shrub coppice dunes 
have significantly different erosion rates than the associated inter- 
space areas. Erosion decreases significantly as plant lifeform 
changes from short grass to midgrass to tall grass (Thurow et al. 
1986, 1988). Grazing management practices impact soil erosion 
on rangelands through their influence on the type, amount, and 
distribution of cover (Gifford and Hawkins 1978). By reducing 
both canopy and ground cover and increasing the number and 
size of bare soil patches, improperly applied grazing management 
practices increase the risk that a site will be eroded by both rain- 
drop and concentrated flow path. 

In the northern, central, and southern plains grasslands the 
runoff and erosion potential of a site are closely related to man- 
agement activity. Prolonged heavy continuous grazing results in 
significant change in plant community structure in which the 
more productive tall- and mid-grasses are replaced with less pro- 
ductive short-grasses resulting in increased surface runoff and 
soil erosion (Rauzi and Fly 1968, Thurow et al. 1988). Other 
studies have concluded that proper grazing and brush manage- 
ment practices result in infiltration, surface runoff, and soil loss 
characteristics similar to those of ungrazed landscapes 
(Blackburn et al. 1982, Blackbum 1983, Weltz and Wood 1986a, 
1986b). 

Cover 
Numerous attempts have been made to establish cover guide 

lines required for site protection from soil erosion. There are vari- 
ous cover types (i.e., rock, cryptogams, litter, and vegetation), 
each offering varying degrees of soil protection. The amount and 
effectiveness of cover necessary for site protection depends upon 
other factors such as slope, soil type, time of year, and rainfall 
intensity and duration. Wilcox (1994) found that within the bare 
interspace areas of pinyon-juniper woodland, most erosion was 
produced by large convective summer thunderstorms and erosion 
was slight during the winter, even with high runoff rates from 
snow melt, due to the absence of raindrop detachment. Generally, 
the greater the bare soil amount, the greater the erosion rate. 
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Reported levels of cover necessary for site protection range from 
20% in Kenya (Moore et al. 1979) to 100% for some Australian 
conditions (Costin et al. 1960). Most studies indicate that cover 
of 50 to 75% is probably sufficient (Packer 1951, Orr 1970, 
Gifford 1984). 

Rock cover on the soil surface has a complex relationship with 
infiltration and soil erosion processes. If rock fragments are 
embedded in the soil surface, infiltration rates may be decreased; 
rock fragments resting on the surface (erosion pavement) can pre- 
vent macropores from being sealed, increase infiltration, and 
reduce soil erosion (Poesen et al. 1990, Poesen and Ingelmo- 
Sanchez 1992). The rock fragments may provide protection from 
raindrop impact but do not substantially reduce hydraulic shear 
stress or tilling in semi-arid shrub dominated landscapes. For 
large rainfall events, the depth and shear stress of flow in the rills 
exceeds the resistance offered by the rock fragments and substan- 
tial rilling does occur between the shrub dominated coppice 
dunes (Tiscareno-Lopez et al. 1993). 

Cryptogam is a term used to define a collection of nonvascular 
plants: mosses, algae, lichens, liverworts, and cyanobacteria. The 
impact of cryptogams on infiltration rates and soil erosion is 
poorly understood and often contradictory. Cryptogamic crusts 
can reduce infiltration rates and increase soil erosion by blocking 
flow through macropores or they may enhance porosity and infil- 
tration rates by increasing water-stable aggregates and surface 
roughness (Loope and Gifford 1972, West 1990, Eldridge 1993). 
More research is required before the role that cryptogams play in 
protecting a site from soil erosion will be fully understood. 

Erosion Model Development 

The most promising, but difficult (and so far elusive), means 
for predicting soil loss on rangelands is the development of phys- 
ically based hydrologic-erosion simulation models that are accu- 
rate and simple to use. Three soil erosion models of varying com- 
plexity are addressed in this paper: the Universal Soil Loss 
Equation (USLE), the Revised Universal Soil Loss Equation 
(RUSLE), and the Water Erosion Prediction Project (WEPP) 
model. Other erosion prediction models that have been used on 
rangelands will not be discussed in detail but are referenced in 
Table 3. The basis of mathematical equations used to estimate 
soil erosion can be traced to the work of Cook (1936), who iden- 
tified 3 major variables: (1) the susceptibility of soil to erosion, 
(2) the potential erosivity of rainfall and runoff, and (3) the pro- 
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Table 2. Abiotic and biotic variables used in statistical models to estimate soil loss on rangelands. 

Variable 

Plow depth 

Location 

Ariz. 

Technique 

Rainfall simulation 

Source 

Abrahams et al. (1991) 

Bulk density, bane ground, dune 
interspace, soil surface 
morphology, carbon weight, 
sand, silt 

Annual runoff, watershed ares 

Ratio of annual precipitation to 
average temperature, watershed 
slope, soil particles, greater than 
1 mm, soil aggregation index 

Rainfall intensity 
Vegetation cover, slope, percent of 
watershed with different soil types 
Total organic cover, bulk density, 
soil organic matter, total biomass 

Rainfall, runoff, fine organ&, bare 
ground, fotb canopy cover 
Litter, organic matter, aggregate 
stability, grass/forb standing crop 

Soil moisture, litter, total standing 
biomass, soil depth, rock cover, bulk 
density, number of depressions 

Standing grass, litter, forb cover, 
vegetation cover 

Drainage area 

Bare ground, litter, vesicular horizon 
development 

Erosion pavement cover 

Total bunchgrass cover, total 
aboveground cover 
Litter, midgrass cover 

Standing biomass, basal cover, 
distance to plants, frequency of plots 
with no rooted plants 

Nev. 

Entire U.S. 

Western U.S. 

I&. 

S. Dak. 

Tex. Rainfall simulation 

Ida. Rainfall simulation 

Kenya 

Tex. 

Tex. 

Ark. 

Nev. 

Ark. 

Tex. 

Tex. 

Ariz. 

Rainfall simulation 

Reservoirs 

Watershed 

Rainfall simulation 
Watershed 

Rainfall simulation 

Rainfall simulation 

Rainfall simlation 

Watershed 

Rainfall simulation 

Rainfall simulation 

Simanton et al. (1985) 

Simanton et al. (1985) 

WEPP model 

Blackbum (1975) 

Dendy and Bohon (1976) 

Flaxman (1972) 

Goff et al. (1994) 

Hanson et al. (1973) 

Hester et al. (1997) 

Johnson and Gordon (1988) 

Mbakaya and Blackbum (1988) 

McGinty et al. (1979) 

McCalla et al. (1973) 

Renard (1980) 

Roundy et al. (1978) 

Simanton et al. (1985) 

Thurow et al. (1986) 

l’hurow et al. (1988) 

Watters et al. (1996) 

tection offered by vegetation. Zingg (1940) evaluated the effects 
of slope length and steepness on soil erosion and is often cited as 
the developer of the first erosion prediction equation. He pro- 
posed the following equation: 

x = c s 1.4 L 1.6 (1) 

where X is total soil loss from a land slope of unit width, C is a 
constant of variation, S is slope of the land (degrees), and L is 
horizontal length of land slope (feet). Smith (1941) included the 
influences of vegetation (C-factor) and supporting farming prac- 
tices (i.e., P-factor representing the type, depth, frequency, and 
direction of mechanical disturbance). He recommended that soil 
loss be calculated as: 

A = C S ‘.4 L 1.6 P (3 

where A is average soil loss per unit area. 
Smith and Whitt (1948) proposed the “rational” equation to 

estimate soil erosion: 

A=CSLKP (3) 

where A is the average annual soil loss in tons per acre, C is the 
average annual rotation soil loss from plots (tons acre-l) for a 
specific site for a specific crop rotation on a three percent, 
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1080.71 foot long slope, farmed up and down the slope. The 
other factors were considered nondimensional multipliers to 
adjust the plot soil loss for differences in slope (S), length (L), 
soil group (K), and supporting practices (P). 

Universal Soil Loss Equation (USLE) 
During the 1960s factors for crop rotation, management, and 

rainfall for areas of the United States east of the 104th meridian 
were added to the existing “rational” equation for estimating soil 
loss from upland areas (Smith 1958, Wischmeier 1959, 
Wischmeier 1960). This resulted in the USLE soil erosion model 
(Wischmeier and Smith 1965). A database to address rainfall (R- 
factors) and cover for rangeland areas west of the 104th meridian 
was later added to expand the applicability of the USLE 
(Wischmeier and Smith 1978). More than 10,000 plot years of 
data, representing a variety of soil, crop, and management prac- 
tices from multiple research locations across the mid-west were 
used to statistically derive the USLE model. The USLE groups 
the physical and land management variables that influence soil 
erosion into 6 factors. Conversion factors for A, R, and K 
between U.S. customary units and SI units are given by Foster et 
al. (1981a). The USLE is defined as: 

A=RKLSCP (4) 
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where: 
is a computed soil loss per unit area (metric tons l hectare-‘); 
is a rainfall and runoff factor based on 22 years of 
climate records {(megajoule l millimeter)/(hectare l hour l 

year)-’ I  ;  

is a soil erodibility factor based on a slope length of 22.1 m 
and a uniformly sloping 9% surface in continuously clean- 
tilled fallow [(metric tons l hectare l hour)/(hectare l 

megajoule l millimeter)’ } ; 
is a slope length factor determined as the ratio of soil loss 
from the field slope (unitless). L is 1 when length is 22.1 m; 
is a slope steepness factor determined as the ratio of soil 
loss from the field slope to that from a 9% slope under other- 
wise identical conditions (unitless); 
is a cover and management factor determined as the ratio of 
soil loss from an area with specified cover and management 
practices to that of continuous fallow (unitless); 
is a support practice factor determined as the ratio of soil 
loss with conservation practices to straight-row tillage par- 
allel with the slope (unitless). 

Limitations of the USLE The USLE is a lumped empirical 
model that does not separate factors that influence soil erosion, 
such as plant growth, decomposition, infiltration, runoff, soil 
detachment, or soil transport The USLE was designed to esti- 
mate sheet and rill erosion from hillslope areas. It was not 
designed to address soil deposition and channel or gully erosion 
within watersheds. The applicability, accuracy, and precision of 
the USLE on rangelands has been debated (Trieste and Gifford 
1980, Foster et al. 1981b). In general, the USLE has been found 
to poorly estimate actual soil erosion on rangelands (Blackbum 

1980, Johnson et al. 1980 and 1984, Hart 1984). The potential for 
improving rangeland estimates of soil erosion with the USLE is 
limited because of its restrictive structure, reliance on an empiri- 
cal databases rather than physical processes, and lack of temporal 
adjustments for factors of soil erodibility (K), cover (C), and 
management practice (P). 
LS-factor The USLE slope length is defined as the distance from 
the origin of overland flow to the point where runoff reaches a 
well defined channel or to where slope steepness decreases 
enough for deposition to occur. Defined concentrated flow paths 
are not always obvious on rangelands, especially if an area is not 
eroding. Selection of a typical slope length value involves judge- 
ment. The minimum slope length to which the USLE applies is 
approximately 10 m. The upper limit is even less clearly defined 
but seldom exceeds 150 m on either forests or rangelands 
(Dissmeyer and Foster 1980, Foster 1982a). 
R-factor Rainfall in the western United States resulting from air- 
mass thunderstorms is highly spatially variable (Osborn and 
Renard 1969). For a single thunderstorm on the USDA-ARS 
Walnut Gulch Experimental Watershed near Tombstone, Ariz., 
rainfall varied between 25 mm and 50 mm within a distance of 3 
km (Renard and Simanton 1975). Because the R-factor is based 
on a maximum 30-minute rainfall intensity, the variation in the 
R-factor was magnified from 30 to 100 units over the 3 km dis- 
tance. Extrapolating the R-factor for more than 1.4 km from a 
raingauge does lead to serious errors in estimating erosion with 
the USLE for areas where thunderstorm-derived rainfall controls 
the erosion process. Renard and Freimund (1994) developed new 
regression-based methodology to estimate the R-factor for areas 
in the United States where measured R-factors are unavailable. 
They utilized precipitation data from 155 weather stations and 

Table 3. Comparison of erosion models used on rangelands. 

Model Time step Erosion Runoff Toposvb - SOUrCe 

Erosion prediction models 
Average annual 
Average annual 
Average annual 

USLE Average annual 

MUSLE Event 
RUSLE Average annual 
Erosion/Runoff models 

Event 

Event 

AGNPS 
CREAMS 

Average annual 
Event 
Average annual 

KINJZROS 

SPUR 
WEPP 

Event 

Average annual 
Event 
Average annual 

Sediment yield NA 
Sediment yield NA 
Sediment yield NA 
Soil loss NA 

Sediment yield 
Sediment yield 

NA 
NA 

Soil loss 
Sediment yield 
Deposition 
soil loss 
Sediment yield 
Deposition 
Sediment yield 
soil loss 
Sediment yield 
Deposition 

Kinematic wave 

Rainfall excess 

Curve number 
Curve number 

Soil loss 
Sediment yield 
Deposition 
Sediment yield 
Soil loss 
Sediment yield 
Deposition 

Kinematic wave 
Smith-Parlange 

Curve number 
Kinematic wave 
Green and Ampt 

NA 
Uniform 
NA 
Uniform 

Uniform 
Complex 

Complex 

Complex 

Complex 
Complex 

Complex 

Uniform 
Complex 

Watershed 
Watershed 
Watershed 
Hillslope 

Watershed 
Hillslope 

Hillslope 

Hillslope 

HillslopeJWatershed 
HillslopeJWatershed 

HillslopeIWatershed 

HillslopeIWatershed 
HillslopelWatershed 

Renard ( 1980) 
Dendy and Bolton (1976) 
Plaxman (1972) 
Wischmeier and Smith 
(1978) 
Williams (1975, 1977) 
Renard et al. (1997) 

Lane et al. (1995) 

Rose (1994) 

Young et al. (1987) 
Knisel(l980) 

Woolhiser et al. (1990) 

Wight and Skiles (1987) 
Lane and Nearing (1989) 
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reported that the best predictions (r2 = 0.81) of the R-factor result- 
ed when they separated the database into 2 classes: “winter-type” 
precipitation distributions and “non-winter-type” distributions. 
Additional work is still needed to facilitate estimating the R-factor 
from precipitation data in most areas of the west where the spatial 
variation in annual and monthly precipitation is greatest. 
K-factor Soil erosion is not constant over time. Rainfall simula- 
tion studies conducted on 3 semi-arid rangeland soils, cleared of 
vegetation, indicated that soil erodibility continued to increase 
throughout a 4-year study (Simanton and Renard 1985). 
However, studies of mechanical disturbance indicate that soil 
erodibility decreases with time (Nearing et al. 1988). In 1987, a 
study on rangeland and cropland was conducted over much of the 
United States to estimate soil erodibility values for development 
of new erosion models. Analysis indicated that actual measured 
interrill and t-ill soil erodibility values bear little quantitative 
resemblance to the USLE soil erodibility factor (Laflen et al. 
199lb). 
C-factor Johnson and Gordon (1988), working on sagebrush 
dominated rangelands on the USDA-ARS Reynolds Creek 
Experimental Watershed near Boise, Ida., reported that the com- 
bination of K- and C-factors in estimating soil loss from rainfall 
simulation plots resulted in about 8 times more soil loss from 
interspace areas than from shrub dominated areas. Actual mea- 
sured soil losses from interspace areas were 10 times those from 
sagebrush (Arfemisis spp.) areas, 7 times more than those from 
decadent sagebrush areas, and 5 times greater than those from 
horsebrush (Tetdymiu spp.) dominated areas. They concluded 
that there is no mechanism for incorporating information on spa- 
tial variability of soil loss into the existing structure of the USLE. 

Simanton and Renard (1985), in a similar study on the USDA- 
ARS Walnut Gulch Experimental Watershed near Tombstone, 
Ariz., evaluated the interrelationship between the K- and C-fac- 
tors on 3 rangeland plant communities. The C-factor was calcu- 
lated for natural plots, assuming that the bare plot C-factor was 
unity (1 .O), and that the calculated K-factor was correct. Because 
of the method of calculation the C- and K-factors are not inde- 
pendent of each other. An increase in one factor will result in a 
decrease in the other factor. The C-factor rate of change depend- 
ed on the type of plant community: the rate of change was similar 
for a shrub-grass dominated community; the C-factor decreased 2 
times faster than the K-factor for a grassland community; and the 
C-factor changed 6 times faster than the corresponding increase 
in the K-factor for a shrub-forb dominated community. These 
results indicate the existing method of calculating the C-factor in 
the USLE handbook is inappropriate for rangelands and that 
unique C-factor relationships need to be developed for different 
rangeland plant communities. 
Modifications to the USLE The USLE estimates are based on 
average long-term annual soil erosion (about 20 year average) 
and not individual storms. Errors in estimated soil loss from a 
single rainfall event are large because of the great variation in 
runoff that can occur when soil moisture and rainfall amount are 
not considered. To overcome this problem the R-factor was mod- 
ified to reflect erosion by both raindrop impact and runoff for an 
individual rainfall event: 

E = 0.5 R, + 3.5 V,, qpO.” 0 

where E is storm erosivity from rainfall and runoff (MJ mm (ha 
hour)‘), Rs is single storm erosivity (MJ mm (ha hour)-l), Vu is 

storm runoff (mm), and qp is storm runoff rate (mm hour-l) 
(Foster et al. 1977a, 1977b). 

The slope length factor (L) also varies for different types of 
storms and should be adjusted if the USLE is to be used to esti- 
mate soil loss from a single rainfall event: 

L = (Y&u) (6) 

where y is slope length (m), y,, is length of unit plot (22.1 m), and 
n is a slope length exponent (usually 0.5) (Foster 1982b). The 
slope length exponent (n) varies with the potential amount of rill 
erosion and should be increased by 0.1 when till erosion is higher 
than normal and decreased by 0.1 when rill erosion is minimal 
(Renard and Foster 1983). The normal density of rills per unit 
area is not clearly defined. Areas with rill density greater than 1 
per 1 m width across the slope should be considered higher than 
normal and areas with r-ill density of less than 1 per 5 m width 
across the slope should be considered below normal. 

Renard et al. (1974) provided a modification for the USLE to 
address soil loss from channel erosion. A further modification to 
predict individual storm/sediment yield and route sediment from 
small watersheds through large watersheds resulted in the 
Modified USLE (MUSLE) model (Williams 1975). To accom- 
plish this the rainfall/runoff (R) factor was replaced with a term 
that combines storm-runoff volume (Q in m3) and peak-runoff 
rate (qp in m3 set-l). The MUSLE model is defined as: 

A = 9.05 [Q qp)‘.” K L S C P Q 

where sediment yield is given in megagrams for the watershed 
area rather than kilograms per square meter and K has units of 
Mg h/ha N. The other terms are as defined in the USLE. 
Replacing the R-factor increased accuracy in estimating sediment 
yield from single storm events on watersheds (Williams 1977). 
Channel erosion, gully erosion and deposition in impoundments 
must be accounted for separately and either added to or deleted 
from the estimated sediment yield (Williams 1978). 

Revised Universal Soil Loss Equation (RUSLE) 
Advancements in erosion science (i.e., techniques to address 

slopes over 20%. compound slopes, and time varying adjustments 
for soil erodibilities and cover for cropland) since the release of 
the USLE in 1978 were incorporated into the Revised Universal 
Soil Loss Equation (RUSLE) (Renard et al. 1997). The RUSLE 
model maintains the simple linear form of the USLE as a product 
of 6 factors, but subfactors that reflect current knowledge of ero- 
sion science are used to calculate each factor (Tables 4 and 5). 

A new methodology for estimating R-factors for RUSLE based 
on more than 1,000 National Weather Station rain gauges has 
resulted in as much as a 7-fold increase in R-factor estimates. The 
R-factor has been adjusted to account for soil erosion on partially 
frozen soils and on soils with ponded water where the erosivity of 
raindrop impact is reduced. 

The K-factor now accounts for seasonally varying erodibilities. 
Erodibilities are highest in the spring and lowest in mid-autumn 
following rain compaction. Rock fragments in and on the soil sur- 
face are not accounted for in RUSLE. Rock fragments on the soil 
surface are treated as surface cover in the C-factor, while rock in 
the soil profile of coarse-texture soils is assumed to reduce perme- 
ability and is reflected in the K value (Renard and Ferreira 1993). 

The S- and L-factors have been modified for slopes greater 
than 20% and are a function of the soil’s susceptibility to rill ero- 
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Table 4. Comparison of model inputs for climate, soils, and topography componeots of the USLR, RUSLE, and WRPP rangelands erosion models. 

s Model components USLE RUSLE 

Climate Rainfall Energy Rainfall Energy Rainfall Volume 

Rainfall Intensity Rainfall Intensity Rainfall Duration 
Ratio of peak rainfall intensity to average rainfall intensity 
Ratio of time to peak rainfall intensity to rainfall duration 

soii Organic matter Organic matter 
Sand Sand 
Silt silt 
soil structure soil strnctnre 
Permeability Permeability 

Rock fragments 

Frost free period 

Monthly temperature 

Relative humidity 

Frost free period 

Maximum daily air temperature 

Minimum daily air temperature 
Wind velocity 
Wind direction 
Daily solar radiation 
Organic matter 
Sand 

Rock fragments 
Clay 
Cation exchange capacity 
Soil water content 
Saturated hydraulic conductivity 
Interrill erodibility 
Rill erodihility 
Critical sheer 
Depth of horizon 

Topography 

Sloee 

Length of slope 
Angle of slope 

Uniform 

Length of slope 
Angle of slope 

Uniform 

Length of slope 
Angle of slope 
Width of slope 

Uniform 
Complex Complex 

sion relative to intertill erosion. Soil loss is much.more sensitive 
to slope steepness than to changes in slope length (Renard and 
Ferreira 1993). The modified S- and L-factors in RUSLE result in 
generated soil loss values considerably lower than the USLE val- 
ues, although these new algorithms have yet to be verified with 
experimental data. 

The P-factor has been the least defined of all factors for range- 
lands. The P-factors for several mechanical renovation techniques 
have been incorporated into RUSLE and require the user to esti- 
mate the random roughness, surface cover, and reduction in 
runoff as a result of the treatment. 

The C-factor is used both within the USLE and the RUSLE 
models to reflect the effect of management practices (i.e., grazing 
or burning) on cover conditions and erosion rates. The C-factor 
can vary from near zero (for a dense grass area with no exposed 
bare soil) to 1.5 for a freshly disturbed soil surface. The C- and 
K-factors for rangelands can be simulated as time variant or aver- 
age annual over the simulation period. When the time variant 
option is utilized, the RUSLE model computes the C-factor by 15 
day increments. Monthly temperature, average frost free period, 
and a litter decay coefficient are needed when the time variant C- 
factor is utilized. The time variant C-factor is not recommended 
for use on rangelands because the added complexity of defining 
the litter decay coefficient and below-ground biomass over time 
does not increase the accuracy of the estimated erosion rate. A 
brief description of the subfactors contributing to the calculation 

of the C-factor is presented. The C-factor for rangelands is esti- 
mated as: 

C= PLUCCSCSRSM (8) 

where: 
PLU Prior land-use subfactor; 
cc Canopy cover subfactor; 
SC Soil cover subfactor; 
SR Surface roughness subfactor. 
SM Soil moisture subfactor. 

Each of these subfactors in turn is expressed by an equation so 
that a value can be computed for most rangeland situations. 

The prior land-use subfactor is based on the time since last dis- 
turbance, root biomass and buried organic material in the upper 
100 mm of the soil. The canopy cover subfactor is related to the 
fractional cover of the soil surface provided by above-ground 
plant biomass and the height that raindrops fall after leaving the 
plant and impacting the soil surface. The soil surface cover sub- 
factor is related to the fractional cover of the soil surface that is 
covered by non-eroding material (basal area of plants, rocks and 
organic litter). The surface roughness factor is based on the ran- 
dom roughness of the soil surface and the root biomass in the 
upper 100 mm of the soil. The soil moisture factor was included 
to address unique erosion problems of croplands in the 
Northwestern Wheat and Range Region of eastern Oregon, 
Washington, and Idaho and should not be used on rangelands 
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(SM set to 1 .O for rangelands). A complete description of the sub- 
factor equations is provided by Renard et al. (1997) and Weltz et 
al. (1987). 

The RUSLE model was compared to the USLE for 3 different 
soil-vegetation assemblages using a large rotating boom rainfall 
simulator on the USDA-ARS Walnut Gulch Experimental 
Watershed near Tombstone, Ariz. (Weltz et al. 1987). Three sur- 
face conditions were evaluated: natural vegetation; clipped plots 
where all standing vegetation was removed; and bare plots where 
all above ground biomass and surface cover was removed. Both 
dry and wet soil moisture conditions were evaluated twice a year 
(spring and fall) over a Cyear period. The regression coefficients 
of predicted versus observed erosion for the different model com- 
parisons were used to evaluate the different models (Table 6) and 
indicate that the models were similar in predicting soil loss. In 
each instance, the slope of the line is less than unity, demonstrat- 
ing that the predicted values of soil loss were substantially less 
than the measured values. 

In a similar comparison Renard and Simanton (1990) evaluated 
the USLE and RUSLE models at 17 sites in 7 western states 

using the procedures described above. The differences in the 
comparisons between the 2 models involve the K-, LS-, and C- 
factors. They concluded that RUSLE did a better job of estimat- 
ing soil loss than USLE for naturally vegetated and clipped plots 
although both models were poorly correlated with actual soil loss. 
Both RUSLE and USLE gave improved soil loss estimates when 
the bare soil treatments were included in the analysis with the 
vegetated and clipped treatments. However, as in the previous 
study, the slope of the line was less than unity for the RUSLE 
model, demonstrating that the predicted values of soil loss were 
substantially less than the measured values. 

Benkobi et al. (1993a), working with rainfall simulation from 1 
m2 plots on a sagebrush-grassland area in Idaho, reported that 
RUSLE significantly underestimated soil erosion and the slope of 
the line was near zero indicating a very poor relationship between 
measured and predicted soil loss. They replaced the surface cover 
subfactor (SC) with a multiple regression equation based on litter 
and rock cover in an attempt to improve prediction of soil loss. 
This new equation did not substantially improve the estimate of 
soil erosion, and both versions of RUSLE significantly underesti- 

Table 5. Comparison of model inputs for plant community and management practice components of the USLE, RUSLE, and WRPP rangeland erosion 
models. 

Model components USLE 

plant communityl canopy cover 

RUSLE 

Canopy cover 

WEPP 

Canopy cover coefficient 
Ground cover’ 
Plant height 
Type of roots 

Fall height 

Bare soil3 
Standing biomass 
Root biomass 
Random roughness 

Rock cover 

Management 
Litter decay coeffecient 
Mechanical 

Rock fragments 
Hydrologic group 
Surface roughness 
Surface cover 
Strip cropping 
width of field 
slope along ridge 

Terraces 
spacing 
bottom slope 

Plant height 

Standing biomass 
Root biomass 
Random roughness 
Distance between plants 
Canopy diameter 
Litter biomass 
Rock cover 
Cryptogam cover 
Leaf area index coefficient 
Drought tolerance coefftcient 
Carbon nitrogen ratio of litter 
Root turnover coefftcient 
Minimum temperature for growth 
Maximum temperature for growth 
Potential plant productivity 
Day of peak standing crop 
Litter decay coeffecient 
Grazing 

Animal weight 
Animal number 
Change in accessibility 
Digestibility 
Grazing period 
Supplemental feed 

Burning 
Biomass removed 
Accessibility 
Change in net primaty productivity 

Herbicide 
Percent kill 
Change in net primary productivity 
Change in accessibility 

l Witb the LJSLE and RUSLE models, only one plant community can be evaluated. With the WEPP model, up to 10 plant communities can be evaluated on each hillslope. 
*USLE gotmd cover is usually cottsidered to be litter cover only. 
3RUSLE ground cover includes litter, rocks, gravel, cryptogams, and basal plant area. 
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Table 6. Comparison of RUSLE aad USLE soil loss predictions to observed soil loss on rangelands. 

Surface condition RUSLE USLE 

Surface cove9 Soil Moist& No. of plots Slope ? Slope l-2 Data source 

Bare Dry and Wet 94 0.11 0.52 0.64 0.53 Welt2 et al. (1987) 
Bare, clipped Dty and Wet 190 0.77 0.17 0.66 0.70 Weltz et al. (1987) 
and vegetated 
Clipped and Dry and Wet 181 1.06 0.36 0.39 0.08 Renard and Simanton (1990) 
vegetated 
Bare, clipped Dry and Wet 181 0.69 0.66 0.91 0.62 Renard and Simanton (1990) 
and vegetated 
Vegetated D’Y 11 0.11 0.67 Benkobi et al. (1993a) 
Vegetated3 Dry 11 0.06 0.81 Benkobi et al. (1993a) 
Vegetated Wet 11 0.03 0.14 Benkobi et al. (1993a) 
Vegetated3 Wet 11 0.03 0.50 Benkobi et al. (1993a) 

‘The bare treatment had all vegetation and ground cover removed, the clipped tnatment had all standing vegetation removed, and vegetated is the the natural condition of the site. 
*Soil moisture refers to the antecedent moistore condition of the soil surface: dry refers to the soil surface at about wilting point conditions, and wet is 24 hrs after fust rainfall simula- 
tioo with the soil surface at about field capacity. 
%odified surface cover subfactor for RUSLE model. 

mated soil erosion (Table 6). Soil loss was most sensitive to 
changes in values of the slope steepness and slope length factors 
(Benkobi et al. 1993b). 

Water Erosion Prediction Project (WEPP) 
The Water Erosion Prediction Project (WEPP) model is a 

process-based erosion simulation model that operates on a daily 
time step (Nearing et al. 1989, Flanagan and Nearing 1995, 
Flanagan and Livingston 1995). This allows the incorporation of 
temporal changes in soil erodibility, management practices, 
above and below-ground biomass, litter biomass, plant height, 
and canopy and ground cover in the prediction of soil erosion. 
Linear and nonlinear slope segments, multiple soil series, and 
multiple plant communities within a hillslope can be represented 
with the model. The WEPP model can be applied under many 
rangeland conditions where water erosion occurs, including con- 
centrated flow channels ranging in size from l-2 meters in width 
by 1 meter in depth. Stream-bank sidewall sloughing and head 
cutting in gullies are not addressed in the WEPP model. 
Model component 3 The rangeland version of the hillslope 
model can be divided into 7 conceptual components: climate, 
topography, soils, hydrology, erosion, management, and plant 
growth and decomposition (see Tables 4 and 5 for a list of model 
inputs). The hydrology component utilizes the Green and Ampt 
equation to calculate infiltration. A semi-analytical solution of the 
kinematic wave equation is used to route rainfall excess (runoff). 

The erosion component of the model uses a steady-state sedi- 
ment continuity equation to predict the movement of suspended 
sediment in a rill (Nearing et al. 1990): 

!E= Df’ Di (9) 

where x represents distance downslope (m), G is sediment load 
(kg set-l m-l), Df is till erosion rate (kg set-l m-2), and Di is 
interrill erosion rate (kg set-l me2). Rill erosion is positive for 
detachment and negative for deposition. Net soil detachment in 
rills is calculated for the case when hydraulic shear stress exceeds 
the critical shear stress of the soil and when sediment load is less 
than sediment transport capacity. Rill detachment is calculated as: 

Df=Dc(l-a (10) 
Tc 

where Dc is detachment capacity by concentrated flow (kg set’ m*), 
and Tc is sediment transport capacity in the t-ill (kg se& me*). 
When hydraulic shear stress exceeds critical shear stress for the 
soil, detachment capacity (Dc), is calculated as: 

DC = K, CTf- T,) (11) 
where K, (set m-1) is a rill erodibility parameter, Tf is the flow 
shear stress acting on the soil particles (Pa), and Tc is the t-ill 
detachment threshold parameter (or critical shear stress) of the 
soil (Pa). Net deposition in the till is computed when sediment 
load (G) is greater than sediment transport capacity (Tc). Interrill 
erosion is a function of baseline interrill erodibility (Ki), rainfall 
intensity (I), average unit discharge of runoff from interrill areas 
over time of excess rainfall (qi) (m2 set-I), weighted interrill sed- 
iment delivery ratio based on roughness (Ri)(unitless), canopy 
cover (C), ground cover (G), till spacing (Rs), rill width (Rw), 
and is calculated as: 

Di = Ki I qi RiC G (R,~ 

R, 
(12) 

The relationships developed to calculate Kr and Ki and the 
effect of canopy and ground cover on rangeland soil erosion are 
discussed in detail by Lane and Nearing (1989), Laflen et al. 
(1991a, 1991b), Simanton et al. (1991), and Weltz et al. (1997). 

Plant growth is simulated as a function of temperature and soil 
water content. Historical climate data or data stochastically gen- 
erated by CLIGEN (Nicks and Lane 1989), a weather generator 
that has been parameterized to yield a weather sequence for near- 
ly 1,000 stations in the United States, can be utilized. The soil- 
water balance is updated as a function of daily evapotranspira- 
tion, precipitation, runoff, and drainage. The growth rate of 
above-ground biomass for rangeland plant communities is simu- 
lated by using a potential-growth curve, which is defined with 
either a unimodal or a bimodal distribution of plant growth 
(Alberts et al. 1989, Weltz and Arslan 1990). The potential- 
growth curve represents the aggregate total production for the 
plant community. The flexibility of the potential-growth curve 
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permits description of either a warm or cool-season plant commu- 
nity or a combination of the 2 communities. Plant parameters cal- 
culated by daily simulation include canopy height and cover, 
above-ground standing biomass, plant density, leaf area index, lit- 
ter mass and cover, basal plant cover, rock and cryptogam cover, 
total ground cover, root biomass, and root distribution with depth. 

The model provides 4 management options within the rangeland 
component: grazing, fire, herbicide application, and complete pro- 
tection. The user can define the type, severity, and timing of the 
management activity to be simulated. A hillslope within the model 
can be subdivided to represent 10 overland flow planes. Each 
overland flow plane can represent a different soil type, vegetation 
community, or management activity. Multiple hillslopes can be 
defined to comprise a watershed. This versatility allows the user to 
represent a wide range of management practices. 

The grazing option allows for as many as 10 rotations of live- 
stock within a year on each overland flow plane and livestock can 
be rotated from one hillslope to another or within a hillslope. The 
user can control the weight and number of animals to represent 
either domestic livestock or wildlife. The effect of grazing is rep- 
resented by removal of standing biomass with a corresponding 
reduction in canopy and basal plant cover. Grazing increases 
transfer of standing dead biomass to litter. Trampling by live- 
stock alters the hydraulic roughness of the soil surface through 
the interaction of the amount and type of ground cover. It is the 
interactions of vegetation and surface cover with runoff that 
determine soil erosion and deposition across the landscape. 

The watershed option of the WEPP model will estimate soil 
loss and deposition from one or more hillslopes within a watershed. 
With the watershed option, unique climate and rainfall distributions 
can be assigned to each hillslope to represent spatially and tempo 
rally varying rainfall. The model computes sediment delivery from 
small watersheds and computes sediment transport, deposition and 
detachment in small channels and impoundments within the 
watershed. The watershed model can be used to identify zones of 
soil loss and soil deposition on the hillslope, within channels and 
gullies, and estimate sedimentation of livestock ponds. 

The WEPP watershed model is limited to “field size” areas. For 
rangelands, this area is estimated to be about 800 ha. There are no 
explicit limits on size of watershed to which the model can be 
applied, rather, the user must exercise judgement based on the 
dominant erosion process. The model does not simulate either 
baseflow or overbank flooding. The model will have limited use in 
riparian areas where shallow ground water tables influence runoff, 
plant growth, and plant community dynamics. The model does not 
address soil erosion effects from springs or seepage areas. 
Model evaluation Soil erodibility for the WEPP model is con- 
ceptually different from soil erodibility as defined for the USLE 
and RUSLE. Soil erodibility within the USLE combines infiltra- 
tion, runoff, and soil detachment processes of rainfall and flowing 
water, and is averaged over space and time. Within WEPP soil 
erodibility is separated to represent soil erosion by rainfall 
detachment (interrill erodibility) and detachment by flowing 
water (till erodibility and critical shear stress). The basic erodibil- 
ity design used in the WEPP field studies included a bare treat- 
ment whereby the soil surface was scalped to a depth of 5 mm 
and all rock and biomass was removed. Slope steepness ranged 
from 5 to 15% and slope length was 10.7 m. In addition, 4 small 
(about 1 m*) interrill plots were evaluated (Simanton et al. 1987). 
Interrill erodibilities were determined by measuring erosion rates 
and dividing these by the square of rainfall intensity. Interrill 

erodibility (kg set-1 me4) is highly variable on rangelands and 
varied by a factor of 174 (Laflen et al. 1991b). 

With the experimental design used by Laflen et al. (199lb) and 
by Simanton and Renard (1985) to develop WEPP erodibilities, 
only total sediment yield at the end of the plot was measured. 
There was no direct measurement of the contribution of soil loss 
from either till or interrill erosion processes on the natural plots. 
Only 1 site had noticeable rills before or after the rainfall simula- 
tion treatments (Simanton et al. 1991). To determine till erodibili- 
ty and critical shear stress, an iterative optimization scheme was 
used (Page et al. 1989). Rill erodibility and critical shear stress 
varied by factors of 75 and 190, respectively (Laflen et al. 
1991 b). To determine till erosion on rangeland required that soils 
be tested in standard condition; hence the bare treatment. It was 
recognized that the bare treatment utilized in these experiments 
was not equivalent to naturally occurring bare soil because of the 
disturbance of surface crusts and prior interactions with plants. 

The WEPP model has been evaluated for numerous rangeland 
situations in the western United States. The model has been 
shown to give good results in predicting runoff volume and peak 
discharge in the southwest. Evaluation of the hydrologic compo- 
nent of the WEPP model for semi-arid desert shrub and grassland 
unit source watersheds on the USDA-ARS Walnut Gulch 
Experimental Watershed showed that the model does a good job 
in fitting observed and predicted runoff volume and peak dis- 
charge (Stone et al. 1992, Tiscareno-Lopez 1994). Data from the 
USDA WEPP rangeland field experiments (Simanton et al. 1991) 
were used to test the model’s ability to predict sediment yield at 
16 locations in the western United States (Kidwell 1994). The 
WEPP model predicted runoff volume and peak discharge within 
2% of the observed data and sediment yield within 16% of 
observed sediment yield. 

Mokhothu (1996) evaluated the WEPP watershed option on the 
1.9 ha Kendall sub-basin of the USDA-ARS Walnut Gulch 
Experimental Watershed. The study assessed the effects of scale 
on distributed water erosion parameters such as intenill and rill 
erodibility and predicted sediment yield. To accomplish this, the 
watershed was split into 1, 2, 3, 6, 8, and 10 contributing hill- 
slopes using geostatistical analysis on data collected on a 20 m 
grid over the entire watershed. Block kriging was used to split the 
watershed into cascading planes composed of hillslopes and over- 
land flow elements based on measured vegetation characteristics. 

Distribution of vegetation parameters by multiple hillslopes to 
represent the measured variability did not improve the prediction 
of runoff and sediment yield at the watershed outlet. However, 
averaging vegetation estimates for a single plane watershed con- 
figuration gave poorer results for predicted runoff and sediment 
yield than did higher hillslope configurations. The WEPP model 
produced plausible results for runoff volume, peak discharge, and 
sediment yield when the number of hillslopes was increased from 
the 1 to the 8 hillslope watershed configuration. No further signif- 
icant improvements were realized under the 10 hillslope conligu- 
ration. The erratic nature of predicting sediment yield was attrib- 
uted to the fact that the WEPP model does not address the tempo- 
ral variability of till and interrill erodibility parameters during 
continuous simulation as well as the model’s limitations in repre- 
senting the spatial variability that occurs on rangelands. 

Weltz et al. (1997) evaluated sediment yield estimates from the 
WEPP model with data collected from rainfall simulation and soil 
erosion experiments conducted on 20 rangeland sites from a wide 
range of soil and vegetation types across the western United 
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States. One hundred and twenty rainfall events were used to test 
the WEPP model under 2 scenarios: i) the rangeland option and 
ii) using adjustments to the interrill erodibility from the cropland 
option. Total sediment yield values for each event were compared 
with the WEPP model predicted sediment yield. The results indi- 
cate that the current WEPP rangeland option underestimated sedi- 
ment yield while the cropland option significantly overestimated 
sediment yield on rangelands. 

A limitation with the WEPP model is that the model does not 
have feedback mechanisms between the simulated climate or the 
management option and the plant growth model. The plant 
growth model operates under steady state assumptions. The 
model does simulate reduced plant growth as a function of 
drought stress within a year but there are no carry-over effects to 
future years to simulate death rates or alterations in species abun- 
dance as a function of natural or anthropogenic stress. The same 
potential growth rate is maintained regardless of the previous 
stress applied to the plant community. This limitation needs to be 
recognized or unrealistic results may be attained when using the 
grazing option of the model under continuous simulation, where- 
by it is very possible to configure a grazing scenario that will 
result in different potential growth rates or even different plant 
communities using heavy continuous stocking rates. 

The lack of feedback mechanisms between soil loss and plant 
growth in WEPP and almost all other simulation models that are 
used to estimate soil loss on rangelands is a further problem. 
Using the continuous simulation option of the WEPP model, a 
management scenario could easily be constructed that would 
result in sustained plant growth even though estimated soil loss 
was significantly greater than the estimated Natural Resource 
Conservation Service (NRCS) published soil loss tolerance (T) 
value for the site. We could find no published work that directly 
measured soil loss and its effect on plant productivity or the sus- 
tainability of rangeland ecosystems that would validate the NRCS 
concept of T for rangelands. Significant new research needs to be 
initiated that relates soil and associated nutrient loss to site sus- 
tainability before these types of interactions can be incorporated 
into continuous simulation models like WEPP. 

Next Generation Research Needs 

Data Collection 
Predicting erosion processes has progressed rapidly since the 

development of computers and introduction of a wide range of 
soil erosion models have been developed. To utilize these models 
and to develop new alternative models that better reflect the feed- 
back mechanism between soil erosion and sustainable land use 
require that new data and new methods for data collection, stor- 
age, and retrieval by users be developed that are cost effective 
and efficient to implement. This requires that several new base- 
line abiotic and biotic variables be collected: plant height; dis- 
tance between plants; canopy diameter, canopy cover, and above- 
ground standing biomass by functional plant group (i.e., annual, 
sod- or bunchgrass, half-shrub) that are based on relationships to 
erosion and not forage characteristics; litter biomass and the dis- 
tribution of litter (under plant canopy or in the interspaces); rock 
cover; cryptogamic cover by functional group (i.e., lichen or 
moss); size and connectivity of bare soil patches; percentage of 
bare soil that is exposed to direct raindrop impact versus bare soil 
under plant canopy; random roughness; and the abundance and 
size distribution of roots by class in the surface 10 cm of the soil. 

On rangelands most runoff and soil erosion are generated from 
bare soil interspaces rather than from vegetated coppice dunes or 
vegetation patches. Hillslopes with identical average exposed 
bare soil will have significantly different erosion rates depending 
on the spatial distribution of the bare soil. Bare soil beneath 
canopy cover is protected from raindrop impact and has a very 
low probability of being detached and contributing to sediment 
yield from the hillslope. The distribution and connectivity of the 
bare soil interspaces and vegetation patches are more important 
than the absolute amount of bare soil in determining potential 
runoff and soil erosion rates. 

Rill erosion are initiated in the bare soil interspaces when the 
runoff velocity (hydraulic shear force) exceeds the resistance of 
the soil. For the rill erosion process to continue downslope, a cas- 
cading series of bare interspaces must exist and not be intercepted 
by vegetated patches for the entrained sediment to contribute to 
total sediment yield measured at the base of the hillslope. Runoff 
intercepted by vegetated patches can decrease runoff volume 
through either direct reduction in runoff volume, higher infiltra- 
tion rates and capacity of the vegetated patch, or by providing 
detention storage areas for runoff generated from the bare inter- 
spaces. Each of these processes provides a negative feedback to 
the erosion process by reducing the velocity of the runoff. The 
reduced velocity results in deposition of entrained sediment 
because the transport capacity of the runoff has been exceeded. 
Erosion is further constrained because the reduced velocity 
inhibits the runoff water’s ability to detach additional soil parti- 
cles downslope. 

Traditionally vegetation properties have been estimated using 
located line-intercept methods, belt-transect, or point-intercept 
methods, or by sampling quadrats. These methods involve mea- 
suring vegetation properties along randomly determined strips, 
lines, belts, or quadrats across the landscape. Soil erosion is a 3- 
dimensional process and therefore spatially distributed data col- 
lection techniques, at a minimum in 2 dimensions (across the hill- 
slope and down the hillslope), need to be developed if we expect 
to make significant improvement in estimating soil erosion at the 
hillslope, watershed, or landscape scale. 

Rainfall Simulators as a Tool to Measure Soil Erosion 
Rainfall simulators are probably the most common tool used to 

evaluate the interaction between management practices and abiot- 
ic and biotic factors to measure soil erosion on rangelands. 
However, current rainfall simulators have several limitations and 
disadvantages: the expense involved in their construction and 
operation; cost and logistics of supplying water to remote loca- 
tions; most simulators do not produce drop-size distributions that 
are representative of natural storms; most simulators can not 
replicate the temporal variability of rainfall intensity within a 
storm; steep slopes (> 15%) may not be able to be sampled by 
trailer or truck mounted simulators; ecosystems with plants 
greater than 3 m typically can not be sampled due to limitations 
in the height at which the simulators can be safely operated; and, 
areas treated are small (1 m2 to 40 m2) and may not be represen- 
tative of the spatial gradient of soil and vegetation associations 
down a hillslope or represent all soil erosion processes. 

Small plot (I 1 m2> rainfall simulators only address interrill ero- 
sion processes and do not address soil detachment by concentrated 
flow, sediment transport, or deposition processes. Large plot (> 30 
m2) rainfall simulators have been used to address both t-ill and 
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interrill erosion with limited success (Simanton et al. 1985, 
Simanton et al. 1991, Simanton and Emmerich 1994, Goff et al. 
1992, Hart et al. 1985, Abrahams et al. 1991). Large plots inte- 
grate the coppice dune and interspace areas found on rangeland 
and provide a mean erosion response for the hillslope. However, 
the applied rainfall energy is less than the expected energy from 
convective thunderstorms which results in less rilling than 
expected from natural rainfall events. Furthermore, with current 
technology and experimental designs, there is no way to identify 
or validate the rate of soil loss from different contributing areas 
(shrub coppice dune vs. interspace) or to determine which erosion 
process (i-ill vs interrill) generates the soil loss. 

Despite the limitations of existing rainfall simulators for repro- 
ducing natural rainfall events, their advantages for performing 
artificial, but controlled and replicated experiments in a cost- 
effective manner over a short time period necessitates their use in 
obtaining many hydrologic and soil erosion parameter values. 
When rainfall simulators are used in conjunction with long-term 
monitored plots and watersheds using natural rainfall events, the 
resulting information is helpful in understanding the interaction 
between abiotic and biotic relations and soil loss on rangelands. 
New modular, programable, variable intensity rainfall simulators 
that can reproduce the natural variability in rainfall energy and 
intensity (25 to 200 mm/hr), function on slopes with gradients > 
40%, and slope lengths > 20 m are required if we expect to fully 
understand and predict hydrologic and erosion processes at hill- 
slope and watershed scales on rangelands. 

Databases 
To be widely applied, erosion prediction technology must be 

usable by technicians at the field level. To meet this objective, the 
technology must encompass an integrated system of tools on 3 
levels: database generation, user interface, and simulation mod- 
els. National relational databases that contain climate, soils, 
topography, land-use, management-practice, and vegetation data 
are required to implement the new generation of erosion-simula- 
tion models. These natural resource databases will allow uniform 
application of erosion technology by all user groups at the local, 
county, state, and national levels. Development of a national 
rangeland database will avoid duplication of effort and time in 
collecting and maintaining separate databases. 

One approach which should be investigated is the use of expert 
or knowledge-based systems tb generate the required model para- 
meters. Plant-growth and litter-decay coefficients arc only avail- 
able for a few plant communities. Knowledge based systems that 
can communicate with the user and translate their knowledge into 
model parameters are required before complex erosion models 
can be implemented uniformly across the United States or in 
other countries. The process of building national rangeland plant- 
growth, soils, and climate databases must include research objec- 
tives that incorporate spatial and temporal variability and mecha- 
nisms to address scaling parameters from plots to hillslopes to 
entire watersheds. In addition, funding and resources need to be 
assigned to implementing training and technology transfer to suc- 
cessfully deliver this new generation of simulation models. 

Landscape Surface Description 
Environmental changes in the West are exemplified by vegeta- 

tion changes from grasslands to shrublands (Branson 1985). This 
conversion has resulted in substantially increased erosion rates 
and major impacts on landform stability and geomorphic process- 
es (Parsons et al. 1996). Most of the current methods of estimat- 

ing soil loss and surface runoff assume uniform distributions of 
vegetation and surface cover across the landscape. Techniques to 
describe the distributions of vegetation and the rates of change in 
both spatial and temporal scales of plant species, plant canopy, 
and surface cover are required before significant improvements 
can be developed and validated in the modeling of ecosystem 
dynamics at either the field or watershed scale to predict surface 
runoff and soil erosion. 

The role of other properties of surface soil crusts (chemical or 
physical) needs to be better defined in all erosion models. 
Methods are needed for predicting which soils crust and the 
degree to which the sealing affects infiltration rates and interrill 
and rill erodibilities for different soils. Temporal changes in crusts 
and their effect on infiltration and soil erosion after drying and 
cracking, freezing and thawing cycles, and emergence and estab- 
lishment of seedlings must also be addressed for future soil ero- 
sion modeling efforts. 

Soil and Plant Parameters 
Technologies for modeling runoff and soil loss have greatly 

improved, but improvements in model accuracy are often lost in 
the techniques used to estimate model parameters (e.g., infiltra- 
tion, interrill and till detachment parameters, and their temporal 
and spatial variations). Improvements in model parameter estima- 
tion techniques and our understanding of the interactions between 
vegetation, soil, and grazing practice induced temporal and spa- 
tial variability are required before the full potential of our hydro- 
logic and erosion modeling capabilities are achieved. For 
instance, no model currently addresses the enrichment of surface 
rock cover (formation of erosion pavements) as a function of soil 
erosion processes. Fundamental research is needed to develop 
field techniques to describe and predict the effect that rock frag- 
ments have on rangeland infiltration rates, rate of soil loss, and 
rate of erosion pavement formation. 

None of the existing soil erosion models represent contribu- 
tions of individual species to canopy or litter cover or separate the 
influence of species or functional plant groups on infiltration, 
runoff, and erosion rates within a plant community. Most of these 
models can be configured to represent the differences between 
plant communities, but not the contribution of individual plant 
species within a community. Research needs to be initiated to 
incorporate species composition, species replacement, and feed- 
back mechanisms that result in changes in soil and hydrologic 
properties: soil texture, organic matter, root distribution, macrop- 
orosity, bulk density, aggregate stability, and interrill and rill 
erodibility. If future hydrology and erosion models are going to 
predict the effect of land management practices on erosion, they 
need to address the physical processes and mechanisms that drive 
the soil erosion processes. 

Statistical Analysis 
Natural processes are inherently variable. The deterministic 

models reviewed here do not provide information on the reliabili- 
ty of predicted output. Information is needed to determine the 
confidence limits for erosion predictions generated by continuous 
simulation erosion models. Research needs to be done whereby 
the change in the selected input parameter could be related to a 
change in the predicted output variable. New research should be 
undertaken concerning the construction of confidence intervals 
on predicted sediment yield for all types of erosion models. This 
would allow the probability of meeting specified soil-loss toler- 
ance levels for a given management system to be calculated at a 
specific significance level. 
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soil Erodibity 
The ability to conceptualize and develop erosion models has 

exceeded the ability to design and quantify the component 
processes of interrill and rill erosion with traditional rainfall sim- 
ulation field experiments. With 2 unknowns (soil detachment 
from interrill and rill erosion processes) and only 1 known value 
(total sediment yield), there is no direct way to validate the ero- 
sion process and determine if erosion models are correctly pro- 
portioning the sediment yield measured on rangelands from nat- 
ural plots. Field experiments need to be designed to directly allow 
for internal validation of soil detachment from intenill and rill 
erosion process simultaneously to fully validate process based 
erosion models. Limitations with current data collection methods 
prevent full evaluation of any erosion model which addresses 
both rill and interrill processes to determine if the under-predic- 
tion or over-prediction of sediment yield on rangelands is the 
result of representing the erosion process with inappropriate func- 
tional equations or if the limitation is in having an adequate sam- 
ple size to address the variability in soil erodibility of native 
rangelands. The current form of the inter&l erodibility equations 
does not capture the inherent differences in soil erodibilities that 
result from chemical interactions (e.g., dispersability of the soil 
as a function of sodium content). New equations and/or adjust- 
ment factors need to be explored to account for chemical as well 
as physical factors that affect erodibility of rangeland soils. 
Fundamental research is needed to determine under what rainfall 
intensities, storm duration, slope length, and slope steepness con- 
ditions rilling of rangeland soils will occur. 

The concept of the unit fallow bare plot from repeated plowing 
as used in cropland to define baseline soil erodibility does not 
apply to rangelands. Interrill soil erodibilities on a single phase of 
a Pierre soil series near Cottonwood, S. Dak. and a Woodward 
series near Woodward, Okla. under different historic land uses 
(cropland and grazed rangelands) were compared (Weltz et al. 
1997). The cropland baseline soil erodibility was calculated from 
fallow plots in the soil’s most erosive state (i.e., immediately fol- 
lowing plowing) (Laflen et al. 1991b). The severity of this treat- 
ment removed any residual influence of previous soil consolida- 
tion, land use, and vegetation. The baring of the soil surface 
under different rangeland treatments resulted in variable distur- 
bance for similar phases of a soil series due to the variation in 
vegetation (both type and amount) and rock content of the soil. 
This treatment causes non-reproducible experimental results for a 
given phase of a soil series and does not necessarily produce the 
most erosive state of the soil series. The residual root biomass 
and organic matter left in the soil after baring rangeland plots 
greatly influences the baseline soil interrill erodibility. However, 
there is currently no way to separate the historic and current veg- 
etation influence, land use, and management effects from the 
inherent soil interrill erodibility. 

Soil erodibilities measured during rainfall simulation experi- 
ments conducted at various rangeland sites varied yearly and 
depended on vegetation and soil type (Simanton and Emmerich 
1994). Time related changes in erosion rates on rangelands need 
to be evaluated over a multi-year period using multi-plot studies. 
Biotic factors, both flora and fauna, significantly influence the 
variability of soil interrill erodibility and need to be considered 
before the interactions between soil interrill erodibility and soil 
erosion on rangelands can adequately be defined. Until tech- 
niques are developed to define the inherent soil interrill erodibili- 

ty independent of vegetation and land use influences, the ability 
to significantly improve soil erosion estimates on rangelands will 
not be achieved. 

Summary 

Development of improved erosion technology will require the 
development of new methods to represent the spatial and tempo- 
ral variability of landscape surfaces. Furthermore, the develop- 
ment of expert systems is required to provide default plant- 
growth and soil erodibility coefficients to effectively use and 
implement continuous-simulation models like WEPP. New 
research techniques to quantify rill initiation and propagation are 
required before significant improvements in estimating soil ero- 
sion on rangelands can be achieved and incorporated into existing 
and future erosion models. To apply new process-based erosion 
technology, basic research is needed for modeling the interactions 
and feedback mechanisms of plant communities and landscape 
ecology to identify when accelerated soil erosion will result in 
unstable plant community dynamics. With the new generation of 
erosion simulation models, the statistical probability that a specif- 
ic land-use practice will exceed a specific soil-loss tolerance 
value can start to be addressed. 
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Abstract 

The rough fescue grasslands are important for livestock graz- 
ing as welI as other values such as wildlife habitat, recreational 
opportunities, and watershed properties. The impact of livestock 
on these grassbuds must be better understood in order to man- 
age graziug for optimal use of the resource. A study was conduct- 
cd from 1992 to 1994 on the rough fescue grassland near Stavely, 
Alberta, to determine forage selection by cattle in the winter and 
summer and the effect of canola supplementation on forage selec- 
tion. Twelve 1.7-ha paddocks were stocked with 2 cows 
(Hereford) at 32 animal-units-months ha-l in winter; canola sup- 
plements (0.0,0.4,0.8, and 1.2 kg animal-l day-l) were applied in 
a randomized complete block design. Three additional 1.7-ha 
paddocks were simiirly stocked but grazed in the summer witb- 
out canola supplements. Forage availability, utilization, and rela- 
tive preference were estimated for 4 major plant species. In both 
winter and summer, rough fescue (Festuca campestris Rydb.) was 
utilized most (P < 0.05) and Idaho fescue (Festuca idahoensis 
Elmer) and smooth aster (Aster laevti L.) were utilized the least. 
Of total forage utilized, rough fescue and Parry oat grass 
(Danthonia panyi Scribn.) contributed about 90 and 9 % , respec- 
tively, in winter and about 62 and 32 % , respectively, iu summer. 
In summer, Parry oat grass was utilized in proportion to its 
availability. Rough fescue was the preferred species in both win- 
ter and summer. Percent forage utilization in winter was not 
affected by supplementation with canola. The high preference for 
rough fescue appeared to be determined by the accessibility of 
the large tufted plants to cattle. Tbis was particularly evident in 
winter when access to plants was impaired by snow cover. 
Successful winter grazing on these grasslands is enhanced with a 
large proportion of rough fescue plants in the stand. 

Key Words: Festuca campestris, Festuca iabhoensis, Aster Levis, 
Danthonia panyi, species preference 

Climax communities of the rough fescue grasslands are domi- 
nated by rough fescue (Festuca campestris Rydb.) in southern 
Alberta. Rough fescue is sensitive to grazing during the growing 
season (Willms et al. 1985) but tolerates grazing in winter. 
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Therefore, winter grazing by livestock could be practiced both to 
protect the grasslands and reduce the cost of winter feeding. 

The value of grasslands for winter grazing is dependent on for- 
age availability and quality. In winter, the crude protein content 
and digestibility of forage are similar among species on the rough 
fescue grasslands (Johnston and Bezeau 1962, Bezeau and 
Johnston 1962). Chemical differences among herbage species are 
smaller after senescence than during the growing season suggest- 
ing that palatability among species might be more similar in win- 
ter than summer. Consequently, forage selection by herbivores in 
winter will be determined primarily by species availability in a 
strategy to maximize feed intake (Westoby 1974). 

The effect of grazing on the plant community may be altered by 
supplying supplements to cattle. Supplementation with crude pro- 
tein is a recommended practice for cattle on winter range 
(DelCurto et al. 1990) that may also lessen their forage selectivity 
by reducing malaise imposed by nutrient-deficient diets 
(Provenza 1995). 

The rough fescue grasslands are important for livestock grazing 
as well as other values such as wildlife habitat, recreational oppor- 
tunities, and watershed properties. The impact of livestock on these 
grasslands must be better understood in order to manage grazing 
for optimal use of the resource. Therefore, a study was conducted 
to determine forage selection by cattle grazing rough fescue grass- 
land in the winter and summer and to evaluate the effect of supple- 
mentation with canola meal on forage selection in winter. 

Methods 

The study was situated on rough fescue grasslands at the 
Agriculture and Agri-Food Canada Range Research Substation 
west of Stavely, Alberta (50”12’N, 113”54’W). Fifteen paddocks 
(1.7 ha each) were constructed on grassland that had been infre- 
quently grazed during the previous 50 years and had received 
only light grazing pressure in any year. Rough fescue was the 
dominant species and the grassland was in excellent condition 
(Wroe et al. 1988). 

Grazing Animals 
A crude protein supplement, based on canola meal with miner- 

als to achieve a level of about 32% CP dry matter basis, was ran- 
domly allocated to 4 treatments (0, 0.4, 0.8, and 1.2 kg day-t per 
animal) among 12 paddocks (1.7 ha each) in a randomized com- 
plete block design with 3 replications. Two pregnant Hereford 
cows were assigned to each paddock for a Z-month period from 1 
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December to 31 January in each of 3 consecutive years. In a sec- of grass, by species, before and after grazing. The contribution of 
ond experiment, 3 other paddocks were stocked with 2 Hereford smooth aster was determined from total plant numbers and an 
cow-calf pairs in summer, between late June and early average plant weight determined from 10 randomly selected 
September, for a 2-month period to compare with forage selec- plants at tbe site. Dry matter disappearance was estimated for 
tion in winter. The stocking rate averaged 3.3 AUM ha-1 and var- each species as the difference in weight before and after grazing. 
ied from 3.2 to 3.4 AUM ha-* among years depending on cow Indices of forage preferences were calculated from dry matter 
weight. The cows were from the same herd each year and reran- disappearance from each species as a proportion of the amount of 
domized among treatments. that species on the range (Kreuger 1972). 

During winter grazing, the cows used snow for their water sup- 
ply and water was delivered to a trough when snow was unavail- 
able. A wind barrier (5 m wide X 2 m high) was constructed from 
spaced boards in each paddock to provide protection for the ani- 
mals and to capture snow. 

Feeding Survey in Relation to Snow Cover 
Six surveys were made of feeding behaviour in the winter of 

1992/93 when snow cover was persistent and deep. At each sur- 
vey, a single transect was defined across tbe width of each pad- 
dock. Seven observation points were established at predetermined 
intervals where estimates were made of snow depth, snow cover, 
species utilized, and proportion of grazed area. Snow depth was 
estimated as the average of 5 measurements. All other estimates 
were made visually within about a 10-m radius. 

Forage Selection 
Forage standing crop was determined with both a clipping and 

a non-destructive technique. Eight randomly distributed plots (0.5 
m2) were clipped before grazing in each paddock to determine 
standing crop as an estimate of available forage; different plots 
were clipped each year. Dry matter disappearance was deter- 
mined using repeated measurements of individual plants of 
selected species before and after grazing. Tbe species surveyed 
were rough fescue (Festuca campestris Rydb.), Idaho fescue 
(Festuca idahoensis Elmer), Parry oat grass (Danthonia parryi 
Scribn.) and smooth aster (Aster laevis L.) which formed the 
major components of the standing crop. Two 4 X 4 m grids were 
located in each paddock. From each grid, two l-m2 plots were 
randomly selected and the plants within each were mapped, num- 
bered by species, and measured for basal area and height. Basal 
area and height of each grass plant, and the height of each smooth 
aster plant, were measured before grazing and again after grazing. 
In the final sample, the proportion of grazed plant area was esti- 
mated visually and the height of grazed stubble was measured. 
This technique could be applied to rough fescue in summer 
because it achieves maximum standing crop by mid-June (Stout 
et al. 1981) and will not regrow readily. Eighty-five percent or 
more of peak standing crop on the rough fescue community is 
attained by mid-June (Willms 1988). 

Plant biomass was estimated according to Willms et al. (1980). 
This technique required calculating 2 regression equations 
describing the relationships of (1) plant weight to plant volume 
and (2) the distribution of biomass to plant height. A sample of 5 
plants species-l paddock-l year1 was obtained at tbe beginning of 
each grazing period from the winter and summer grazed pad- 
docks for a total of 60 and 15 plants, respectively, that encom- 
passed a wide range of plant sizes. Their basal areas and heights 
were measured and their cylindrical volumes calculated. Oven 
dry weights were determined, regression analyses (simple and 
quadratic polynomials) calculated, and the best equation express- 
ing the relationship between plant weight and volume was select- 
ed based on tbe significance of an improved R2 and visually from 
a scatter plot. The relationship between the distribution of plant 
weight and height was estimated from 2 plants harvested from 
each species in each paddock. The plants were cut into 5 seg- 
ments of equal length (20% of total plant height), oven dried, and 
weighed. The proportion of total plant weight was calculated for 
each segment and regression equations (simple, quadratic, and 
cubic polynomials) of proportion weight on proportion height 
were calculated. New equations were calculated in each year of 
tbe study. These equations were used to determine standing crop 

Data Analyses 
Standing crop and percent utilization were assessed among tbe 

winter-grazed paddocks using analysis of variance for a split plot 
design in space and time (Steel and Torrie 1980). 
Supplementation treatment (main effect) was evaluated with tbe 
replicate X supplementation treatment interaction; species and its 
interaction with supplementation treatment were evaluated as the 
secondary effects with the species X supplementation X replica- 
tion interaction while year and its interactions with supplementa- 
tion treatment and species were evaluated as the tertiary effects 
with the residual. Season of grazing (summer vs winter with no 
canola supplementation) was tested in a completely random 
design for tbe effects of grazing season, species, years, and their 
interactions. Although the summer grazed paddocks were not ran- 
domly distributed with the winter-grazed paddocks, they were 
contiguous to them and the analysis was made with the assump- 
tion that tbe contribution of site to experimental error was ran- 
dom. Indices of relative preference were statistically analysed for 
each test as above but only for species and its interaction with 
supplementation treatment or season, depending on the analyses, 
and year. Analysing any other main effects, or interactions of 
main effects without species, was meaningless and their contribu- 
tion was pooled in the error term. Paired means were compared 
with a protected (P< 0.05) L.S.D. (Steel and Torrie 1980). 

Utilization of individual rough fescue and Parry oat grass plants 
were examined for the winter (no canola supplements) and sum- 
mer grazed paddocks by categorizing them according to 5 levels 
of use: 1 = 0%, 2 = >O to 25%, 3 = >25 to 50%, 4 = >50 to 75%, 
and 5 = >75%. Comparisons between winter and summer grazing 
effects on the frequency distributions in each class were made for 
each year and for years combined, for both rough fescue and 
Parry oat grass, using a Chi-square test. 

Results 

Snow accumulation was the greatest in 1992/93 and the least in 
1994195 (Table 1). Winter temperatures during the trial were also 
lowest in the first year. 
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Table 1. Precipitation and average temperatures in December and 
January over 3 years in southwest Aher& 

Precipitation Temperature 

_?r _ (-) _ ? F?(q- .‘“: 
1992l93 48.0 8.1 -5.4 -10.6 
1993194 11.5 17.4 -0.7 -6.0 
1994195 11.0 5.4 -4.0 -5.7 

‘Average from Pincher Creek and Claresholm (from Alberta Agriculture, Food, and 
Rural Development. 1994. Alberta Agricultural Weather Summary, Vo1.8. Issue 35; and 
Alberta Agricullural , Food, and Rural Development. 1995. Alberta Agricultural 
Weather Summary, Vo1.9, Issue 1). 

Forage Selection 
On the winter-grazed paddocks, rough fescue and Parry oat 

grass contributed about 68 and 25%, respectively, to available 
standing crop (Table 2). There was significantly (P < 0.05) less 
rough fescue standing crop in the paddocks of the 1.2 kg day-l 
canola meal supplementation treatment than in the other treat- 
ments of the winter-grazed paddocks (Table 2). Standing crop of 
total biomass was similar among the winter-grazed treatments 
and between the winter (no supplementation) and summer-grazed 
treatments (Table 2). Standing crop varied among years (P c 
0.05) and over the study period was estimated to be 2,444, 3,409, 
and 3,044 kg ha-1 in 1992, 1993, and 1994, respectively. 

Percent forage utilization was not affected by supplementation 
on the winter grazed paddocks (P > 0.05). Percent utilization was 
greater in the summer-grazed paddocks (49%) than in the winter- 
grazed paddocks without supplementation (29%). In both winter 
and summer, the proportion of use on rough fescue was the great- 
est (P < 0.05) while the proportion of use on Idaho fescue and 
smooth aster was the least (Table 3). Of total forage utilized, 
rough fescue and Parry oat grass contributed about 90 and 9% 
(Tables 2 and 3), respectively, in winter and about 62 and 32%, 
respectively, in summer. 

In winter, the index of relative preference was greatest (P < 
0.05) for rough fescue and tended to be similar (P > 0.05) among 
Parry oat grass, Idaho fescue, and smooth aster (Table 4). 
However, the preference for Parry oat grass increased (P < 0.05) 
from 1992 to 1994 while those of rough fescue tended to decrease 
(P > 0.05). Indices of relative preference between winter and 
summer were similar (P > 0.05) for rough fescue but increased in 
the summer (P c 0.05) for Parry oat grass and Idaho fescue 
(Table 4). 

Table 2. Average standing crops over 3 consecutive years, estimated at 
the beginning of each grazing trial, of important forage species on 
rough fescue grassland in paddocks grazed by cattle in winter (supple- 
mented witb different rates of canola meal) or summer. 

Grazing treatment: Parry 
oatgrass 

Winter 

Idaho Rough 
fescue fescue 

Smooth 
aster 

Canola supplementation 
(kg day -‘I ______________ (&ha-l) _____ - __--_- -- 
1.2 1,173 300 1,467 104 
0.8 550 142 2,148 55 
0.4 630 100 1,946 68 
0.0 600 64 2,329 26 

lLSD (P = 0.05): species X canola supplementation effects = 498 

Summer 
lLSD (P = 0.05): species X season summer vs winter with no supplements) 

effects = 279 
‘LSD’s were calculated only for significant (P < 0.05) factors as determined by 
ANOVA’s of canola supplementation effects in winter and of the seasonal (summer vs 
winter with no supplements) effects. 

The percent frequency of utilization classes for rough fescue 
plants tended to be bimodal (Table 5). In winter, the peak fre- 
quencies occurred at 0% and between 25 to 75% utilization while 
in summer they occurred at 0% and greater than 50% utilization. 
Most Parry oat grass plants were ungrazed in winter, but their uti- 
lization followed a similar bimodal frequency distribution as 
rough fescue in summer. 

Feeding Survey in Relation to Snow Cover 
On the plots where grazing was observed, rough fescue was the 

most frequently utilized species at any survey date in the first 
winter and when from 40 to 92% of the plots showed evidence of 
grazing (Table 6). Observed grazing was influenced by grazing 
rate and snow cover. Wheatgrass (Agropyron spp.), timothy 
(Phleum pratense L.), smooth or northern awnless brome 
(Bromus inermis L.eyss.; B. pumpellianus Scribn.), and bluegrass 
(Pea spp) plants were represented mostly by inflorescences that 
over-estimated their contribution to available forage. Grazing 
heights became shorter as the trial progressed and snow cover 
persisted while the proportion of grazed plants increased (Table 
6). Variation among surveys, in the estimate of grazed plants, was 
influenced by the ability of the observer to detect grazing and by 

Table 3. Average percent utilization over 3 cousective years of important forage species on the fescue prairie in paddocks grazed by cattle in winter 
(supplemented with different rates of canola meal) or summer. 

season Supplement PW 
oatarass 

Idaho 
fescue 

Rough 
fescue 

Smooth 
aster 

Winter 

Summer: 
Summer/Winter 

0% day-9 --------------------(%utilization)---------------- _--_ LSD (P=O,O5) 
Mean 10 5 36 1 9 

1.2 8 2 34 0 
0.8 7 6 29 1 
0.4 14 9 45 1 
0.0 10 1 35 3 

0.0 48 14 62 14 
MeaIl 29 8 48 9 19 

(no suppl.) 

*LSD’s were calculated only for significant (P< 0.05) factors as determined by ANOVA’s of canola supplementation effect in winter and of the seasonal ( sum- 
mer vs winter with no supplements) effects. 
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Table 4. Relative preferences for important forage species on the fescue 
prairie in paddocks grazed by cattle in winter (supplemented with dii- 
ferent rates of canola meal) and summer over 3 consecutive years. 

PanY Idaho Rough Smooth 
oatgrass fescue fescue aster 

Wintergrazing’ -----------(relativepreferenceindex)-------- - 
1992 0.25 0.29 1.47 0.0 
1993 0.36 0.07 1.57 0.0 
1994 0.56 0.23 1.22 0.28 

Mean 0.39 0.20 1.42 0.09 

LSD3 (P=O.O5): species effectAl.43; species x year effects=O.31 

Winter* 0.38 0.03 1.17 0.08 
Summer 0.98 0.35 1.28 0.33 

LSD3 (P=O.O5): species x season effects=O.26 
l~ola supplementation beannents pooled. 
2No eanola supplements 
3LSD’s were calculated only for significant (PC 0.05) factors as determined by 
ANOVA’s of canola supplementation effect in winter and of the seasonal ( summer vs 
winter with no supplements) effects. 

plant exposure that varied with new precipitation and redistribu- 
tion of snow by wind. Cows were so observed to crater through 
snow for rough fescue plants. These plants were often heavily 
grazed, apparently to prehend fall regrowth near the crown or 
forbs (mostly Geum triflorum Pursh.) around the plant base. 

Discussion 

Cattle seemed to select plants that had the greatest available 
biomass, regardless of the level of supplementation with canola 
meal up to 1.2 kg day-l. Rough fescue produced the greatest 
standing crop biomass and was the most highly preferred forage 
species in both winter and summer. Preferences for the shorter 
grass species, Parry oat grass and Idaho fescue, decreased from 
summer to winter presumably in response to reduced accessibility 
with snow cover. Supplementing cattle with canola meal had no 
effect on their forage selection as measured by indices of relative 
preference. 

The presence of snow affected preferences for forage species 
by altering their accessibility to cattle and shifting the grazing 
pressure towards rough fescue. Snow formed a dome over rough 
fescue plants that cattle targeted for cratering. Also, wind redis- 
tributed the snow, usually exposing the rough fescue plants and 
accumulating between them, thereby covering plants of other 
species. This is illustrated with increasing preferences for Parry 
oat grass and Idaho fescue from 1992 to 1994 (Table 4) as snow 

Table 5. Percent frequency distribution of rough fescue and Parry oat 
grass plants among utilization classes in winter ( no supplementation) 
and summer for 3 consecutive years’. 

Rough fescue Parry oat grass 
Utilization Winter Summer Winter Summer 

(8) __--- ----------(%)---------------- 

0 38.3 29.2 78.5 36.4 
so-25 9.7 6.4 4.2 5.6 
>25-50 16.6 8.0 7.2 9.7 
>50-75 33.5 19.5 8.2 16.6 
>75 1.8 36.9 1.8 31.7 

Number* 502 659 592 1496 

IWithin species, frequency distribution between seasons was significantly different (P > 
0.01) using the chi-square test. 
*Total number of plants represented in each data set. 

conditions became less severe (Table 1) and from winter to sum- 
mer as accessibility became strictly a function of standing crop. 

The high preference for rough fescue in summer was unexpect- 
ed. In a previous study, ungrazed forage patches dominated by 
rough fescue (Willms et al. 1988) seemed to indicate an avoid- 
ance in summer and suggested the possibility of developing a 
grazing system based on seasonal selection differences. Results 
from the present study, however, indicate that patch avoidance 
was not the result of the presence of rough fescue plants but 
rather the result of accumulated litter 

Forage preference is at least partly a function of the kind of ani- 
mal (Heady 1964) and differences in their selectivity and ability 
to prehend forage. Grazing efficiency would be maximized by the 
generalist herbivore by selecting the larger rough fescue plants 
either in winter or summer. This grazing strategy, and the nutri- 
tive similarity among species, would also negate the effects of CP 
supplements on species selection in winter 

Reduced forage digestibilities from summer to winter resulted 
in reduced intake and subsequently reduced grazing pressure at 
similar stocking rates. Heavier grazing pressure in summer (49%) 
compared with winter (29%) increased the proportion of plants 
that were heavily grazed and reduced the number that were light- 
ly grazed (Table 5) and resulted in different patterns of use 
among rough fescue plants and among Parry oat grass plants. 

Winter conditions seemed to mitigate against very heavy (> 75%) 
utilization among rough fescue plants and most utilization among 
Parry oat grass plants. The bimodal frequency distribution of use of 
rough fescue plants in winter suggests that cattle will graze the same 
plant heavily rather than search for another in the snow. This phe 

Table 6. Snow conditions and foraging characteristics by cattle on tbe fescue grasslands in winter (1992-93) (n = Ss) 

Snow Plant B Grazed wheat ParrY Idaho 

Date 
Rough 

Depth Cover height height area plots’ grass Timothy Brome oat grass fescue fescue Bluegrass 

(cm) (8) (cm) (cm) cm --------------.----(%of*azedplots)------------------- 

Nov. 25 9 - 34 15 4 39 15 8 2 5 8 90 21 
Dec.2 - 50 10 6 16 58 22 9 3 12 16 loo 28 
Dec.9 6 19 10 6 14 46 32 4 2 20 6 89 37 
Dec. 15 4 44 10 8 17 77 11 3 6 28 12 98 29 
Dec. 21 7 91 13 11 28 72 8 7 12 43 11 97 8 
Jan. 7 15 92 18 2 31 40 0 0 2 40 2 92 2 
Jan. 18 13 93 13 3 24 34 3 3 3 44 0 97 3 
‘Number of plots where grazing was evident (n=84) 
2F’mption of exposed plant area showing evidence of grazing. 
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nomenon was observed in the first winter when feeding surveys 
were made. In summer, this effect is likely produced from regrazing 
regrowth and avoiding previous1 y ungrazed plants. 

Management Implication 
The opportunities for winter grazing by livestock are directly 

related to the proportion of rough fescue in the plant community 
and, therefore, correspond to the condition of the fescue grass- 
lands. Rough fescue grasslands seem capable of sustained sum- 
mer grazing at 2.4 animal unit months ha-1 which reduced the 
proportion of rough fescue to about 20% of the species composi- 
tion (Willms et al. 1985). However, the resulting community lost 
most of its value for winter grazing and, presumably, for large 
wildlife herbivores such as elk (Cervus canadensis nelsoni 
Nelsoni) which depend on grass for their winter forage (Mackie 
1965, Beall 1974). Plants grazzd heavily during the dormant sea- 
son may also have reduced availability after the next growing 
season due to shortened leaves (Willms et al. 1986). Therefore, it 
is not only important to maintain rough fescue in the community 
but also to ensure that a significant proportion of plants escape 
heavy grazing. While stocking at 2.4 animal-unit-months ha-1 in 
summer asserts too much grazing pressure, stocking at 3.2 animal- 
unit-months ha-1 seems suitable for winter grazing and appears to 
offer an opportunity to reduce the cost of winter feeding. 
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Abstract 

Prior simulation analysis of cattle fever tick population dynam- 
ics has indicated that fixed rotation, short duration grazing 
(SDG) systems could mediite the spread of ticks among pastures 
if rest periods were greater than 100 to 150 days. A question 
arose whether variable rotations with rest periods approaching 
35-70 days could mediate the spread of ticks within these rapid, 
rotational grazing systems. An 8-pasture:l-herd extensive (26-34 
days:182-238 days graze:rest) and intensive (5-10 days: 35-70 
days graze:rest) short duration grazing system was simulated 
over a 2-year period after a spring and fall introduction of infest- 
ed animals using a model depicting both temporal and spatial 
processes involved in host-parasite-landscape interactions. The 
extensive SDG system was infested for 639 and 424 days for 
spring and fall introductions, respectively. The intensive SDG 
system was continuously infested throughout the 24-month simu- 
lation. Although the intensive SDG system was continuously rein- 
fested, there were more frequent tick-free periods in the fall 
introduction than the spring introduction. These simulations 
indicate that rest periods exceeding 150 days are necessary to 
minimii the rate and extent of spread of ticks in variable rota- 
tional grazing systems. These. considerations are pertinent to the 
goals of both control and eradication strategies. 

Key Words: modeling, cattle fever ticks, short duration grazing 

Grazing systems are generally appiied to induce a desired suc- 
cessional change and(or) to improve harvest efficiency to allow 
the land to support optimal numbers of animals in either the 
short-or long-term. While management generally focuses on veg- 
etation change and animal production, grazing systems can have 
other ramifications relative to sustainability of the ranch firm. 
The introduction of ticks and tick-borne diseases is a major con- 
cern throughout tropical and subtropical grazing lands (McCosker 
1981, Sonenshine 1993). It has long been established that grazing 
strategies can affect tick population dynamics and spread of tick- 
borne diseases (Barnard 1991, Sutherst et al. 1979, Palmer et al. 
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Resumen 

Amdisis previo de la dinamica poblacional de las garrapatas de 
la fiebre de las vacas, ha indicado que sistemas de pastoreo de 
ciclos de rotation cortos (CRC) puede promover la dispersion de 
las garrapatas de un potrero a otro, no asi si 10s periodos de des- 
canso son mas Lagos que 100 a 150 dias. Esto hizo surgir la pre- 
gunta si rotaciones con periodos de descanso abordando 35 a 70 
dias podria promover la difusion de las garrapatas en e&s tipos 
de sistemas de pastoreo. 

1976, Waters 1972, Wharton et al. 1969, Tatchell 1992, 
Schmidtmann 1994). Increased importation of cattle from Mexico 
in 1995-96 and the broadening specter of acaricide resistance 
among cattle fever ticks, Boophilus annulatus and B. microplus, 
in that country (Fragoso et al. 1995) has increased concerns 
regarding tick and tick-borne disease introductions in the 
Mexico-United States border region. Ecological processes medi- 
ating the spread of these ticks and risk of tick-borne diseases 
affect management strategies and regulatory program detection 
and eradication procedures are important to producers and agen- 
cies on both sides of the border. 

Cattle fever ticks transmit hemoparasites (Babesia bigemina 
and B. bovis) that cause a fatal disease in immunologically sus- 
ceptible cattle (McCosker 1981), known as bovine babesiosis. 
Babesia transmission occurs during bloodfeeding via the saliva of 
either larvae or nymphs, depending on the species combination of 
the hemoparasite and tick vector (Friedhoff and Smith 1981). The 
host range for these ticks is generally restricted to large ungu- 
lates, with a preference for cattle. Boophilus ticks complete their 
life cycle by alternating a bloodfeeding phase on a single host 
with an off-host phase completed at the soil:vegetation interface 
in which gravid females lay eggs and larvae are produced to 
ascend vegetation for attachment to the next host. Limited lateral 
movement by these ticks off the host means that dispersal and 
maintenance of Boophilus ticks are dependent upon the interac- 
tions and processes occurring between the hosts and landscape. 

Recently, Tee1 et al. (1996) developed a simulation model for 
cattle fever tick population dynamics to evaluate ecological 
processes in cow-tick-landscape interactions. Their model inte- 
grated both temporal and spatial factors controlling host-parasite- 
landscape interactions. The initial thrust of the modeling work 
was to gain a better understanding of tick-habitat interactions. 
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Tick populations in grasslands tended to be smaller and exhibited 
more abrupt peaks than those in mesquite and mixed brush 
canopied habitats. Cattle grazing these lower-structure habitats 
have a greater probability of detecting and avoiding clusters of 
tick larvae (Sutherst et al. 1986). Habitat type was the most sensi- 
tive variable in the model affecting population dynamics in a pas- 
ture. Tee1 et al. (1997) further explored temporal use of land- 
scapes with different types of habitats, simulating an array of 
fixed, I-pasture, l-herd rotational grazing systems with 49-, 98-, 
147-, 196-, and 245&y rest periods. Their data indicated that 
rest periods greater than 98 days significantly reduced reinfesta- 
tion over a 2-year simulation on grasslands. Periods greater than 
147 days were required to obtain the same response in mesquite 
(Prosopis glandulosa var. glandulosa L.) and mixed-brush domi- 
nated shrublands of South Texas. 

Diversity of activities on ranches requires flexibility in rotation 
schedules, with the greatest modification occurring in coordina- 
tion with working cycles for the livestock, reprcductive/produc- 
tion cycles of the cattle and growth/quality patterns of the vegeta- 
tion. Waters (1972) indicated that 120-day rests were optimum 
for tick control but 60-90&y rotations better fit ranch working 
cycles in central and northern Queensland coastal areas of 
Australia. Also, Heitschmidt and Taylor (1991) indicated that 
intensive short duration grazing systems need to adjust rotation 

schedules with changes in forage production cycles to optimize 
animal production. The issue arises whether more flexible appli- 
cation of grazing sequences with shorter grazing cycles could 
overcome higher infestation rates associated with shorter grazing 
cycles as noted by Tee1 et al. (1997). The present paper examines 
whether flexible grazing strategies responsive to differential for- 
age growth rates mediate infestation rates of cattle fever ticks in 
simulated short duration grazing systems. 

Methods 

The study was conducted using a model of the cattle fever tick 
life cycle containing submodels for tick development on moder- 
ately tick-resistant Bos tam-us-type cattle, tick survival in a 
mixed-brush off-host environment, and cow movement-tick 
acquisition (Fig. 1) (Tee1 et al. 1996). The model consists of 3 
submodels representing (1) tick development on cattle from lar- 
vae to nymphs to adults, (2) off-host development and survivor- 
ship in pastures containing a mixed habitat of mixed-brush mottes 
and open grassland interspaces, and (3) movement of cattle 
among pastures. Tick larvae are acquired by cattle through 
encounter rate and pick-up rate variables. Tick mortality func- 
tions occur at appropriate points during the on-host and off-host 

l- l- 

Pasture 1 GRASS HABITAT 

TICKS IN PASTURE 

l-4 
I’I-C- Oviposition 

1 JM 

I TICKS ON COT I 

Pasture 8 I 

MIXED-BRUSH HABITAT MESQUITE HABITAT 

Fig. 1. Conceptualixation of the cattle fever tick model. The model consists of 3 submodels representing (1) tick development on cattle (L-iar- Fig. 1. Conceptualixation of the cattle fever tick model. The model consists of 3 submodels representing (1) tick development on cattle (L-iar- 
vat, N-nymphal, A-Adult), (2) off host development and survivorship in pastures containing a mixed habitat of mixed brush mottes and vat, N-nymphal, A-Adult), (2) off host development and survivorship in pastures containing a mixed habitat of mixed brush mottes and 
open grassland interspaces, and (3) movement of cattle among pastures. Tick larvae are acquired by cattle through encounter rate (RR) open grassland interspaces, and (3) movement of cattle among pastures. Tick larvae are acquired by cattle through encounter rate (RR) 
and pick-up rate (RR). Mortality functions (M) occur at indicated points. and pick-up rate (RR). Mortality functions (M) occur at indicated points. 
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components. The influence of seasonal climate changes and habi- 
tat specific microclimate on egg production, incubation and larval 
survival during the off-host phase of the life cycle are based upon 
field and laboratory studies (Tee1 1991, and Tee1 et al., unpub.) 
and reproduced through life tables in the model. The model was 
developed using STELLA II (Version 3.05, High Performance 
Systems, Inc, 1994) running on a Macintosh Quadra 610 comput- 
er. The model runs on daily time-step and maintains separate 
identity for each daily cohort of ticks. 

A series of 2-year simulations were conducted on 2 contrasting 
short- duration grazing (SDG) strategies. The extensive system 
employed an 8-pasture:1 herd regime with 26-34 days graze and 
182-238 days rest (Table 1). These systems have been referred to 
as high intensity-low frequency rotational grazing (Heitschmidt 
and Taylor 1991). The intensive grazing system also used 8 pas- 
tures, but with a S-10 days graze and 35-70 days rest sequence. 
A vegetation growth curve was derived from a panel of experts 
familiar with 16 major plant communities representative of the 
subtropical thornshrub region of South Texas and Northeastern 
Mexico. Percent growth by each month was January-3.5%, 
February-6.5%, March-5.9%, April-9.1%, May-20.3%, 
June-12.6%, July-9.6%, August-4.9%, September-l 1.4%, 
OctoberA.3%, November-4.6%, and December-5.3%. Days rest 
were increased with decreasing growth rates for both grazing 
strategies. 

Each pasture was 100 ha with moderate stocking rates of 1.25 
ha/Am. An animal unit was defined as an average dry matter 
daily consumption of 12 kg. The model parameters for tick acqui- 
sition were set at 0.0003 for tick encounter, a conceptual repre- 
sentation of the proportion of tick locations in a given pasture 
encountered by the cattle and the pickup rate, proportion of 
encountered larvae that successfully attach to the host was set at 
0.5. To evaluate the effects of season, infested cattle were intro- 
duced into the model of each “clean” system in the spring (1 
March) and the fall (27 September). These dates correspond to 
periods of peak purchases of replacement heifers and cows in the 
South Texas region as well as introduction of stocker steers. On 

Table 1. Targeted graze:rest periods used for extensive (26-34 
days:182-238 days graze:rest) and intensive (S-10 days: 35-70 days 
graze:rest), S-pasture:l-herd short duration grazing (SDG) systems 
wed in modeling pasture infestation patterns by cattle fever ticks in a 
mixed brush shrubland. 

Starting Extensive SDG Intensive SJX 
Month’ Gri47.C. Rest GraZe Rest 

JalUly 33 231 10 70 

February 34 238 10 70 

March 34 238 5 35 
April 26 182 5f6 35142 

May 27 189 6 42 
June 28 196 6 42 

July 29 203 718 49f56 
August 29 203 8 56 
September 30 210 7f6 49f42 
October 29 203 6n 42J49 
November 32 224 7 49 
December 33 231 9 63 
*Calendar months are relative to the SM date of the grazing cycle and are not always 
directly equivalent to days grazed. Rotation cycle is based on forage production and not 
month of year. 

Table 2. Duration of tick infestations in the system (ticks in the pastmw 
and/or cow herd) and number of cattle reinfestations (acquisition of 
new larvae upon entering a sequential pasture) in an extensive (26-34 
days:182-238 days graze:rest) and intensive (5-10 days: 35-70 days 
graze:rest), g-pasture:l-herd short duration grazing (SIMS) system as a 
result of tiested cattle entering the grazing cycle on 1 March (spring) 
or 27 September (fall) in a mixed brush shrubland. 

Grazing system Duration of the infestation Number of cattle 
reinfestations 

----------Springinfestation __________ 
Intensive SDG >2years 81 
Extensive SDG 640 days 4 

________-_ F~]infes~&n---- -_.___ 

Intensive SDG >2years 76 
Extensive SDG 425days 2 

the day of introduction, cattle were infested with ticks partitioned 
across developmental stages of the 19&y, on-host period to pro- 
vide a first day drop of 47.5 engorged females. Due to the strati- 
fied population of feeding ticks on these infested animals, 
engorged females would drop for approximately 30 days. The 
following attributes were recorded for each simulation: distribu- 
tion of ticks among pastures resulting from the first and subse- 
quent grazing cycles, and duration of infestations by pasture 
within each system. Simulations were run assuming that no varia- 
tion occurred among the pastures that would bias within-pasture 
tick distribution and survival, (eg. topography, soil type, uniform 
forage availability) and that there was no change in animal cen- 
sus. These assumptions enabled a more direct assessment of the 
grazing systems as influenced by variable cycle sequence and rest 
period. Acaricide applications were not implemented at any point 
in the simulation. 

Results 

At the system level, the intensive short duration grazing (SDG) 
system was infested for the full 2-year simulation for both the 
spring and fall introductions. Cattle became reinfested in the sys- 
tem 81 and 76 times over the 24-month simulation for the spring 
and fall introduction, respectively (Table 2). As expected, the 
longer rest sequence of the extensive SDG system resulted in 
fewer cattle reinfest&ions; 4 reinfestations for the spring initiated 
infestation lasting 640 days and 2 reinfestations for the fall initi- 
ated infestation lasting 425 days. These data indicated that at the 
system level varying graze:rest sequences did not prevent reinfes- 
tations, but did reduce the number of cattle reinfestations and the 
overall duration of the system infestation corn&red to the short 
rest periods associated with the intensive SDG. 

Analysis of the 8 pastures in each system and date of introduc- 
tion (Table 3), indicated that all pastures would become infested 
on the original graze cycle and continually be reinfested through- 
out the 24 month simulation for the intensive SDG. The fall intro- 
duction of infested cattle resulted in fewer reinfestations for the 
intensive SDG system than the spring introduction. 

Graphic summaries of the simulations provided a more detailed 
examination of tick-cow-pasture interactions in intensive and 
extensive SDGs with different initial infestation dates. In the fall- 
initiated simulation of the extensive SDG (Fig. 2), ticks were dis- 
tributed across the first 2 pastures in the first grazing cycle. 
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Table 3. Number of times each pasture becomes reinfested by new 
engorged females in a L-year simulation of an extensive (26-34 
days:182-238 days graze:rest) and intensive (5-10 days: 35-70 days 
grazrest), gpasture:l-herd short d uration grazing (SDG) system when 
infested cattte are introduced 1 March (spring) or 27 September (fag). 
An asterisk (*) indicates distribution of ticks in pastures following initial 
graxing cycle. 

PaShJlT 
Grazing system 1 2 3 4 5 6 I 8 

_ _ _ _ _ _ _ _ _ _ _ _ _ Spring infes&tion- _ _ _ _ _ _ _ _ _ _ _ _ 
Intensive SDG 11* 9* 9* lO* lO* lO* lO* lO* 
Extensive SDG 2* 2* 2 1 - - - - 

_ _ _ _ _ _ _ _ _ _ _ _ _ -Fall infest&ion _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
IntensiveSDG 8* 7* 8* 6* 8* 9* 9* 8 
Extensive SDG l* l* - - - - - - 

Larvae surviving to infest cattle on the second graze cycle were 
sufficient in number (population data not shown) to produce addi- 
tional engorged females to reinfest these same pastures, but insuf- 
ficient to extend the distribution to other pastures. Aging larvae in 
infested pastures died out before cattle returned for the 3rd cycle. 
The first 2 pastures also became infested in the spring-initiated 

simulation of the extensive SDG (Fig. 3). Cattle reinfested on the 
2nd cycle, reinfested the same pastures and distributed ticks into 
the 3rd pasture, however ticks in the 3rd pasture were unable to 
produce viable progeny due to winter induced delays in oviposi- 
tion and incubation, and associated mortality (Tee1 et al. 1996). 
After the cattle passed through the first 2 pastures, the larvae 
remaining from the original graze cycle died out (cross-hatched 
blocks), however these pastures were also reinfested with gravid 
female ticks which produced eggs for the second generation of 
larvae that did not emerge until the following spring. Larvae from 
this second generation infested cattle on their 3rd rotation and 
were in sufficient number to enable cattle to distribute ticks to 2 
additional pastures. Late fall-early winter larval die-out in the 
second year terminated the infestation across the system. 

The more rapid dynamics of the intensive SDG simulation pro- 
duced substantially different spatial and temporal results. In the 
fall-initiated simulation (Fig. 4), 7 of 8 pastures were infested on 
the first graze cycle. Winter-delayed tick development, resulting 
from prolonged oviposition and egg incubation due to low tem- 
perature, prevented cattle reinfestation until the 3rd graze cycle, 
when ticks picked up in pastures l-5 enabled distribution of ticks 
to all pastures. This 3rd graze cycle coincided with the shortest 
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Pi. 2. Summary of cattle fever tick distribution and survival resulting from a 2-year simulation of an g-pasture, l-herd short duration graz- 
ing system in a mixed-brush scrubland with an extensive graze:rest (27-34 days:182-238 days) schedule initiated by introducing infested 
cattle in the fall (27 September). The width of boxes in a vertical column are adjusted to indicate the relative duration of days grazed in the 
system. Pasture boxes outlined in bold indicate intervals of grazing in a given pasture and their sequence shows the grazing cycle across the 
8 pastures, The status of each pasture is indicated by an “X” as infested (I) from the time engorged ticks fti drop until all larvae are dead. 
The presence of larvae Q following emergence from eggs also is indicated by an “X”. The status of the average cow in the herd is indicated 
using “X” in the lower horizontal bars to define whether the animals are infested (I), dropping engorged female ticks back into the pasture 
(D), or picking up larvae (P). 
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Fig, 3. Summary of cattle fever tick distribution and survival resulting from a 2-year simulation of an %pasture, l-herd short duration grar- 
ing system in a mixed-brush scrubland with an extensive grazexest (27-34 days:182-238 days) schedule initiated by introducing infested 
cattle in the spring (1 March). The width of boxes in a vertical column are adjusted to indicate the relative duration of days grazed in the 
system. Pasture boxes outlined in bold indicate intervals of grazing in a given pasture and their sequence shows the grazing cycle across the 
8 pastures. The status of each pasture is indicated by an ‘X” as infested (f) from the time engorged ticks first drop until all larvae are dead. 
The presence of larvae Q following emergence from eggs also is indicated by an “X”. The status of the average cow in the herd is indicated 
using an =X” in the lower horizontal bars to defme whether the animals are infested (f), dropping engorged female ticks back into the pas- 
ture (D), or picking up larvae (P). 

days grazed. Pastures and cattle remained continuously infested The present simulation model holds 2 dynamic variables to a 
until the following winter when winter larval mortality interrupt- constantly repeating pattern: forage production and tick develop- 
ed cattle infestations through periods of varying duration. The ment and survivorship in the field. Holding these variables to a 
reappearance of larvae was produced from engorged ticks constant pattern enables evaluation of the simulation results to be 
dropped during the previous 2 graze cycles. These were sufficient focused on grazing cycle and initiation of infestation. Both forage 
to reinfest the entire system. production and tick development and survivorship are affected by 

In contrast to fall, the spring-initiated simulation (Fig. 5) result- temperature, relative humidity, and rainfall. Weather-related 
ed in all 8 pastures becoming infested during the first graze cycle changes in grazing days and tick populations would produce dif- 
and cattle becoming reinfested at the beginning of the second ferent simulation results. Likewise, different habitat types and 
graze cycle. The rapid infestation of the system was aided by the starting dates are also known to produce different results in con- 
influence of warmer spring conditions coincident with the short- sistently meaningful directions (Tee1 et al. 1996, 1997). Weather 
est grazing days. Early winter larval mortality temporarily freed driven variation in this model will be a focus of future work. 
cattle of tick infestation during the 6th to 7th graze cycles. New 
larvae were subsequently produced from engorged ticks dropped 
in the 5* and 6th graze cycles. The return of spring and short Discussion 
graze days brought about a reinfestation of the entire system. The 
pattern of discontinuous larval presence appeared again in year 2, When contrasting these results to simulations conducted on a 
but was out of phase to that in year 1. This pattern, which was similar set of environmental conditions in south Texas (Tee1 et al. 
similar to that in the fall simulation, was produced by larval mor- 1996, 1997), it becomes readily apparent that flexible rotations 
tality in the simulation model for this habitat type. 

JOURNAL OF RANGE MANAGEMENT 51(5), September 1998 505 



FaY Winter 

Fall Winter 

Pii. 4. Summary of cattle fever tick distribution and survival resulting from a 2-year simulation of an g-pasture, l-herd short duration graz- 
ing system in a mixed-brush scrubland with an intensive grazexest (5-10 days:3570 days) schedule initiated by introducing infested cattle 
in the fall (27 September). The width of boxes in a vertical column are adjusted to indicate the relative duration of days grazed in the sys- 
tem. Pasture boxes outlined in hold indicate intervals of grazing in a given pasture and their sequence shows the grazing cycle across the 8 
pastures. The status of each pasture is indicated by an ‘X” as infested (l) from the time engorged ticks fhst drop until all larvae are dead. 
The presence of larvae (L) following emergence from eggs also is indicated by an “X”. The status of the average cow in the herd is indicated 
in the lower horizontal bars to defme whether the animals are infested (I), dropping engorged female ticks hack into the pasture (D), or 
picking up larvae (P). 
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Fig. 5. Summary of cattle fever tick distribution and survival resulting from a 2-year simulation of an g-pasture, l-herd short duration graz- 
ing system in a mixed-brush scrubland with an iotensive graze:rest (5-10 days:3570 days) schedule initiated by introducing infested cattle 
in the spring (1 March). The width of boxes in a vertical column are adjusted to indicate the relative duration of days grazed in the system. 
Pasture boxes outlined in bold indicate intervals of grazing in a given pasture and their sequence shows the grazing cycle across the 8 pas- 
tures. The status of each pasture is indicated by an “X” as infested (T) from the time engorged ticks fit drop until all larvae are dead. The 
presence of larvae Q following emergence from eggs also is indicated by an “X”. The status of the average cow in the herd is indicated 
using “X” in the lower horizontal shaded bars to define whether the animals are infested (I), dropping engorged female ticks hack into the 
pasture (D), or picking up larvae (P). 
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following forage growth/quality cycles will not overcome the rein- 
festation pressures noted with rest periods shorter than the 147 
days previously simulated for the mixed brush shrublands. Longer 
periods of days grazed as exhibited in the extensive short duration 
grazing (SDG) reduces the number of pastures originally infested 
and longer periods of days rest reduce the chances for larvae to 
survive when the intervals are 180-240 days in duration. The sea- 
son of introduction of infested cattle in both the intensive and 
extensive systems affected the dynamics of tick dispersal and sur- 
vival among pastures as well as occurrence of tick-free periods on 
the cattle. The dynamics of the system affect opportunities for 
detection of the infestation and potential intervention strategies 
with intensive SDG systems using variable rotation strategies 
(Palmer et al. 1976, Sutherst et al. 1979). Spring introductions 
would be more problematic for managers of intensive SDG than 
fall introductions, given the low frequency and duration of tick- 
free periods associated with spring introductions. Applications of 
an acaricide would likely be required more frequently in the inten- 
sive SDG versus the extensive SDG systems. This would depend, 
however, upon whether eradication or control was the goal. 

Although the extensive SDG system with 180- to 240-day rest 
periods was much more resistant to reinfestation from both a 
spring and fall introduction, other management issues arise that 
affect the immunology of the animal via nutritional status. 
Research has indicated that use of extensive SDG systems with 
long rest periods results in poorer nutritional status of the animal 
as reflected in conception rates and calf weaning weights 
(Heitschmidt and Taylor 1991). Therefore, special emphasis 
would have to be made on setting stocking rates to avoid nutri- 
tional stress and establish nutritional monitoring programs to off- 
set nutritional deficiencies arising from application of these types 
of systems. Recent breakthroughs in fecal monitoring systems via 
near-infrared reflectance spectroscopy (Lyons and Stuth 1992) 
allow producers to monitor the nutritional status of free-ranging 
cattle and provide least-cost supplementation to mediate nutri- 
tional deficiencies. This nutritional monitoring technology could 
allow ranchers to reconsider these types of systems whether their 
goal was to reduce risk of disease introduction via the cattle fever 
tick, or to maintain the enzootic stability of disease by balancing 
a maintenance level of ticks to provide a sufficient inoculation 
rate to sustain natural immunity to the disease while containing 
economic losses (Haile et al. 1992, Friedhoff and Smith 1981). 
Additional factors such as cattle breed, level of tick-host resis- 
tance, and cattle density, are important considerations in these 
assessments and are under evaluation in other simulation studies. 

The model presented in this paper offers the regulatory agen- 
cies and ranching industry a viable tool to assess risk of tick 
spread on infested ranches and provides a mechanism to design 
optimal intervention strategies. The open blocks for cow status in 
Figures 2-5 indicate that the probability of detecting ticks in any 
pasture of the system is quite variable. Prediction of likelihoods 
of pasture infestation would allow inspectors to improve pasture 
inspection and tick detection. Longer rest, extensive SDG sys- 
tems offer ranchers a reduced risk option for tick reinfestation 
where cattle are the only host involved. Our analyses indicate that 
season of introduction plays a much greater role in infestation 
patterns than rotational decision making if the rest periods are 
less than approximately 150 days. 

We believe the simulation results for the variable rotational 
grazing systems am reasonably representative of tick-cattle-land- 
scape interactions based upon comparisons of tick life histories 

during rest periods in each pasture and to the influences of sea- 
son, habitat, and season of initial infestation previously described 
(Tee1 et al. 1996, 1997). Field validation of these simulations can- 
not be conducted in the U.S. due to constraints of quarantine and 
eradication; however, field validation studies are underway in 
Northeastern Mexico and opportunities exist for similar studies to 
be conducted in Venezuela. 
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Abstract 

A study of liveweight changes of alpaca adult males, females, 
and their progeny, was conducted through 3 seasons under COD 
tinuous grazing on natural grasslands on the Mediterranean 
range of the Chilean Central Zone. Liveweight changes were posi- 
tive and highest in spring (100 to 200 g day’), moderate during 
winter (50 to 100 g day-l), and negative only at the end of summer 
and in fall (-110 to -150 g day’). Weight gains of new born 
alpacas were greatest (110 to 150 g day’) in the first !I0 days after 
birth and Lhen decreased slightly, reaching values of 75 g day1 at 
8.5 months old. Weight gains stabilized at 10 tu 20 g day’ at 3- 
years of age. The average annual fibre production was 1.57 and 
2.36 kg in females and males, respectively; staple length varied 
between 8 and 10 cm. 

Key Words: South American Camelids, fiber production 

Alpaca @ma pucos Linn.) is a domestic species found in the 
Altiplanic ecosystems of Peru, Bolivia, Argentina, and Chile 
(Fowler 1989). In Chile, alpacas are distributed mainly over the 
Altiplanic Chilean Zone of Tarapaca, with an estimated popula- 
tion of 32,00 animals. Alpacas develop in cold, dry highland 
environments. Their diet is based exclusively on natural flood 
grasslands (“bofedales”) and drylands (“pajonales” and 
“tolares”), the former being much more important. The alpaca is 
a specialized feeder with restricted habitat (De Carolis 1987). The 
specialization in habitat and diet could imply a low adaptability 
to different environmental, feeding, and management conditions. 
However, preliminary evaluations showed alpacas to be well 
adapted to different conditions (Crossley et al. 1990), and main- 
tained suitable growth and productivity (Castellaro and Garcia- 
Huidobro 1991). This species represents an important genetic 
resource and potential alternative of fiber production for marginal 
areas, not only in the Altiplanic Zone, but also in rangelands of 
the Chilean Mediterranean Central Zone. This study was conduct- 
ed to determine alpacas’ liveweight gain and fiber production on 
rangeland of the Chilean Central Zone. 

Study Area 

This study was conducted at the Hidango Experimental 
Substation (Lat. 34” 7’ S; Long. 71’ 44’ W; elevation 304 m). 

Research was funded by Fundacion Andes. 
Manuscript accepted 8 Mar. 1998. 
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Resumen 

Durante tres temporadas, se efectu6 un estudio orientado a 
evahuu 10s cambios de peso vivo de alpalcas adultas, machos y 
hembras, coma tambien su progenie, que pastorearon continua- 
mente una pradera natural la zona mediterranea central de 
Chile. Los cambios de peso vivo fueron positivos y m& altos 
durante la primavera (100 a 200 g dia-I), moderados durante el 
invierno (50 a 100 g dia-I), siendo negativos solamente al final de1 
verano y en el otoiio (-100 a -150 g dia-I). Las mayores ganan- 
cias de peso de las crias de alpacas (110 a 150 g dia-1) se obtu- 
vieron en 10s primeros 90 dias despub de1 nacimiento, decrecien- 
do paulatinamente hasta alcanzar valores de 75 g dim-1 a 10s 8.5 
meses de edad. Las ganancias de peso se estabiion con val- 
ores entre 10 a 20 g dia-1 a 10s tres adios de edad. La producci6n 
anual promedio de fibra fue de 1.57 y 2.36 kg in hembras y 
machos, respectivamente; la lougitud de la mecha vari6 entre 8 y 
10 cm. 

Soils are classified as Typic Palexeralfs (Soil Survey Staff 1990). 
Average annual precipitation is 890 mm concentrated in winter; 
annual potential evapotranspiration is 1,330 mm. June is the cold- 
est month, and February the warmest; mean monthly tempera- 
tures are 5.4” and 24.7”, respectively (SantibGiez and Uribe 
1990). Average monthly precipitation and temperature during the 
experimental period are shown in Figure 1. Vegetation at the 
study site corresponds to a “pseudo-savanna” with a dominance 
of brushwood “espino” (Acacia caven Mol. ) and a total canopy 
cover of 3 to 50%. Herbage is comprised mainly of annual grass- 
es and forbs (Table 1). Perennial Piptochaetium, Stipa, and 
Danthonia grass species are found on severely eroded sites 
(Castellaro and Garcia-Huidobro 1991). Estimated metabolizable 
energy and crude protein concentration in forage vary from 4.8 to 
9.3 Mj kg-* and from 7.1 to 21.0%, respectively (Table 2). The 
available standing crop of herbage, from June 1990 until January 
1993 is presented in Figure 2 (Squella, unpublished). 

Material and Methods 

Study animals were 23 young adult females (3-5 years old), 11 
young males (3-4 years old), and 8 young females (less than 1 
year old). According to their characteristics, the study animals 
were the “Huacaya” breed of alpacas (Calle 1982). Animals were 
collected from different areas of the Alitplanic Zone. Females 
grazed an area of 20 ha (1.55 alpacas ha-l) and males grazed plots 
of 3.5 ha (3.14 alpacas ha-l). None of the animals received sup- 
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Fig. 1. Average monthly precipitation and temperature during 
experimental period. 

plemental mineral or forage; thus, their diet was provided almost 
exclusively from forage. Liveweights (kg) of all animals were 
determined every month, from 18 June 1990 until the end of the 
trial on 18 April 1993. Liveweight changes (g day-r) were esti- 
mated monthly, according to the following equation: 

hLW= (LWi + 1- LWi)/At (1) 
with LW, the average liveweight of females or males in month i 
+ 2 and i, respectively, and At, a period of approximately 30 
days. During the 33 months of study, birth weights and 
liveweights of the newborn were recorded monthly and used to 
develop an age-growth curve. Progeny were kept with their moth- 
ers during the study period. Shearing was mechanically done late 
in November 1990 and in October 1991 and 1992 by adding a 
“snowcomb” to a sheep fleecer. Fiber was classified and weighed 
separately for fleece (fiber covering the back, sides, and part of the 
neck) and other body fiber (fiber covering the abdomen, legs, and 
neck). Fiber staple length (cm) was determined monthly, begin- 
ning in 1990, from the side (i.e., near the 6th rib) of each adult ani- 
mal. To determine trends in weights of adult animals, a simple 
regression analysis was made, adjusting the weight according to 
age. After that, a Student Hypothesis Test was conducted to com- 
pare differences among means for weight and fiber parameter of 
equations (Steel and Torrie 1980). The annual fiber production 
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Fig. 2. Available herbage standing crop, 1990-1993. 

June 
July 
August 
September 
October 
November 
December 
JalUJaly 
February 
March 

6.0 15.3 
4.8 15.0 
6.2 18.7 
7.9 18.1 
7.7 21.0 
9.3 14.7 
6.5 11.3 
7.9 9.5 
7.4 9.5 
7.8 7.1 
7.8 8.2 

April 6.9 11.8 

‘Estimated metabolizable energy of dry matter= 0.17 * DMD - 2; DMD= digestibility of 
dry matter (%), Standing Comittee on Agriculture (1990). 
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Table 1. Study site berbaceous species composition (%) by weight (from 
Castellaro and Garcia-Huidobro 1991) 

Plant Species 

Grasses and grasslike 
Avena barbata 
Aira caryophyllea 
Bromus berterianus 
Bromus hordeaceus 
Danthonia chilensis 
Hordeum berteroanum 
L&urn rigidum 
Piptochaetium panicoides 
Pstipoides 
Stipa lnevissima 
Stipa manicata 
Vulpia bromoides 
Carex spp. 
Other grasses and grasslikes 

Total grasses and grasslikes 

Forbs 
HyPochoeris glabra 
Cynara cardunculus 
Chaetanthera chilensis 
Carthamus lanatus 
Microseris pigmaea 
Other forbs 

Total forbs 

Composition 

29.3 
2.6 
5.7 

11.1 
0.2 

13.8 
0.7 
0.2 
1.0 
1.1 
1.2 

3.3 
0.3 
3.6 

74.1 

17.3 
1.3 
1.0 
2.0 
2.3 
2.0 

25.9 

(Y) was analyzed through Multifactor Analysis of Variance (Steel 
and Torrie 1980). considering YEAR and SEX, and their respec- 
tive interaction, as the main factors and expressed by: 

Yijk' ~ + YEARi + SEXj + YEARi = SEXj + Eijk (2) 
Differences among means for total fiber production and per- 

centage of fleece were compared using the Tukey Test. The 
growth curve for females was determined through the iterative 
adjusting method for nonlinear regression models (Marquardt 
1963), having as parameters the birth weight (BW), mature 
weight (MW), and a growth coefficient (CGRO) according to 
the growth model for mammals proposed by Brody (1945), 
reported by Standing Committee on Agriculture (1990). All these 
analyses were carried out using STATGRAPHICS software ver. 
5 (Coronado et al. 1994). All differences discussed were statisti- 
cally significant at the 5% level unless otherwise indicated. 

Table 2. Estimated study site herbage metabotizable energy and crude 
protein concentrations on dry matter basis (from Rodriguez and 
SqueUa 1987). 

Month Metabolized Energy’ Crude Protein 
(Mi kg-‘) (%) 

May 
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Fig. 3. Liveweight variation in alpaca flock, 1990-1993. 

Results and Discussion 

Changes in liveweight of adult animals 
When the evaluation period started (June 1990) average 

liveweights were 45 kg for males and 50 kg for females (Fig. 3). 
During the study period females gained about half as much 
weight per day (13.7 g day-l) as males (22.4 g day-l). This 
implies that females and males continued growing until reaching 
the mature weight at about 6 years of age. At this age they had 
completed their full dental development and have reached their 
mature skeletal size (Calle 1982, Buztinza 1991). At the end of 
the evaluation period (April 1993), females stabilized their 
weights around 65 kg and males near 74 kg (Fig. 3). These values 
were higher than those reported on alpacas in the Altiplanic envi- 
ronment (Bustinza 1991), and similar to those reported by Davis 
et al. (1991), on Chilean alpacas managed with white clover-grass 
grassland, in New Zealand. During the evaluation period, alpacas 
gained or lost weight (Fig. 4.) mainly because of the monthly 
variations in nutritional contents of the grassland (Table 2) and 
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Fii. 5. Female growth curve according to age. 
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Fig. 4. Liveweight change in alpaca flock, 1990-1993. 

because of shearing. In the winter period, liveweight gains were 
small, and decreased, reaching values near zero at the end of July. 
Then liveweight gains increased reaching their highest values in 
October; this coincides with the greatest rates of biomass increase 
of the grassland (Fig. 2) and its higher metabolizable energy and 
crude protein concentrations (Table 2). After October, liveweight 
gain began to decrease, being negative during the fall and the 
beginning of winter. Those last periods are critical, because of the 
lowest metabolizable energy concentrations in the forage (Table 
2) and its capacity to supply maintenance requirements of the ani- 
mals. According to San Martin (199 l), for an alpaca of 62 kg of 
liveweight, forge intake should have concentrations near 7.74 Mj 
kg-1 of metabolizable energy and 7.7% of crude protein to meet 
the maintenance requirements of animals. 

Female Growth Curve 
Liveweights of growing females, measured from birth to 900 

days old, are shown in Figure 5. The growth model proposed by 
Brody (1945) and reported by the Standing Committee on 

12 

.- I 
10 

2 

Fig. 6. Fiber length variation in alpacas, 1991-1992. 
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Table 3. Meao (5~ SE) annual fiber production and fleece percentage for females and male alpacas, 1990-1992. 

Y&W Females 
Fkece 
Males Mean Females 

Fleece oercentaee 
Males Mean 

1990 

1991 

1992 

MtXtl 

---------------~sanimal-l)--------------- ---------------(O/at..------------ 

1.57 io.10 2.49i0.16 1.82 f 0.08a1 77.9i 1.4 81.1 * 2.3 78.7&?.3a 

1.281tO.10 1.88*0.15 1.46 f 0.08b 64.5 f 1.0 70.3 It 2.2 66.4ilSb 

1.81 f 0.09 2.62 zt 0.13 2.08 f O.lOa 65.61t 1.3 77.0 f 1.9 69.4*1 Sb 

1.57 f 0.06a 2.3 f 0.08b 69.1 f 0.8b 76.0 f 1.2b 

IMean for sex or year followed by same letter are not significantly different at the 5% level 

Agriculture (1990) explained 78% of the variation in liveweight. 
The estimated values (&SE) for birth weight (BW), mature 
weight @lW), and the growth coefficient (CGRO) were: 

LW = MW - (MW - BW) l EXP (-CGRO l age) R* = 0.781 (3) 

MW = 62.33*33,2 
BW = 7.03 +2,01 
CGRO = 0.0026~0,00039 

According to this equation, the estimated birth and mature 
weight are in concordance with the ranges cited by Bustinza 
(1991) and Calle (1982) for these variables. During the fist 90 
days since birth, females gain between 1 IO-150 g day-i, reaching 
an average liveweight of 18.1 kg at 12 weeks of age, when ani- 
mals have a ruminal activity similar to that of an adult (San Martin 
1991). When the animals are 8.5 months old, they have reached 
34.7 kg of liveweight with a liveweight gain of 75 g day-t. When 
the animals are 1 year old they weigh about 41.5 kg with a weight 
gain between 50 and 60 g day-t. At 3 years old, they weigh about 
59.4 kg with a weight gain of lo-20 g day-l. Their weight 
exceeds 62 kg at 7 years of age. These results show that growth 
conditions for alpacas under extensive grazing on a 
Mediterranean Range are better than those for alpacas of the 
same age on Altiplanic environment (Bustinza 1991). Under 
mediterranean conditions, it is possible to wean early, with a 
liveweight of 18-20 kg and first mate one-year-olds with a mini- 
mum liveweight of 4042 kg. In pasture conditions similar to 
those in New Zealand, higher birth weights and average daily 
weight gains than those reported in Mediterranean grasslands can 
be expected (Davis et al. 1991). Although alpacas grow faster 
under better nutritioinal conditions, when the growth coefficient 
(CGRO) from the preceeding equation is compared to that of 
other herbivores, such as sheep, the CGRO appears relatively 
low (Brody 1945, reported by Standing Committee on 
Agriculture 1990). This indicates that alpacas grow relatively 
slow even under improved conditions. 

Fiber Production 
The annual fiber production by adult alpacas is shown in Table 

3. Fiber production from males, over the 3 seasons studied, was 
greater than that from females. Average values (* SE) were 2.36 
f 0.08 and 1.57 + 0.06 for males and females, respectively. 
Fleece production was lower in 1991 than in the other 2 years, 
probably because the time between shearing was only 320 days. 
Interaction between year and sex was not significant (P = 0.476). 
The fleece percentage was higher for males (76.0 + 1.2%) than 
for females (69.1 + 0.8%), and higher in 1990 than in 1991 or 
1992. Year.* sex interaction was significant at P = 0.06. Values 
determined for these fleece parameters are similar to those report- 
ed for these animals in altiplanic conditions (Calle 1982; Bustinza 
1991), and slightly lower than those determined in New Zealand 
(Davis et al. 1991). 

Staple Length 
Variation in staple length of adult alpaca fleeces during 1991 

and 1992, is shown in Figure 6. The corresponding regression 
equations are shown in Table 4. Staple length shows a lineal 
growth, with no great seasonal and nutritional restrictions causing 
negative variations in the liveweight changes. Staple growth 
rates, measured throughout the slope of determined regression 
lineal equation, are shown in Table 5. When the Student 
Hypothesis Test was used to test differences between slopes of 
determined regression lineal equations, there were no differences 
between fiber growth in males and females. However, in both 
sexes, growth in 1991 was greater than during 1992. The average 
staple length of both males and females at the time of shearing 
was 9.8 f 1.0 cm in 1991, and 8.4 + 0.6 cm in 1992. These values 
are similar to those cited by Russel(l990) for alpacas. Therefore, 
the minimum fiber length required by indurstry can be obtained 
from annual shearing. 

Table 4. Regression equations of length of staple (cm) on time (days after shearing) for female and male alpacas, during 1991-1992 

Sex 

Females 

Males 

Intercept(iSE) 

0.452 20.299 

0.88 1 zt 0.295 

1991 
Slope(kSE) 

0.0256 f 1.428-3 

O.O278ilAOE-3 

R* Intercept(GE) 

98.5 0.560 f 0.077 

98.7 0.689i 0.119 

1992 

Slope(ltSE) R* 

0.0206i3.63E-4 99.6 

0.0213 f 5.6OE-4 99.2 
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Table 5. Staple growth rates (* SE) for female and male aipalcas, 1991, San Martin, F. 1991. Nutricidn y alimentaci&r, pp.72-93. In: C&r 
1992. Novoa y Arturo Fl6rez (eds), Produccidn de rumiantes Menores: 

AlpacasRERUMEN. Lima, Perti. 
Sex 1991 1992 Santibtiez, Q.F. and M.J. Uribe. 1990. Atlas Agroclimatico de Chile. 

- _ _ _ - - - - _ -(-day-l) - - _ - _ - - - - Regiones sexta, stptima, octava, y novena. Laboratorio de 

Females 0.256 f 0.014al 0.206 i 0.004b Agroclimatologfa. Departamento de Ingenierfa y Suelos. Universidad 
de Chile, Fact&ad de Ciencias Agrarias y Forestales. Santiago. 

Males 0.278 f 0.014a 0.213 f 0.006b 
I Means for sex or year followed by the same letter are not significantly different at the 
5% level. 

Conclusions 

Soil Survey Staff. 1990. Keys tosoil taxonomy, fourth edition. SMSS 
tech. monogr. Blacksburg, Virg. 

StancImg Committee on Agriculture, Ruminants Subcomittee. 1990. 
Feeding Standars for Australian Livestock. CSIRO, Australia. 

Steel, R.G.D. and J.H. Torie. 1980. Principles and procedures of statis- 
tics. McGraw-Hill. N.Y. 

Natural Mediterranean grasslands can provide alpaca mainte- 
nance requirements plus that needed for growth and fleece pro- 
duction. However, supplemental feeding, especially for females, 
should be provided from the middle of summer through the 
beginning of winter for maximum production. Growth is faster on 
Mediterranean grasslands than on the Andean High Plateau grass- 
lands and in the Altiplanic environment. Acceptable fleece pro- 
duction can be obtained from annual shearing. However, more 
research is needed to maximize alpaca fleece production under 
these conditions. 
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Abstract 

Permanent channel cross-sectional transects perpendicular 
to flow were used to estimate changes in spring and resultant 
creek channel morphology. Three cattle grazing treatments 
(none, light, and moderate) were applied to 2-5 ha pastures 
containing a perennial spring and resultant creek cohort for 5 
years. Grazing effects on the total change in channel mor- 
phology were not detected, nor did our method detect channel 
morphology change over the 5 year study period. Ungrazed 
springs and creeks were observed to change more than 
grazed springs and creeks although these differences were not 
statistically significant. Observed, but not significant, change 
over time appears related to rainfall patterns. Permanent 
channel cross-sections, one of the currently recommended 
methods for monitoring livestock grazing impacts on stream 
channek$ may not be adequate for detecting channel changes 
in low-flow spring/creek systems. 

Key Words: ripariau, creek, stream, livestock, cattle, grazing, 
cross-section 

California’s hardwood rangelands and associated annual grass- 
lands provide 75% of the forage used by the State’s range live- 
stock industry (Ewing et al. 1988). Grazing strategies in these 
areas historically emphasized yearlong grazing but seasonal graz- 
ing systems have received gradual acceptance (Bartolome 1984). 
Some water quality degradation and riparian vegetation loss has 
been considered an unavoidable aspect of domestic livestock 
grazing practices (Bartolome 1993). 

Several studies have examined livestock grazing effects on 
riparian system channel morphology (Gunderson 1968, Roath 
and Krueger 1982, Kauffmann and Krueger 1984, Marlow et al, 
1987, Williamson et al. 1992). Buckhouse et al. (1981) reported 
that moderate grazing effects were not detectable and that high- 
runoff-event frequency and timing were primarily responsible for 
changes in channel morphology. Medina and Martin (1988) and 
Sidle and Sharma (1996) also found no significant grazing effects 

on channel morphology. Conversely, Myers and Swanson (1992) 
found specific grazing practices ameliorated slumping stream 
banks and disturbed aquatic habitat in central Nevada. 

We designed this experiment to determine conservative grazing 
practice effects on channel morphology for low-flow springs and 
their resultant creeks at Sierra Foothill Research and Extension 
Center (SFREC), Browns Valley, Calii. It is one component of a 
larger study examining cattle grazing effects on vegetation, aquat- 
ic insects, and water quality (Campbell and Allen-D& 1997) of 
California’s hardwood rangeland spring-creek ecosystems. 

Study Site 

The. authors wish to thank the many UC Range program graduate students for 
their sampling assistance. The Integrated Hardwood Range Management Program, 
University of Califoraia funded this project. 

Manuscript accepted 8 Mar. 1998. 

Owned and managed by the University of California for more 
than 30 years, Sierra Foothill Research and Extension Center 
(SFREC) is located on the western slope of the Sierra Nevada 
foothills in Yuba County, Calif. It covers 2,300 ha of steep to 
rolling landscape 9@-600 m above sea level. Annual precipitation 
at SFREC averages 72 cm yrl with maximum and minimum air 
temperatures in the region ranging from 32.0” C in July to 2.2” C 

Resumen 

Se usaron trausectos transversales permanentes, perpendicu- 
hres al flujo de1 agua en canales, para e&mar 10s cambios en el 
manantial y en la morfologilia de1 canal de1 riachuelo resultante. 
Tres tratamientos de pastura de ganado (nulo, Iigero y modera- 
do) fueron aplicados a potreros de 2-5 ha con manantial y 
riachuelo resultante, por un period0 de 5 aiios. No se encon- 
traron efectos de la pastura sobre el cambio total en la mor- 
fologilia de1 canal. De igual forma, nuestro m&odo no detect6 
cambios en la morfologilia de1 canal durante el period0 de 5 
aiios de nuestro estudio. A pesar de que no se encontraron difer- 
encias siguiticativas, 10s manantiales y riachuelos que no estu- 
vieron sometidos al ganado mostraron mh cambios que 10s man- 
antiales y riachuelos con ganado. Los cambios observados a 
travb de1 tiempo parecen estar relacionados con patrones de llu- 
via. Transectos transversales en cauales permanentes, uno de 10s 
mCtodos actualmente recomendados para el monitoreo de 
impact0 de la ganaderia en canales de riachuelos, puede no ser 
adecuado para de&tar cambios en canales en sistemas de man- 
antiales y riachuelos de flujo ligero. 
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in January. Dominant vegetation is blue oak (Quercus douglasii 
Hook. & Am.)/gray pine (Pinus sabiniana Douglas) woodlands 
and savannas with introduced annual grass and forb understories. 
Soils in this area are generally shallow and clumped in the 
Auburn (loamy, oxidic, thermic, ruptic-lithic xerochrepts) and 
Argonaut (fine, mixed, thermic mollic haploxeralfs) series 
(Herbert and Begg 1969). 

Spring sources are quite small (width -0.5 m) and typically sur- 
rounded by rocks or dense vegetation or both. Two main perenni- 
al spring-types are evident at SFREC, those flowing on and 
around bedrock substrates (Type I) and those seeping through the 
soil at a slope break with surface flow barely and sometimes not 
at all visible (Type II). Type I springs are usually found along 
intermittent stream channels which flow only during high volume 
rainfall events, overrunning the spring altogether. Typical wet- 
land species Paspalum dilatatum Poiret, Verbena spp., rushes, 
and sedges among others sharply delineate a spring’s boundaries 
which average 3 m across perpendicular to flow forming oval- 
like borders. Most of the year, flow is highly reduced so that it is 
not measurable by classical techniques that employ floatation 
devices or revolving apparatus. As spring areas transition into 
creeks, flow remains sub-surface most of the year. 

The highly palatable, perennially green spring vegetation makes 
for intense cattle use. This is especially evident during spring and 
summer months as upland vegetation dries. Spatially focused uti- 
lization creates visually striking effects on the ground. Cattle are 
seen to sink to their knees in the saturated soil creating a highly 
undulated surface, rife with pock marks throughout the spring 
boundaries. These visually assessed impacts motivated this study. 

. . . . . . . . . . . . . . . . ...* 
l *-*..- 

Methods 

Three spring-creek cohorts were selected from each of 3 
SFREC watersheds (Campbell, Schubert, and Forbes) for grazing 
treatment application (Fig. 1). Watersheds were selected for the 
presence of an undeveloped spring, geographic proximity, and 
similar management histories. Campbell possesses the highest 
geographic similarity; all 3 plots are contiguously located on the 
same slope with roughly 25-35% overstory cover of blue oak, 
interior live oak (Q. wislizenii A.DC.), and spicebush 
(Calycanthus occidentalis Hook. & Am.). Schubert is dominated 
by dense blue oak, interior live oak, and gray pine overstory 
(-5040% cover) in contrast with the Forbes watershed which 
was cleared of all woody vegetation during 1960s range improve- 
ments, and is now dominated by annual grasses. 

A completely randomized block design was employed where 
watersheds served as blocks such that watershed-to-watershed 
variation was partitioned from error variances. Each spring-creek 
cohort within a watershed (block) was randomly assigned a graz- 
ing treatment; ungrazed (UG), lightly grazed (LG), or moderately 
grazed (MG). Grazing treatments were applied annually 1992 
through 1997. Cattle were placed within 2-5 ha treatment areas 
enclosed by 3-wire electrical fence in November, once during the 
period January through March, and again in May to simulate 
yearlong grazing practices and to achieve desired mulch levels 
(see Table 1 for actual use dates). Experienced Sierra Foothill 
Research and Extension Center annual grassland range managers 
monitored grazing treatment intensity during each treatment peri- 
od. Cattle were left on a site until a visually estimated residual 

Forbes 

0 Spring . . 
- Creek . LZ 

. 
- Stream . . Schubert 

l *.=e watershed boundary 
. . . 

I 
. 

Grazing eXClOSUre . . . \;f 
Foothill Research and Extension Center experimental design schematic. Fii. 1. Sierra 
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Table. 1 Actual use dates. Table. 1 Continued. 

Year Watershed Treatment On off Head Days on Year Watershed Treatment On Off Head Days on 

97 Campbell LG 15-Jan 21.Jan 4 6 
16Apr 24-Apr 5 8 

12-May 1CMay 7 2 
15-May 16-May 7 1 
26-May 28-May 1 2 

MG 15-Jan 21-Jan 2 6 
16-Apr 24-Apr 2 8 

Forbes LG 16-Apr 23-Apr 10 7 
23-Apr 25-Apr 12 2 

MG 16Apr 24-Apr 6 8 
Schubert LG 16Apr 24-Apr 6 8 

MG 16-Apr 24-Apr 6 8 

92 

93 

Campbell 

Forbes 

Schubert 

Campbell 

Forbes LG 

Schubert 

94 Campbell 

Forbes LG 

Schubert 

95 Campbell 

F0hC.S 

Schubert 

96 Campbell 

Forbes 

Schubert LG 

LG 
MG 
LG 
MG 
LG 
MG 
LG 

MG 

MG 

LG 

MG 

LG 

MG 

MG 

LG 

MG 

LG 
MG 
LG 

MG 

LG 

MG 

LG 

MG 

LG 

MG 

MG 

16-Dee 24-Dee 6 8 
16Dec 24-Dee 4 8 
25-Nov 15-Dee I 20 
25-Nov 15-Dee 3 20 
lo-Nov 25-Nov 5 15 
IO-Nov 25-Nov 5 15 
19-Mar 26Mar 3 7 
26Mar 1-Apr 6 6 

3-May 1CMay 3 11 
29-Nov ‘I-De% 4 8 
19-Mar 26Mar 3 I 

3-May M-May 2 11 
29-Nov 7-Dee 2 8 
19-Mar 1-Apr 4 13 
30-Apr U-May 6 14 
M-May 25-May 11 11 

I-Dee 13-Dec. 13 6 
19-Mar I-Apr 4 13 
30-Apr 14-May 3 14 
1CMay 19-May 6 5 
13-Dee 20-Dee 7 I 
19-Mar I-Apr 3 13 

‘I-May 1CMay 3 7 
19-Mar I-Apr 3 13 

7-May 19-May 3 12 
19-May 25-May 6 6 
15-Mar 24-Mar 3 9 
29-Apr 9-May 3 10 

1-DeC 5-Dee 4 4 
15-Mar 24-Mar 2 9 
29-Apr 9-May 2 10 

1-Dee 5-Dee 2 4 
24-Mar CApr 11 11 

9-May 16May 12 I 
19-Dee 27-Dee 7 8 
18-Mar 25-Mar 6 7 
16May 31-May 7 15 
26May 31-May 4 5 
26-May 31-May 4 5 

5-Dee 13-m 6 8 
15-Mar 24-Mar 3 9 
29-Apr 9-May 3 10 
15-Mar 2CMar 3 9 
29-Apr 9-May 4 10 
19-May 2-Jun 4 15 
18-May 2-Jun 2 15 

2-Mar 9-Mar 9 7 
18-May 2-Jun 10 15 
24-Feb 2-Mar 9 6 
30-Apr 2-May 3 2 
18-May 2-Jun 7 15 

l-Mar 6Mar 3 5 
18-May 5-Jun 3 18 

l-Mar 6Mar 4 5 
18-May 5-Jun 4 18 
15-Feb 20-Feb 4 5 
30-Apr 9-May 4 9 

9-May 13-May 6 4 
15-Feb 20-Feb 2 5 
30-Apr 9-May 2 9 

5-Mar I-Mar 16 3 
20-Nov 2-Dee 7 12 
1 l-Mar 13-Mar 16 2 
20-Nov 29-Nov 4 9 

1CFeb 
2-May 

25-Nov 
1CFeb 

21-Feb 3 
IO-May 6 
29-Nov 3 
21-Feb 4 

dry matter target level was attained (MG -1000 kg/ha; LG -1500 
kg/ha). To verify grazing treatment levels, upland residual dry 
matter was estimated annually by comparison of aboveground 
herbaceous biomass from clipped plots within and outside of 3 
randomly located grazing exclosures per fenced treatment plot. 
Residual dry matter (kg/ha) levels are given in Table 2. 

Channel cross-section sampling methods were similar to those 
found in Harrelson et al. (1994). At each spring and each resul- 
tant creek, 2 permanent transects were established about 4 m 
apart and perpendicular to water flow. Two workers made depth- 
to-channel bottom measurements with a surveyor’s transit and 
graded staff at variably spaced points along each transect. 
Sampling points along transects were determined based on visu- 
ally apparent depth transitions and ranged from 5-50 cm apart. 
Once established, points were fixed and sampled each year. 
Cross-sectional sampling was performed prior to fall precipitation 
in late August/early September for 5 years. 

SPI:INGS CREEKS 

r 

Fig. 2. Mean total change (TA) estimates for springs and creeks 
among grazing treatment levels and over time. 
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Table. 2. Annual residual dry matter estimates. 

Watershed Treatment 1993 1994 1995 1996 mean se 
________________________________________-- ______________________ (kg/ha) __________ _ ------__-______-----____________________----------- 

Campbell UG 2586 1404 2347 1227 1891 337 
LG 1256 462 2240 1066 1256 369 
MG 1248 798 1685 1040 1192 188 

Schubert UG 6092 3031 5899 5007 989 
LG 1453 1413 3461 1592 1980 495 
MG 1597 402 1013 1788 1200 312 

Forbes UG 5019 2648 5317 4328 844 
LG 5436 1807 5211 3404 3964 850 
MG 2509 1399 2224 1434 1892 280 

Mean total change (TA) per sampling unit was used to assess 
potential differences in channel morphology among grazing treat- 
ments and time. TA was defined as: 

TA = (Iscourl + fill) 
where, scour equals substrate removal and fill is substrate addi- 
tion. Total change is a metric similar to Olson-Rutz and Marlow’s 
(1992) absolute percent change. 

Potential differences in TA at springs and creeks among grazing 
treatments were assessed with split-plot ANOVA on repeated 
measures. Homoscedasticity was verified for both factors but sig- 
nificant covariance among years indicating non-independence 
across factor levels rendered univariate analyses inappropriate for 
tests over time. Hence, MANOVA was performed on year-wise 
orthogonal contrasts of TA ensuring factor-level independence 
(Venables and Ripley 1994). The average Schubert-lightly grazed 
site value over 1992-95 replaced the 1996 missing data point. 

Results & Discussion 

No significant differences in TA were found with split-plot 
ANOVA on repeated measures among grazing treatments at 

springs (P = 0.35) or creeks (P = 0.24). Likewise, MANOVA on 
year-wise orthogonal contrasts indicated no significant temporal 
changes in TA at springs (P = 0.23) or creeks (P = 0.73). Results 
are summarized graphically in Figure 2 which shows that only 
slightly smaller standard errors would have resulted in significant 
differences between both grazed and ungrazed treatment levels. It 
is conceivable that error variances were inflated by the somewhat 
variable grazing intensities applied yearly. This variability 
stemmed from our efforts to mimic yearlong grazing practices as 
nearly as possible by turning cattle into the relatively small enclo- 
sures 3 times annually. While our 5-year treatment means met 
targeted values, a few years found lightly grazed and moderately 
grazed residual dry matter target levels transposed. 

A cattle trampling effect on grazed spring and creek channel 
morphology was and continues to be visually observed. Our 
methods did not detect this effect quantitatively. Means plotted 
over time revealed that TA at both springs and creeks roughly 
tracked annual precipitation patterns (Fig. 3). It seems clear that 
increased flow resulted in increased, yet not statistically signifi- 
cant TA. Therefore, we examined whether there were differences 
in TA for spring/creek sites that had intermittent streams above 
them and those where no stream was present above the sites. We 
found no pattern attributable to the presence of a channel above 

0 TA (springs) 
m TA (creeks) 
--+- Total ppt (cm) 

91 I2 920 93/4 94/5 9516 

Year (July-June) 
Fig. 3. Mean total change @A) and total annual rainfall (ppt) over study period. 
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the site. We also looked for differences in TA between coarse, 
bedrock type springs (Type I) and fine-textured type springs 
(Type II) and found none. Finally, we assessed differences among 
grazing treatments for the 2 components of TA scour and fill. 
Again, no differences were determined. 

We qualitatively observed greater TA at ungrazed sites for both 
springs and creeks. These observations are contradictory to our 
study’s alternative hypothesis that increased grazing intensity 
imparts increased channel morphology change (TA). However, 
Sierra Foothill Research and Extension Center range has been 
historically grazed at the moderately grazed treatment level 
(-1000 kg/ha residual dry matter) while lightly grazed and 
ungrazed represent grazing reduction and removal respectively. 
We believe that historic grazing intensities have likely con- 
tributed to increased sedimentation amounts and rates for each of 
our 9 spring systems creating relatively homogeneous substrates 
(Lovato Niles and Allen-Diaz; unpublished data) through which 
flow is impeded. We speculate that under historic grazing levels, 
fine sediment input and output in these systems was more or less 
at an equilibrium resulting in little total change (TA) in channel 
morphology. Grazing removal or reduction after 120+ years of 
moderate grazing will likely result in these systems seeking alter- 
nate equilibria. If these speculations represent the true underlying 
processes, we predict a promotion of channel incising and nar- 
rowing at ungrazed sites in the future. Continued grazing treat- 
ment application and annual monitoring will allow us to test these 
hypotheses. 

Permanent channel cross-section establishment is endorsed by a 
number of governmental and scientific sources (Platts et al. 1987) 
for monitoring livestock grazing impacts on riparian systems. 
These dam are very expensive to collect in terms of field time, 
data entry, and data analysis. Until a better link is established 
between channel cross-section data collection and interpretation, 
and management activities such as grazing, we do not recom- 
mend this type of channel monitoring for detection of grazing 
intensity impacts in low-flow spring/creek systems. 
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Abstract 

The winter forage quality of bluebunch wheatgrass (Agropyron 
spiedurn [Pursh] Scribn. & Smith) is generally inadequate for 
maintenance of wintering Rocky Mountain elk (Centus eluphus 
nelsoni Bailey). Previous attempts to improve the winter forage 
quality of bluebunch wheatgrass by clipping and livestock graz- 
ing have achieved mixed results. We report crude protein (CP), 
in vitro dry matter digestibility (IVDMD), and dry matter (DM) 
yield responses of bluebunch wheatgrass to 3 phenological 
stage/defoliation intensity treatment combinations. The study 
was conducted in 1993 and 1994 at 2 sites in the Blue Mountains 
of northeastern Oregon. Bluebunch wheatgrass was hand clipped 
to a 7.6-cm stubble height in early June under 1 of 3 treatment 
combinations: 1) mid-boot/whole-plant clipped, 2) mid-boot/one- 
half of the plant’s basal area clipped, and 3) inllorescence emer- 
gence/whole-plant clipped. Early November levels of CP and 
IVDMD were greater under all 3 treatments compared to an 
unclipped control. Mean forage quality improvement over the 
control was greatest in the inflorescence emergence treatment 
with an improvement of 1.3 percentage points for CP and 5.8 
percentage points for IVDMD. Dry matter yield of the control 
exceeded that of all clipping treatments. Increases in forage qual- 
ity resulting from forage conditionhxg treatments may be impor- 
tant to the viability of elk populations wintering on rangelands 
where forage quality, rather than quantity, is limiting. 

Key Words: Agropyron spicatum, Cervus ehzphus, elk, forage con- 
ditioning, nutrition, phenology, winter range, elk 

Many Rocky Mountain elk (Cervus elaphus nelsoni Bailey) in 
northeastern Oregon, as in other western states, winter on what 
were historically transitional or spring-fall rangelands (Skovlin 
and Vavra 1979, Sheehy 1987, Sheehy and Vavra 1995, Sheehy 
and Vavra 1996). Suburban expansion, agricultural development, 
and other forms of human disturbance have made much of the 
traditional elk winter range on valley floors and lower elevation 
foothills unavailable to wintering elk. Consequently, many elk in 

Authors wish to thank I. Cook, T. DelCmto, B. Dick, J. Kie, R. Riggs, E. 
Starkey, M. Vawa, and 3 anonymous reviewers for their critical review and com- 
ments on drafis of this mamwxipt. 
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northeastern Oregon occupy spatially incomplete winter habitat 
(Sbeehy and Vavra 1995). 

The winter forage quality of bluebunch wheatgmss (Agropyron 
spicatum [Pursh] Scribn. & Smith) and Idaho fescue (Festuca 
idahoensis Elmer), which are the dominant forage species on 
transitional rangelands of northeastern Oregon, is commonly 
inadequate to meet maintenance requirements of wintering elk 
(Westenskow 1991, Bryant 1993, Clark 1996). Anderson and 
Scherzinger (1975) suggested spring livestock grazing may be 
useful to improve the winter forage quality of perennial grasses 
such as bluebunch wheatgrass since regrowth produced by grazed 
plants may cure in a phenologically younger, more nutritious 
state than ungrazed plants. Many studies have examined the 
effects of defoliation on forage production and chemical compo- 
sition of bluebunch wheatgrass (McIlvanie 1942, Stoddart 1946, 
Blaisdell et al. 1952, Willms et al. 198Ob, Daer and Willard 1981, 
Pitt 1986, Bryant 1993, Westenskow-Wall et al. 1994). Results 
from these studies suggest the forage quality and quantity 
response of bluebunch wheatgrass to defoliation is strongly relat- 
ed to phenological timing of defoliation, amount of photosynthet- 
ic and meristematic tissue removed, and number of defoliations 
occurring during the growing season. An effective phenological 
stage/defoliation intensity treatment combination for use in 
improving the winter forage quality of bluebunch wheatgrass has 
not been determined for the environmental conditions of nortb- 
eastern Oregon. 

Our objective was to examine the effect of several, previously 
uninvestigated phenological stage/defoliation intensity treatment 
combinations on early winter levels of CP, IVDMD, and DM 
yield of bluebunch wheatgrass on elk winter range in northeastern 
Oregon. Forage quality results from each of the treatments and 
from an unclipped control were compared to estimates of the 
early winter nutritional requirements of elk. 

Materials and Methods 

Study Area 
The study was conducted in 1993 and 1994 at 2 study sites; 

Winter Ridge and McCarty Spring, located in the Blue Mountains 
of northeastern Oregon approximately 35 and 48 km southwest of 
La Grande, Ore., respectively. Both study sites were located on 
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USDA-Forest Service land managed as big game winter range. 
The following criteria were used in selection of the study sites: 
(1) location on an open ridgetop, (2) southerly to westerly aspect, 
(3) grassland vegetation type dominated by bluebunch wheat- 
grass, (4) sufficient density of vigorous bluebunch wheatgrass 
plants for statistically rigorous sampling, and (5) representative of 
winter range frequently used by elk from November to April. 

An 0.8-ha livestock exclosure had been constructed at each 
study site in 1986 (Bryant 1993, Westenskow-Wall et al. 1994). 
The McCarty Spring exclosure was located on a gently sloping (0 
to 5%) westerly aspect at 1,274 m in elevation. The elevation of 
the Winter Ridge exclosure was 1,366 m with a gently sloping (0 
to 7%) south-southwesterly aspect. 

Vegetation at both study sites was classified as bunchgrass on 
shallow soil, gentle slopes (Hall 1973:GB-49-11). The dominant 
perennial grasses were bluebunch wheatgrass, Idaho fescue, 
Sandberg bluegrass (Pea secunda Presl.), prairie junegrass 
(Koeleria cristata Pers.), and Kentucky bluegrass (P. pratensis 
L.). AMU~ grasses such as cheatgrass (Bromus tectonun L.) and 
soft brome (B. mollis L.) dominated ecologically-disturbed sites. 
Western yarrow (Achilles millefolium L.) was the most common 
perennial forb. No shrubs were recorded at either site. 

Soils on both sites were shallow, extremely stony to very cob- 
bly, loams and silt-loams of the Anatone-Backer complex 
(Dysterhuis and High 1985, Bryant 1993). The shallowness and 
droughtiness of these soils were likely the most limiting factors to 
vegetative production (Dysterhuis and High 1985). 

The climate was continental with low precipitation, warm to 
hot summers and cold, dry winters. Most of the precipitation 
occurred as winter snow and spring rain. The amount and timing 
of late summer and fall rain was unpredictable but could occur in 
sufficient amounts to promote substantial regrowth in perennial 
grasses. AMU~ precipitation totals for 1993 and 1994 at Starkey 
Experimental Forest and Range, less than 15 km away from both 
study sites, were 56.6 cm and 54.4 cm, respectively (Fig. 1). The 
10 year (1986 to 1995) maximum, minimum, and mean annual 
precipitation at Starkey Experimental Forest and Range was 36.2, 
72.0, and 54.8 cm, respectively (Unpub. data, on file at Forestry 
and Range Sciences Laboratory, La Grande, Ore.). 

10 

0 
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Fig. 1. Monthly precipitation for 1993 and 1994 at Starkey 
Experimental Forest and Range near La Grande, Ore. 
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Experimental Design 
A completely randomized experimental design was used. At 

each study site, the area within the livestock exclosure (excluding 
a 10-m wide fence buffer zone) was divided into 10 m by 10 m 
plots resulting in a rectangular block of 44 plots at the McCarty 
Spring exclosure and a rectangular block of 39 plots at the Winter 
Ridge exclosure. From the available plots at each study site, 32 
plots were randomly assigned to a clipping treatment and year of 
treatment application. 

All bluebunch wheatgrass plants within each randomly chosen 
plot received 1 of 4 possible treatments: (1) unclipped control, (2) 
the entire basal area of the plant was hand-clipped to a 7.6-cm 
stubble height during the mid-boot phenological stage, (3) one- 
half the basal area of the plant was hand-clipped to a 7.6-cm stub- 
ble height during the mid-boot stage and, (4) the entire basal area 
of the plant was hand-clipped to a 7.6-cm stubble height during 
the inflorescence emergence stage. The mid-boot/half-plant clip- 
ping treatment was included to simulate the grazing system sug- 
gested by Anderson and Scherzinger (1975) for conditioning elk 
winter range forage (i.e., moderate stocking and short duration). 
Partial defoliation, as represented by the mid-boot/half-plant 
treatment, may more accurately simulate moderate grazing than 
traditional whole-plant clipping. The 7.6-cm stubble height was 
used because previous research indicated clipping to stubble 
heights less than 7.6cm (Stoddart 1946, Blaisdell and Pechanec 
1949) may severely impact plant vigor and sharply limit 
regrowth. Clipping to stubble heights greater than 7.6-cm (Pitt 
1986) may not adequately delay the phenology of subsequent 
regrowth since the apical meristems of bluebunch wheatgrass 
typically are not removed by this level of defoliation and 
regrowth occurs by continued elongation and development of 
existing tillers rather than by production of new tillers from axil- 
lary buds. 

Each clipping treatment was replicated 4 times at each study 
site during 1993. The entire experiment was replicated in 16 new 
plots at each site during 1994. 

During early November of 1993 and 1994, forage samples were 
collected from plots treated during the previous spring. Samples 
were collected by randomly locating four, 1 m by 1 m quadrats 
within each treated plot and clipping all the bluebunch wheat- 
grass plants within the quadrats to a 2.5-cm stubble height. All 
the material harvested from the 4 quadrats was combined into 1 
composite forage sample per plot. 

The forage samples were oven-dried at 50” C until a constant 
dry weight (* 0.01 grams) was reached. The dried samples were 
then ground to pass through a l-mm mesh screen. Dry matter per- 
centage of each sample was determined by oven-drying 2 sub- 
samples at 100” C until a constant weight (? 0.01 grams) was 
reached. Dry matter percentage of each sample was used to cor- 
rect the original sample weight to a 100% dry matter basis. Crude 
protein (CP) percentage was determined in duplicate using the 
kjeldahl method as described by the Association of Official 
Analytical Chemists (AOAC 1980). In vitro dry matter digestibil- 
ity (IVDMD) percentage was determined in triplicate (Tilley and 
Terry 1963). Rumen inoculum used in the digestibility analysis 
was a composite sample collected from 2 fistulated Hereford 
steers maintained on meadow hay. Digestible energy (DE) 
(Schommer 1978) and metabolizable energy (ME) (Smith 1971, 
Thompson et al. 1973) for elk were calculated from the IVDMD 
of forage samples using the following equations: 

DE kcal g-t DM = 0.05 1 (percent IVDMD)-0.7054 (1) 
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ME kcal g-1 DM = 0.85(DE kcal g-’ DM) (2) 
Crude protein, IVDMD, and DM were compared between treat- 

ments, study sites, and years using analysis of variance proce- 
dures (SAS 1988). Where differences were detected, Fisher’s 
Least Significant Difference (LSD) procedure was used to make 
multiple comparisons of treatment means based on a 5% level of 
significance (SAS 1988, Montgomery 1991). 

Results 

Treatment (P c O.Ol), site (P c O.Ol), year (P c O.Ol), and site by 
year (P c 0.01) effects were detected for (CP). Crude protein in 
bluebunch wheatgrass at McCarty Spring was higher than at 
Winter Ridge (Fig. 2). Forage from 1994 was higher in CP than 
that from 1993. There was greater variability in the CP response 
between years at McCarty Spring than at Winter Ridge. This site 
by year interaction may be due to site factors at McCarty Spring 
that allowed greater CP response by plants (Fig. 1). Compared 
across study sites and years, samples from the mid-boot/whole- 
plant, mid-boot/half-plant, and the inflorescence emergence clip- 
ping treatments were significantly higher (P < 0.05) in CP than the 
unclipped control (Table 1). Crude protein of the mid-boot/whole- 
plant and inflorescence emergence treatments was similar but both 
treatments had higher CP (P < 0.05) than the mid-boot/half-plant 
treatment. Total CP (kg ha-l) was higher (P < 0.05) in the 
unclipped control than in the other 3 treatments (Table 1). The 
mid-boot/whole-plant and inflorescence emergence treatments 
yielded the lowest amount of total CP (P < 0.05). 

Treatment (P < O.Ol), site (P = 0.02), year (P c O.Ol), and site 
by year (P < 0.01) effects were also detected for IVDMD. In vitro 
dry matter digestibility was higher at McCarty Spring than 
Winter Ridge (Fig. 3). Samples from 1994 had higher IVDMD 
than those from 1993. The site by year interaction observed may 
be due to greater responsiveness of plants at McCarty Spring to 
higher fall precipitation in 1994 (Fig. 1). Compared across study 
sites and years, samples from the mid-boot/whole-plant and inflo- 
rescence emergence treatments had the highest (P c 0.05) 
IVDMD (Table 1). Samples from the mid-boot/half-plant treat- 
ment had an intermediate level of IVDMD compared to other 
treatments. Unclipped control samples had the lowest IVDMD 

Fig. 2. Early winter levels of crude proteiu (%) in bluebunch wheat- 
grass from each of the 4 treatments. Labels for the X-axis corre- 
spond to study site/year combinations (e.g., WR 1993 = Winter 
Ridge 1993). Bars with different letter codes are siguificautly dif- 
ferent within study site/year combinations (P c 0.05). 

percentage of the 4 treatments (P < 0.05). Mean (DE) digestible 
energy and mean (ME) metabolizable energy from each treatment 
are listed in Table 2. 

Total IVDMD (kg ha-l) was highest (P < 0.05) in the unclipped 
control (Table 1). The mid-boot/whole-plant and mid-boot/half- 
plant treatments produced similar levels of total IVDMD. The 
inflorescence emergence treatment yielded the lowest (P < 0.05) 
total IVDMD of the 4 treatments. 

Treatment (P < 0.01) and year (P < 0.01) effects were detected 
for (DM) dry matter yield. When analyzed across study sites and 
years, the DM yield of the unclipped control was higher (P c 
0.05) than any of the other 3 treatments (Table 1). Dry matter 
yield from the mid-boot/whole-plant and mid-boot/half-plant 
treatments was similar, but both these treatments were higher (P 
< 0.05) in DM yield than the inflorescence emergence treatment. 
Dry matter yield of bluebunch wheatgrass was higher in 1994 
than in 1993 (Fig. 4). 

Table 1. Forage nutritional value from each of the 4 treatments. Means were calculated across study sites aad years. 

. 
IBents 

Nutritional Mid-boot Mid-boot 
Value Control Whole-plant Half-Plant 

Crude Protein (%) 2.9a 4.ob 3.4c 

Digestibility (%) 38.7a 4i.4 41.6c 

Dly Matter (kg ha-l) 499.w 251.6b 29x$ 

Total CP (kg ha-l) 14.Y 9.9h lO.Ob 

Total IVDMD (kg ha-l) 194.5a 111.4’ m.4b 

akMeans followed by different letter codes are significantly different within rows (p < 0.05). 
lDeps of fnxdom used in calculation of standard error of mean. 

Inflorescence 
Emergence 

4.P 

a@ 

182.7c 

8.W 

85.3c 

Std. Error 
of Mean 

0.087 
(3)’ 

0.635 
(3) 

23.58 
(3) 

0.738 
(3) 

9.279 
(3) 
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Table 2. Daffy forage intake (kg DM day-l) required to meet the metabolizable energy (ME) requirements of a 200&g elk on a 100% 
diet of bluebunch wheatgrass from each of the late spring clipping treatments. 

Late spring 
Clipping 
Treatments 

Control 
Mid-boot 
Mid-boot Half 

In Vitro Daily 
Dry Matter Digestible Metabolizable Forage Intake Percent of Maximum 

Digestibility Energy1 Energy* Required3 Daily Forage Intake4 

---(%)--- --(kcalg-tDM)-- --(kcalg-tDM)-- --(kcalg-‘DM)-- ---(%)--- 

38.7 1.27 1.08 8.5 170 
44.4 1.56 1.32 6.9 139 
41.6 1.42 1.21 7.6 152 

hf. Emergence 44.5 1.56 1.33 6.9 

‘Based on Schommer (1978) eauation for conversion of IVDMD IO DE. 
*Assuming ME is SSsb of DE (hitb 1971. Thompson et al. 1973). 
3Daily forage. intake required to obtain ME requirement of 9.185 kcal (Hobbs et al. 1982). 
4Based on a 5 kg/day maximum forage DM intake rate for a 200-kg elk (2.5% of body weight) (Hobbs et al. 1982) 
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Discussion 

Phenological Thing of Forage Conditioning 
The boot stage may be the only phenological stage when live- 

stock grazing can be successfully applied to improve winter for- 
age quality of bluebunch wheatgrass without critically impacting 
plant resource viability. Early-season defoliation generally has 
less negative effects on plant vigor than defoliation applied later 
in the growing season (Stoddart 1946, Blaisdell and Pechanec 
1949, McLean and Wikeem 1985). However, spring defoliation 
prior to the boot stage probably will not improve the winter for- 
age quality of bluebunch wheatgrass. In early spring, the apical 
me&ems of bluebunch wheatgrass have not yet been elevated by 
internode elongation and are not within reach of large grazing 
animals. Regrowth following early spring grazing occurs by con- 
tinued elongation and development of existing tillers with little 
effect on timing of phenological development or forage quality 
relative to ungrazed plants (Stoddart 1946). Late spring grazing, 
just prior to the boot stage of bluebunch wheatgrass when inter- 
nodes are elongating, does delay the phenological development of 
grazed plants by removing foliage and apical meristems and stim- 

ulating regrowth from axillary buds. However, under environ- 
mental conditions similar to those of northeastern Oregon, a suf- 
ficient amount of favorable growing season may remain after pre- 
boot grazing to allow axillary tillers on grazed plants to pheno- 
logically mature and cure with a chemical composition similar to 
that of ungrazed plants (Westenskow-Wall et al. 1994). 

Defoliation after the boot stage can improve the winter forage 
quality of bluebunch wheatgrass if regrowth is produced. 
However, post-boot grazing, when favorable growing conditions 
are rapidly declining, can substantially reduce the ability of blue- 
bunch wheatgrass to replace photosynthetic tissue (Busso et al. 
1989, Busso and Richards 1995) and forage dry matter (Table 1; 
Bryant 1993, Busso and Richards 1995) relative to undefoliated 
plants or plants defoliated prior to or during the boot stage. 

Research regarding defoliation of bluebunch wheatgrass during 
the boot stage reveals an apparent dilemma. While boot-stage 
clipping delays plant phenology and improves winter forage qual- 
ity (Table l), this stage is considered the most injurious time to 
defoliate bluebunch wheatgrass (Wilson et al. 1966). Declines in 
basal area of bluebunch wheatgrass following boot-stage clipping 
are reported in a companion paper to the present report (Clark et 
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Fii. 3. Early winter levels of in vitro dry matter digestibility (%) in 
bluebunch wheatgrass from each of the 4 treatments. Labels for the 

Fig. 4. Early winter levels of dry matter yield (kg ha-l) in bluebunch 
wheatgrass from each of the 4 treatments. Labels for the X-axis 

X-axis correspond to study site/year combinations (Lg., WR 1993 = 
Winter Ridge 1993). Bars with different letter codes are significant- 

correspond to study site/year combinations (e.g., WR 1993 = 

ly diierent within study site/year combiitions (P < 0.05). 
Winter Ridge 1993). Bars with different letter codes are signifi- 
cautfy diierent within study site/year combinations (P -z 0.05). 
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Table 3. Daily forage intake (kg DM day-l) required to meet the nitrogen 
(N) requirements of a 2Wkg elk on a 100% diet of bluebunch wheat- 
grass from each of the late spring clipping treatments. 

Late Spring Daily 
clipping Crude Digestible Forage Intake Percent of Maximum 

Treatments Protein Nitrogen’ Re@Xd2 Forage Intake3 
- (96) - (g N kg-’ DM) (kg DM day-l) --(%)-- 

Control 2.9 4.2 8.6 172 
Mid-boot 4.0 5.8 6.3 125 
Mid-boot Half 3.4 4.9 7.4 147 
hf. Emergence 4.2 6.0 6.0 119 

tA.ssumed to be 90% of total N content of the forage (Robbins 1973). 
*Daily forage intake required to obtain N requirement of 36 g N day-l (Hobbs et al. 
1982). 
3Based on a 5 kg/&y maximum forage DM intake rate for a 200-kg elk (2.5% of bcdy 

al. 1998). Boot-stage clipping may result in reduced dry matter 
yield (Table 1) and reproductive culm production (Blaisdell and 
Pechanec 1949). High mortality rates occur when bluebunch 
wheatgrass is repeatedly clipped in late spring (Stoddart 1946, 
McLean and Wikeem 1985). Still, current research suggests a sin- 
gle defoliation during the boot stage may produce some decline 
in plant vigor, but would not cause substantial mortality of blue- 
bunch wheatgrass provided the plants were not pre-stressed by 
drought or previous defoliation (Clark et al. 1998). 

Is some reduction in plant vigor acceptable in return for 
improvement in winter forage quality of bluebunch wheatgrass? 
Certainly, the viability of the plant resource should be the prima- 
ry concern here. Consequently, grazing-induced declines in vigor 
may be acceptable only if these declines are temporary and do not 
jeopardize the competitive status of bluebunch wheatgrass within 
rangeland plant communities. To improve winter forage quality 
of bluebunch wheatgrass without compromising its competitive 
status, a livestock grazing management system must be designed 
to: 1) obtain a single defoliation of bluebunch wheatgrass plants 
during the boot stage, 2) minimize regrazing of individual plants 
during the growing season, and 3) rest grazed plants until losses 
in vigor are fully recovered. 

Potential Improvements in Diet Quality 
Although the mid-boot and inflorescence emergence clipping 

treatments in this study produced considerable improvement in 
forage quality of bluebunch wheatgrass, results reported above 
may underestimate actual elk diet quality. Forage samples ana- 
lyzed in this study included stubble (5 cm) left from the clipping 
treatment, standing litter, and regrowth produced following clip- 
ping treatments. Elk probably would selectively graze the 
regrowth rather than the stubble and standing litter in each plant 
(Jourdonnais and Bedunah 1990), consequently, forage samples 
collected in this study may have contained more weathered and 
coarse material than would incidentally occur in actual elk diets. 

Reliable estimates of nutritional requirements are needed to 
assess the influence of diet quality on body condition and perfor- 
mance of free-ranging elk. Many studies have contributed to our 
knowledge of diet composition and diet quality of elk (see Nelson 
and Leege 1982), however, published information on nutritional 
requirements of free-ranging elk is limited. Several researchers 
have used existing knowledge of ruminant digestive physiology 
and metabolism, daily activity patterns of free-ranging elk, and 
nutritional requirements of ruminant livestock to predict the ener- 

gy and nitrogen (N) requirements of free-ranging elk (e.g., Hobbs 
et al. 1982, Nelson and Leege 1982, Swift 1983). 

Hobbs et al. (1982) estimated a 200-kg elk required 9,185 kcal 
of (ME) metabolizable energy per day for maintenance and activ- 
ity during winter. This is probably a reasonable estimate of the 
total ME requirements of a cow elk in early November, when 
additional ME requirements for gestation (Nelson and Leege 
1982) and thermoregulation (Moen 1973, Swift et al. 1981, 
Nelson and Leege 1982, Parker and Robbins 1985) are meager. 

Based on data from Hungerford (1952), Geis (1954), Hobbs 
(1979), and Mould and Robbins (1981), Hobbs et al. (1982) esti- 
mated the maintenance requirement of true digestible N for a 200- 
kg elk during winter was 7.3 g N kg-i DM assuming a forage 
intake rate of 5 kg DM day-t. Assuming true digestible N is 90% 
of total N content in a forage (Robbins 1973), this elk would have 
to consume forages averaging at least 5.1% CP to meet its N 
requirement . Hobbs et al. (1982) suggested elk consuming for- 
ages of less than 3.5% CP may suffer a net N loss because fecal N 
losses are 5.6 g N kg-* DM consumed (Mould and Robbins 1981). 

Table 2 and Table 3, respectively, describe the energy and N 
content of bluebunch wheatgrass forage from each clipping treat- 
ment and the forage intake (kg DM day-t) required under each 
treatment to meet the maintenance and activity requirements of a 
free-ranging 200-kg cow elk. On a diet composed entirely of 
bluebunch wheatgrass (control treatment), a cow elk must con- 
sume 8.5 kg DM day-t or 4.3% of her body weight in forage to 
meet daily energy requirements for maintenance and activity dur- 
ing early November. The cow elk would have to consume 3.9% 
of body weight in bluebunch wheatgrass (control treatment) to 
meet her daily dietary N requirements. Even on a diet of blue- 
bunch wheatgrass forage from the inflorescence emergence treat- 
ment, the treatment yielding the highest energy and N content, 
the cow elk must consume 3.5% and 2.7% of body weight in for- 
age to meet her energy and dietary N requirements, respectively. 
The maximum DM intake rate for elk is assumed to be 2.0 to 
2.5% of body weight (Hungerford 1952, Geis 1954), although 
recent research suggests elk may consume as much as 4.0% of 
body weight under extreme physiological and environmental con- 
ditions (Pers. Comm., John Cook, National Council of the Paper 
Industry for Air and Stream Improvement, I October 1996). 
Consequently, even with the improvements in forage quality pro- 
duced by spring forage conditioning treatments, energy and N 
levels in bluebunch wheatgrass are likely to be submaintenance 
for wintering elk. In northeastern Oregon, elk commonly winter 
on diets dominated by bluebunch wheatgrass and other forages of 
submaintenance-quality and may suffer substantial declines in 
body condition. 

Although the previous discussion might suggest spring forage 
conditioning treatments are inconsequential to the nutritional sta- 
tus of wintering elk, when viewed from the perspective of mini- 
mizing weight loss and declines in body condition, forage quality 
improvements resulting from conditioning treatments may have 
pronounced effects. Based on data from Anderson et al. (1972), 
Robbins et al. (1974), McEwan (1975), and Simpson (1976), 
Hobbs et al. (1982) concluded 15% of body weight was a reason- 
able estimate for the fat reserves of an adult elk entering winter in 
average body condition. A 200-kg cow elk in average condition 
would thus enter winter with 30 kg of fat available for catabo- 
lism. Catabolism of fat yields about 6 kcal ME/g (Mautz 1978). If 
this cow elk wintered on a diet of 5 kg day-t of bluebunch wheat- 

JOURNAL OF RANGE MANAGEMENT W(5), September 1998 523 



grass from the control treatment (Table 2), she would have a 
daily dietary energy deficiency of 3785 kcal ME. To compensate 
for this energy deficit she would have to catabolize 631 g of her 
fat reserves daily. At this rate of fat catabolism, assuming her 
energy requirements remained constant, her fat reserves would 
last for 48 days, after which she would have to catabolize protein 
to meet daily energy demands. On a diet of forage from the inflo- 
rescence emergence treatment, a 200-kg cow elk would exhaust 
her fat reserves after 7 1 days or 3.3 weeks after an elk consuming 
forage from the control treatment. If this same elk consumed a 
diet of bluebunch wheatgrass from the mid-boot/whole-plant 
treatment, her fat reserves would last 70 days or 3.1 weeks longer 
than if she consumed a diet from the control treatment. The fat 
reserves of a 200-kg elk consuming forage from the mid- 
boot/half-plant treatment would last 57 days or 1.3 weeks longer 
than on a diet of forage from the control treatment. 

Potential Improvements in Foraging Efficiency 
Several researchers have reported substantial increases in win- 

ter elk utilization of areas receiving facilitative livestock grazing 
(Anderson and Scherzinger 197.5, Jourdonnais and Bedunah 
1990, Frisina and Morin 1991). Notably, the phenological timing 
of these livestock grazing treatments was much less precise than 
the clipping treatments in the present study. The elk utilization 
responses observed in these earlier studies were probably related 
to a combination of interacting forage plant responses to the live- 
stock grazing treatments. Reduction of standing litter accumula- 
tion (Anderson and Scherzinger 1975, Peek et al. 1979, Willms et 
al. 1980a, Jourdonnais 1985, Gordon 1988), reduction in the 
number of reproductive culms per plant (Ganskopp et al. 1992) 
and improvements in the nutritional quality of the forage proba- 
bly all influenced the elk utilization responses in these studies. 
Livestock grazing treatments used to reduce standing litter and 
reproductive culms could be applied within a fairly wide pheno- 
logical window and may substantially increase the accessibility 
of palatable forage to feeding ungulates (Willms et al. 1980a, 
Jourdonnais 1985). 

In a forage conditioning study conducted on a bunchgrass/sage- 
brush rangeland in eastern Oregon, forage samples from ungrazed 
plots and plots grazed by cattle in the spring were collected in the 
fall by clipping, i.e., total available forage, and by the use of 
esophageal-fistulated steers (Pers. Comm., Tim DelCurto, Eastern 
Oregon Agr. Res. Ctr., 13 September 1995). Although the clipping 
samples indicated a forage quality difference existed between the 
grazed and ungmzed plots on a total available forage basis, the fis- 
tula samples suggested the steers selectively grazed forage of sim- 
ilar quality from both the grazed and ungrazed plots and this 
selected forage was higher in quality than the total available for- 
age in ungrazed plots. The steers may have selectively grazed the 
phenologically younger tillers from the current year’s growth of 
individual plants and avoided reproductive culms and standing lit- 
ter (Ganskopp et al. 1992). It is probably reasonable to assume elk 
wintering on bunchgrass-dominated rangelands would exhibit 
selective grazing behavior similar to the steers described above. 

The energy expended while foraging represents a substantial 
portion of the daily energy budget of a wintering elk (Hobbs et al. 
1982, Nelson and Leege 1982, Wickstrom et al. 1984). 
Consequently, foraging efficiency, i.e., energy expenditure/unit 
of nutrient ingested, may strongly influence the ability of an elk 
to meet its energy requirements during winter. As described 
above, it may be possible for elk to obtain forage of the same 

quality from conditioned and unconditioned forage by selective 
grazing. However, forage conditioning may not only enhance the 
overall nutritional quality of the forage by delaying plant phenol- 
ogy but may also increase the accessibility of phenologically 
younger portions of the plants by removing obstructing litter and 
unpalatable culms, decrease foraging time and distance 
traveled/unit of nutrient ingested, and decrease time exposed to 
predators and harsh environmental conditions while foraging. For 
elk that normally winter on a relatively low plane of nutrition, 
even small increases in foraging efficiency may be critically 
important. 
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Abstract 

Spring livestock grazing has been suggested as a tool to 
improve winter forage quality of bluebunch wheatgrass 
(Agropyron spicatum [Pursh] Scribn. 8~ Smith). Impacts on plant 
vigor and survival are important concerns associated with spring 
grazing. We report basal area change and mortality responses of 
bluebunch wheatgrass to 3 spring, 1 winter, and 3 spring + win- 
ter defoliation treatments. The study was conducted in 1993 and 
1994 at 2 sites in the Blue Mountains of northeastern Oregon. 
Basal area of individual plants was measured shortly after appli- 
cation of the spring treatments and again approximately 1 year 
after treatment. Clipping the entire basal area of bluebunch 
wheatgrass plants to a 7.6-cm stubble height during the mid-boot 
phenological stage and during the inllorescence emergence stage 
produced 7.0 and 7.8% declines in live basal area, respectively. 
Unclipped control plants and plants having only one-half their 
basal area clipped to a 7.6-cm stubble height during the mid-boot 
stage exhibited 5.2 and 18.6 % increases in live basal area, respec- 
tively. Combining the mid-boot/half-plant treatment with an 
early winter clipping to a 2.5-cm stubble height reduced the posi- 
tive live basal area response to 6.0%. No additional declines in 
live basal area reh&ive to the spring-only treatments were detect- 
ed for combinations of the early winter treatment with the mid- 
boot/whole plant treatment and the inflorescence emergence 
treatment. Experiment-wide plant mortality was only 0.2%. If 
managed for a moderate level of defoliation where a portion of 
the basal area of each bunchgrass plant is left undefoliated, live- 
stock grazing during the boot stage should have little negative 
impact on the vigor and survival of bluebunch wheatgrass under 
environmental conditions similar to northeastern Oregon. 

Key Words: Agropyron spicafum, Cervus elaphus, elk, forage con- 
ditioning, mortality, phenology, plant vigor, winter range 

Many authors have suggested livestock could be used as an 
effective tool for improving elk (Cervus elaphus) and mule deer 
(Odocoileus hemionus) habitat (Anderson and Scherzinger 1975, 
Malechek et al. 1978, Smith et al. 1979, Willms et al. 1980, 
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Willms et al. 1981, Reiner and Urness 1982, Pitt 1986, 
Jourdonnais and Bedunah 1990, Umess 1990, Frisina and Morin 
1991). Anderson and Scherzinger (1975) proposed late spring 
livestock grazing could be used to improve the forage quality on 
elk winter ranges dominated by perennial bunchgrasses such as 
bluebunch wheatgrass (Agropyron spica~um [Pursh] Scribn. & 
Smith). Grazing bunchgrasses during the late spring requires spe- 
cial management attention since late spring represents a critical 
period in the phenology of cool-season bunchgrasses and improp- 
er grazing during this period could result in little or no regrowth 
and reduced plant vigor (Stoddart 1946, Blaisdell and Pechanec 
1949, Wilson et al. 1966). Anderson and Scherzinger (1975) 
hypothesized if the intensity, duration and timing of defoliation 
were managed carefully, bunchgrass plants might be induced to 
produce regrowth of higher winter forage quality than undefoliat- 
ed plants without critically reducing plant vigor. 

Facilitative livestock grazing on rangeland dominated by blue- 
bunch wheatgrass has apparently been successful in enhancing 
winter elk use (Anderson and Scherzinger 1975, Frisina and 
Morin 1991). Defoliation treatments applied during or after the 
boot stage have been shown to improve the winter forage quality 
of bluebunch wheatgrass (Pitt 1986, Clark et al. 1998). Under the 
environmental conditions of northeastern Oregon, however, an 
effective combination of phenological timing, duration, and 
intensity of defoliation for improving the winter forage quality of 
bluebunch wheatgrass without critically affecting plant vigor, 
survival, and regrowth production has not been experimentally 
identified. Summer regrowth in bluebunch wheatgrass, receiving 
a single defoliation to a 2.5- or 7.6-cm stubble height just prior to 
the boot stage, phenologically matured before aestivation and 
winter forage quality was not improved relative to undefoliated 
controls unless fall rains induced additional regrowth production 
(Bryant 1993). A single defoliation to a 7.6-cm stubble height, 
applied after plant maturity in early September, increased winter 
forage quality but sharply limited regrowth production of blue- 
bunch wheatgrass on foothill rangeland in northeastern Oregon 
(Bryant 1993, Westenskow-Wall et al. 1994). 

Our objective was to examine the effect of 3 spring, 1 winter, 
and 3 spring+winter defoliation treatments on basal area and mor- 
tality responses of bluebunch wheatgrass on elk winter range in 
northeastern Oregon. This experiment was conducted concurrent- 
ly with an experiment examining forage quality responses of 
bluebunch wheatgrass to the 3 spring defoliation treatments 
(Clark et al. 1998). 
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Materials and Methods experiment was replicated in 1994 on the remaining 16 whole 
plots at each study site. 

Study Area 
The study was conducted during 1993 and 1994 within USDA- 

Forest Service big game winter range management areas located 
near Starkey Experimental Forest and Range in the Blue 
Mountains of northeastern Oregon. Two study sites, McCarty 
Spring and Winter Ridge, selected for use in 2 previous studies 
(Bryant 1993, Westenskow-Wall et al. 1994), were utilized for 
the present study. Selection of these sites was based on 5 criteria: 
1) location on an open ridge, 2) southerly to westerly aspect, 3) 
grassland vegetation type, 4) sufficient density of bluebunch 
wheatgrass plants for effective sampling, and 5) a consistent his- 
tory of winter elk use. The McCarty Spring site was located at 
1,274 m elevation with a gently sloping (0 to 5%) westerly 
aspect. The Winter Ridge site had a gently sloping (0 to 7%) 
south-southwesterly aspect at 1,366 m elevation. See Clark et al. 
(1998) for a detailed description of the vegetation and climatic 
conditions that prevailed at each site during the study. 

Both the McCarty Spring and Winter Ridge sites had received 
moderate to heavy livestock grazing on an annual basis since 
1864 (Skovlin 1991). A OS-ha livestock exclosure was construct- 
ed at each study site during the summer of 1986. Two previous 
studies (Bryant 1993, Westenskow-Wall et al. 1994) and the pre- 
sent study were conducted within these exclosures. 

Experimental Design 
A split plot experimental design was used. At each study site, 

the area within the livestock exclosure (excluding a 10 m wide 
fence buffer zone) was divided into 10 m by 10 m whole plots. 
Thirty-two of the whole plots available at each study site were 
randomly assigned a late spring clipping treatment and year of 
application. Sixteen of the 32 whole plots at each site were used 
in 1993 and the remaining 16 whole plots were used in 1994. 
Sixteen bluebunch wheatgrass plants within each whole plot were 
selected randomly as subplots. The random selection of subplots 
was restricted to vigorous bluebunch wheatgrass plants with dis- 
tinct basal area boundaries. Each subplot was tagged and pho- 
tographed for later identification. 

The 32 whole plots at each study site were randomly assigned 
to 1 of 4 treatments: 1) control, 2) mid-boot/whole-plant, 3) rnid- 
boot/half-plant, and 4) inflorescence emergence/whole-plant. 
Bluebunch wheatgrass plants within the whole plots assigned the 
control treatment were left unclipped. Under the mid-boot/whole- 
plant and inflorescence emergence/whole-plant treatments, the 
entire basal area of all the bluebunch wheatgrass plants within 
respective whole plots was hand-clipped to a 7.6-cm stubble 
height during the mid-boot or inflorescence emergence phenolog- 
ical stage. One-half the basal area of all the individual bluehunch 
wheatgrass plants was clipped to a 7.6-cm stubble height during 
the mid-boot stage under the mid-boot/half-plant treatment. 
Choice of the 7.6-cm stubble height is described in Clark et al. 
(1998). Each late spring clipping treatment was replicated in 4 
whole plots at each study site. 

Eight of the 16 subplots per whole plot were randomIy assigned 
to a 2.5-cm hand-clipping treatment applied during early 
November. This clipping treatment was designed to simulate the 
effects of early winter elk utilization on the vigor of plants defoli- 
ated during the previous spring. The remaining 8 subplots per 
whole plot were left unclipped as a subplot control. The entire 

Percentage mortality and percentage change in basal area of 
subplot bluebunch wheatgrass plants were evaluated during the 
hard seed phenological stage approximately 1 year following the 
application of the late spring clipping treatments (August 1994 
and August 1995). The plants were visually inspected to deter- 
mine percentage mortality. If there were no live tillers, the plant 
was considered dead. Percentage change in basal area of the sub- 
plot plants was used to assess plant vigor. An initial basal area 
measurement was taken for each subplot plant during the hard 
seed phenological stage approximately 2 months after the appli- 
cation of the late spring clipping treatments. Basal area was 
expressed as the product of the maximum length and the maxi- 
mum width of the individual plants measured at ground level. 
The area of any dead spots within the basal area of each plant was 
similarly measured and this area value was subtracted from the 
total basal area to yield the live basal area of the plant. Percentage 
change in live basal area was assessed by comparing the initial 
basal area measurement to the final measurement taken one year 
later. Subplot plants classified as dead during the final basal area 
measurement were recorded as having a 100% negative change in 
basal area. 

Percentage mortality and percentage change in live basal area 
were compared between subplot treatments, whole plot treat- 
ments, study sites, and years using general linear model proce- 
dures (SAS 1988). Where differences were detected, Fisher’s 
Least Significant Difference (LSD) procedure was used to make 
multiple comparisons of treatment means based on the 5% level 
of significance (SAS 1988, Montgomery 1991). 

Results 

The experiment-wide mortality rate was only 0.2% of 1,024 
plants treated. Highly significant whole plot treatment (P < 0.01) 
and site (P c 0.01) effects on percentage change in live basal area 
were detected. The mid-boot/whole-plant treatment and the inflo- 
rescence emergence treatment produced declines in live basal 
area of bluebunch wheatgrass while the live basal area of plants 
receiving the unclipped control and the mid-boot/ half-plant treat- 
ments increased (Table 1). In 1993 at both the McCarty Spring 
and Winter Ridge sites, the percentage change in live basal area 
of plants receiving the mid-boot/half-plant treatment increased (P 
< 0.05) compared to plants receiving the other 3 whole plot treat- 
ments (Fig. 1). Clipping treatments were generally more detri- 
mental to plant vigor at the McCarty Spring site than at the 
Winter Ridge site (P < 0.05). The McCarty Spring site was not as 
well-drained as the Winter Ridge site and plants at McCarty 
Spring seemed more prone to frost-heaving damage than plants at 
Winter Ridge. No significant year effects (P = 0.43) or site by 
year interactions (P = 0.33) were detected. 

A subplot treatment effect was detected for percentage change 
in basal area (P = 0.05). Subplot plants receiving the mid- 
boot/half-plant whole plot treatment and the subplot control treat- 
ment had a significantly larger percentage increase in basal area 
(P = 0.05) than did subplot plants receiving both mid-bootfhalf- 
plant and early winter clipping (Table 1, Fig.1, 2). There was no 
statistical evidence of interactions between subplot treatments 
and whole plot treatments (P = 0.33). 
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Fig. 1. Percentage change in basal area of bluebunch wheatgrass 
plants receiving the whole plot treatments (late spring clipping) 
and receiving the control subplot treatment (no early winter clip 
ping). Bars with different letter codes are significantly different 
within site/year combiitions (P < 0.05). 

Discussion 

Competition 
The effect of competing plant species on forage quality and 

vigor of bluebunch wheatgrass was not directly evaluated in this 
study. Mueggler (1972) reported partial reduction of competition 
by neighboring plant species reduced the negative effect defolia- 
tion had on the vigor of bluebunch wheatgrass plants. In the pre- 
sent study, only bluebunch wheatgrass plants were clipped. Other 
plant species occurring in the experimental plots were not dis- 
turbed except for a slight amount of trampling damage occurring 
during application of the clipping treatments. Consequently, blue- 
bunch wheatgrass plants receiving the clipping treatments may 
have been placed under greater competitive disadvantage than 
would occur in an actual grazing situation. 

Successive Defoliation 
Although the clipping treatments resulted in very limited mortali- 

ty of subplot plants, this study did not examine the effect this level 
of defoliation would have on plant vigor and mortality if applied 
during several consecutive years. Bluebunch wheatgrass recovers 
vigor slowly (Mueggler 1975, Caldwell et al. 1981). Successive 
defoliations over several consecutive years may have a cumulative 
effect on plant vigor (Wilson et al. 1966, Rickard et al. 1975). 
Anderson and Schetzinger (1975) recommended forage condition- 
ing treatments be applied under a rotation grazing system. 
However, forage conditioning under a rigid grazing system may 
not be as effective as a grazing management strategy which empha- 
sizes maintenance of plant vigor and is flexible enough to respond 
to annual fluctuations in forage and environmental conditions. 
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Fig. 2. Percentage change in basal area of bluebunch wheatgrass 
plants receiving the whole plot treatments (i.e. late spring clipping 
treatments) and the subplot clipping treatment (simulated early 
winter elh use). Bars with different letter codes are significantly 
different with site/year combiition P -z 0.05). 

the suggestions made by Anderson and Scherzinger (1975) that 1 
potentially useful grazing management system for forage condi- 
tioning may be 1 designed to achieve a moderate level of defolia- 
tion of bluebunch wheatgrass plants during the boot stage. 
Defoliation of one-half the basal area of individual bluebunch 
wheatgrass plants to a 7.6-cm stubble height during the mid-boot 
stage may enhance winter forage quality (Clark et al. 1998) and 
have no lasting negative effects on vigor relative to undefoliated 
plants (Table 1). Grazing systems utilizing the mid-boot/half- 
plant treatment for forage quality improvement, however, should 
include some provisions for vigor recovery to compensate for 
drought and other environmental stresses. 

Complete defoliation to a 7.6-cm stubble height during the 
mid-boot or inflorescence emergence stage may result in a sizable 
improvement in forage quality relative to the mid-boot/half-plant 
and control treatments (Clark et al. 1998). Consequently, there 
may be considerable interest in applying these whole-plant treat- 
ments on big game winter range. Greater forage quality improve- 
ment under the mid-boot/whole-plant and inflorescence emer- 
gence treatments, however, may be offset by 8.5% and 13.1% 
declines in live basal area, respectively (Table 1). Hence, vigor 
recovery should be a primary focus in grazing systems employing 
these treatments. 

To maintain healthy, vigorous plants under a forage condition- 
ing regime, plants grazed in late spring must be allowed time to 
recover from the stress of defoliation. A grazing management 
strategy for late spring forage conditioning should be flexible and 
include several options for vigor recovery following defoliation. 
One option for vigor recovery after late spring defoliation may be 
early spring grazing during the following year. If defoliation is 
halted early enough in the growing season to allow complete phe- 

Grazing Systems 
nological maturation of subsequent regrowth prior to aestivation, 

Attempts to tailor grazing management systems to enhance for- 
the effect on the vigor of bluebunch wheatgrass is minimum 

age quality on elk winter range should emphasize the sustainabili- 
(Stoddart 1946, Blaisdell and Pechanec 1949, McLean and 

ty of the plant resource. Findings from the present study support 
Wikeem 1985). A second option might be grazing deferment 
until late summer of the following year (i.e., after aestivation and 

528 JOURNAL OF RANGE MANAGEMENT W(5), September 1998 



Table 1. Comparison of whole plot and subplot treatment effects on percentage change in basal area of bluebunch wheatgrass. Means were calcu- 
lated across years and study sites. 

Whole Plot Clippi&&&nents 
Subplot Mid-Boot Mid-Boot LnflOK. std. Error 

Treatment Control Whole Plant Half Plant Emergence Across Rows’ 
--_---.____-___--__---------------------- - ______- (%) ___-___-.__--_____________ - _________- 

Without Simulated 5.2abx -7.F 1 8.6bx -7.8% 7.6 
Winter Elk Grazing (16.7)2 (8.7) (12.8) (4.4) (3 d.f.) 

With Simulated 4.3= 
Winter Elk Grazing (13.8) 

-8.+ 
(14.3) 

6.CPY 
(11.1) 

-n.lbx 
(15.5) 

7.6 
(3 d.f.) 

Std Error 4.9 4.9 4.9 4.9 

Within Columns3 (1 d.f.) (1 d.f.) (1 d.f.) (1 d.f.) 
‘Staodarc~ error for whole plot treatment means and the degree of freedom used in the calculation. 
hatdard deviations are enclosed within parenthese below the means. 
3Staodard error for subplot treatment means and the degree of fnxdom us.4 in the calculation 
abMcaos with different ‘a” or “b” lettct codes within the fit row represent significantly different whole plot treatment effects (PC 0.05). 
xyMcaos with different ‘Y or “y” letter codes within cobonns represent significantly different subplot txatment effects (PC 0.05). 

prior to the initiation of fall regrowth) or deferment until after 
heavy frosts begin to limit growth in the late fall of the following 
year. Deferring grazing until plant dormancy in late summer or 
late fall may minimize cumlative defoliation effects on vigor 
(Stoddart 1946, McLean and Wikeem 1985). Plants grazed in the 
late spring would have an entire growing season in the following 
year to recover losses of vigor. Cured leaves and culms might be 
removed by late season grazing, reducing the formation of “wolf 
plants” that would develop from the accumulation of standing lit- 
ter. A third option could be a year-long rest from grazing. 
Anderson and Scherzinger (1975) recommended plants grazed in 
the late spring for 2 consecutive years should be rested from graz- 
ing for at least 1 year. Resting for 1 year, however, may reestab- 
lish some of “wolfy” characteristics in bluebunch wheatgrass, 
especially under moderate grazing. When bluebunch wheatgrass 
is under drought or other environmental stress, longer intervals of 
grazing deferment or rest may be needed between applications of 
late spring grazing. 

Management Implications 
Increasing elk populations in the western U.S. (Bryant and 

Maser 1982) and decreasing amounts of traditional elk winter 
range (Picton 1974, Peek et al. 1982, Vavra 1992, Sheehy and 
Vavra 1995) have prompted interest in using forage conditioning 
to increase winter elk use of public lands and decrease elk depre- 
dation on private lands. Moderate levels of spring defoliation can 
improve winter range forage quality and may prove extremely 
useful for manipulating elk distribution between private and pub- 
lic lands. However, careful control of elk population levels, rather 
than habitat enhancement, should be the primary focus in elk 
habitat management (Mohler and Toweill 1982). Forage condi- 
tioning is a tool to compliment rather than substitute good elk 
population management. Natural resource managers must contin- 
ually reassess elk population levels and habitat availability. 
Target population levels for elk management should reflect 
changes in habitat availability, quality. and utilization. Finally, 
the public must become more well-informed regarding the need 
to limit elk populations. Prehaps then the biopolitical confusion 
of elk management might at least be reduced and decisions to 
reduce elk populations could then proceed more smoothly. 
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Abstract 

Rainfall simulators have heen used more than 50 years to eval- 
uate hydrologic parameters. The generated runoff hydrograph is 
a continuous integration of all factors that affect runoff flow. The 
complexity and interaction of site factors on runoff and infdtra- 
tion processes makes it diicult to identify a single component of 
the hydrograph that accurately characterizes the entire runoff 
event. A technique was developed to separate the runoff hydro- 
graph into segments representative of different portions of the 
flow event. Each segment grouping is analyzed for treatment 
and/or site factor differences or influences on the runoff. 
Comparing the treatment or site impacts on each hydrograph 
component allows a more detailed interpretation of the runoff 
and infdtration processes. This approach to runoff hydrograph 
analysis makes it possible to quantitatively assess differences in 
rainfall simulator runoff results and provide insight into why 
hydrographs may he simiir or different. 

Key Words: rangeland, hydrology, runoff/infiltration, simulation 

Rainfall simulators are a tool that has been used for more than 
50 years to evaluate hydrologic parameters such as infiltration, 
runoff, erosion, and sediment yield (Robinson 1979, Neff 1979). 
They can apply reasonably reproducible quantities and intensities 
of water to areas up to 10’s of square meters. 

While the runoff hydrograph from a rainfall simulator plot 
appears to be a simple picture of the runoff event, it represents a 
continuous integration of all factors that affect the runoff flow 
such as surface roughness, infiltration rate, water application rate, 
plot slope, and vegetation composition and density. Some of 
these factors are constant with time during the runoff event, ie., 
plot slope and vegetation composition. Other factors, such as 
infiltration rate change with time. Because of the complexity and 
interaction of site factors, it is difficult and maybe erroneous to 
select a single component or portion of the runoff hydrograph to 
characterize the runoff process or to use as a determinant in eval- 
uating treatments or watershed performance. The following tech- 
nique was developed for analyzing runoff hydrographs from rain- 
fall simulator studies to better understand the effect of site factors 
or treatments on the runoff process. 

Manuscript accepted 20 Mar. 1998 
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Background 
Runoff rates from simulation plots can be determined by point 

volumetric measurements at periodic intervals, recording volume 
changes with time in a calibrated tank, or using small flumes or 
weirs equipped with water stage recorders or more recently, elec- 
tronic data loggers. These data are used to create the runoff 
hydrographs. 

Past data analysis of runoff hydrographs have usually used one 
of the following techniques: 

1. 

2. 

Ratio of total runoff volume to total water applied (Rauzi 
and Hanson 1966). 
Ratio of runoff rate to water application rate at some arbi- 
trary time following runoff initiation (Simanton et al. 1991, 
Warren et al. 1986b), at several specific times during the 
runoff event (Warren et al. 1986a, Thurow et al. 1986) or at 
some specified time after 30 minutes (Weltz et al. 1989). 

It is difficult to compare results of different studies that do not 
use the same portion of the hydrograph (runoff event) as the criti- 
cal factor. 

There are a limited number of techniques that have been devel- 
oped for evaluating the entire hydrograph. One technique is the 
synthetic hydrograph, ie. the unit hydrograph, which is defined as 
the direct runoff hydrograph resulting from unit depth of excess 
rainfall produced by a uniform intensity storm of specified dura- 
tion (Sherman 1932). Another method is the SCS peak discharge 
method estimated from the triangular approximation of the 
hydrograph with linear rising and failing limbs (Pilgrim and 
Cordery 1993). Wu et al. (1978) developed a goodness-of-fit test 
to test differences between hydrographs with simulated rainfall 
from plots of uniform area. These techniques permit general com- 
parison of treatment effects but they are not suited for interpret- 
ing the time related processes that affect the runoff/intihration 
processes. 

Typical problems associated with trying to evaluate a treatment 
effect without considering the entire hydrograph can be demon- 
strated using actual runoff hydrographs from 4 plots selected 
from a series of rainfall simulator studies conducted on semiarid 
rangelands (Fig. 1). These hydrographs are from studies evahtat- 
ing the effects of long-term cattle grazing native shortgrass range- 
lands on runoff and infiltration. Study sites were on the Central 
Plains Experimental Range (CPER) near Nunn, Colo. and on the 
High Plains Grasslands Research Station (HPGRS) near 
Cheyenne, Wyo. (Frasier et al. 1995, 1996). The selected plots 
were on similar soil types and slopes with similar plant composi- 
tion and density. 
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Fig. 1. Four rainfall simulator hydrographs from shortgrass prairie rangelands. 

A rotating boom rainfall simulator was used to apply water at a 
nominal rate of 60 mm hrt to 3- X 10-m plots. Water application 
rate was measured and recorded at 1-min intervals with a 20-cm 
D raingage equipped with a bubble flow meter. The total water 
applied to each plot was measured with 6 small plastic raingages 
located within the plot boundary. Water collection troughs at the 
lower edge of each plot collected and directed the runoff water 
through a small critical depth flume. Depth of water flowing 
through the flumes was measured and recorded at 1-min inter- 
vals. 

Inspection of the 4 runoff hydrographs (Fig 1) reveals some 
general common as well as dissimilar features. 

Similar features: 
A. Peak or maximum runoff rate is approximately the same 

for all plots (25-35 mm/hr). 
B. Equilibrium runoff rate for plots 1 through 3 is the same 

(28-30 rnmhr). 
Dissimilar features: 

A. Plot 1 has a gradual increase in runoff rate (rising limb) 
which merges to the equilibrium runoff rate. 

B. Plot 2 has a rapid increase in the rate of runoff which 
abruptly changes to the equilibrium runoff rate. 

C. Plot 3 has an initial rapid increase in rising limb runoff 
rate which gradually merges with the equilibrium runoff 
rate. 

D. Plot 4 has a very rapid rate of increase in the rising limb 
runoff rate to a peak value followed by a decline in 
runoff with time. 
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Several different conclusions concerning the similarities or dif- 
ferences in runoff among the plots can be derived from the data. 
If accumulative runoff volume is used as the indicator of treat- 
ment performance, then the plots may be different depending 
upon the time interval used in the evaluation (Table 1). At 20 
minutes into the simulation, total accumulative runoff from plots 
1 and 4 is less than from plots 2 and 3. Plot 1 has less accumula- 
tive runoff at 4.5 minutes and total than the other 3 plots. These 
comparisons limit the determination of factors or periods that are 
most important in the runoff process. 

In analyzing rainfall simulator data, one must recognize natural 
precipitation characteristics that might affect runoff rates and quan- 
tities in field settings. What size of storms are most prevalent? 
What is the most probable storm duration? What are the storm 
intensities for the most probable storm? To illustrate some of the 
variability in these factors, selected periods of unpublished rainfall 
data sets from 2 Agriculutrual Research Service (ARS) locations 
were analyzed. The data was collected from a research site near 
Phoenix, Arizona (GR) and from the Central Plains Experimental 
Range (CPER) near NUM, Colo. The Phoenix, Ariz. data was col- 
lected during the summer “monsoon” period (1 May-30 Sep) for 
the period of 1965 through 1979. The NUM, Colo. data was from 1 
April through 30 Ott for 2 years, 1993 and 1995. The rainfall was 
measured with weighing raingages and recorded on 8 day analog 
charts. Each raingage chart was analyzed using the breakpoint 
technique described by Brakensiek et al. 1979. Any period of 10 to 
15 minutes with no discernable change in the raingage trace was 
considered a break in the storm event. 
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Table 1. Runoff hydrograph charasteristics of 4 plots from rainfall simulation studies in semi-arid rangeland 

Time to Runoff remession Rising 
Plot Runoff Peak Rising Equilibrium Limb 

ID initiation runoff limb Factok 
Onin) (fin) (corn (cwff) 

1 5 25 2.42*’ 0.22 0.25 

2 5 15* 6.02 -0.03 0.97 

3 7 22 4.70 0.14 0.64 

4 12* 19 5.83 -0.47* 2.24+ 

Mean 7.3 20.2 4.74 -0.04 1.02 
SD 2.86 3.70 1.43 0.27 0.70 
~Lkfined by equation 1. 
2* Denotes value greater/smaller than one standard deviation from other pIa& 

Break Runoff ratio 
Point 20 45 

Runoff min min 
mnJw (So) (%) 

24.7* 37* 50 

29.6 52 50 

30.0 43 48 

24.8* 44 32* 

27.3 44 45 
2.5 5.33 7.55 

Accumulative runoff 
20 4.5 Total 

min min 
(mm) (mm) (mm) 

3.0* 15.1* 16.7* 

5.0 16.9 18.6 

4.8 17.4 18.7 

2.0* 17.1 18.1 

3.7 16.6 18.0 
1.25 0.90 ,080 

Despite the differences in the locations of the study sites, sever- 
al of the rainfall characteristics are remarkedly similar (Fig. 2). 
Approximately 50% of the total number of storms had durations 
of less than 30 min. These short duration storms also represented 
the highest average storm intensities and were frequently the 
largest storm sizes. Thus in some situations or locations we 
should focus on the first 30 min of the rainfall simulator event. 
This illustrates that some general storm characteristics may aid in 
the selection of critical component(s) of the rainfall simulator 
hydrograph for analysis. We believe it is desirable to compare all 
or at least several of the hydrograph components before arriving 
at a conclusion as to the differences or similarities in runoff 
processes among treatments. 

Our approach is to separate the hydrograph into segments rep- 
resenting different portions of the flow event. If desired, statisti- 
cal comparisons of treatment effects can be made for each differ- 
ent part. By independently evaluating each portion of the hydro- 
graph, one may gain insight into which site and/or experiment 
factors are most impacting the runoff and infiltration processes. 

Procedure 

Even with the rotating boom simulators, variable rates of water 
supply and wind factors can affect the total water applied to a 
plot although run times and rainfall intensities are controlled or 
believed the same (Simanton et al. 1991). To account for possible 
differences in water application rate between simulator runs and 
during a simulator run, the runoff rate (Fig. 1) is adjusted by the 
water application rate (rain) for each recorded time (Fig. 3). 

The runoff hydrograph is separated into 3 sections, time to 
runoff initiation, rate of change in runoff during the rising limb, 
and equilibrium runoff rate. The end points of the segments (ris- 
ing limb and equilibrium runoff phases) are determined using the 
break-point approach originally developed for analyzing precipi- 
tation data (Brakensiek et al. 1979). This approach uses an itera- 
tive least squares regression analysis and maximizes the coefii- 
cient of determination for the rising limb and equilibrium runoff 
segments of the hydrograph (Fig. 3). On simulator studies using 
multiple rainfall intensities, the hydrographs are separated into 
additional segments representing the rising and equilibrium 
stages for each phase (Weltz 1995). 

Results and Discussion 

In many rangeland situations the runoff characteristics at the 
beginning of the storm are the most important (storm durations 
are too short to develop full equilibrium runoff). For example, 
how long does it take before runoff occurs (runoff initiation), or 

0 30 60 90 IM 150 180 

Storm Ouratlon (less than)-Mln 

..*-.cjR 

--CCPER 

0 P 60 93 120 150 180 

Storm Duratton--(mln) 

Fig. 2. Individual rainfall storm event characteristics at 2 locations: 
GR near Phoenix, Arizona; CPER near Nunn, Colo. 
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Fii. 3. Runoff efficiency for the 4 simulated runoff hydrographs with superimposed best fit linear regression lines on rising limb and equilib- 
rium portion. 

how long does it take to reach peak runoff (rising limb runoff 
rate) are frequently important questions concerning potential 
water erosion problems. 

Initially all the water infiltrates into the soil as it is applied. As 
the soil wets and becomes saturated the rate of water infiltration 
declines and eventually excess water ponds in surface depres- 
sions. When the smallest surface depressions are filled, runoff 
starts (runoff initiation). The time to runoff initiation is affected 
by the number and sizes of the surface depression storages in 
conjunction with plot slope (increasing the plot slope reduces the 
relative quantity of water retained in surface depressions). For a 
time following runoff initiation, runoff rate usually increases 
rapidly as more of the surface depressions overflow (rising limb 
of the runoff hydrograph). The rate of change of runoff during the 
rising limb phase is affected by both infiltration rate and surface 
features such as depression storage, micro-channel connectivity, 
surface roughness, plant stem density, and plant species composi- 
tion. Once all the depressions are filled and overflowing there is a 
“leveling off’ as the runoff rate approaches a steady state. In 
many instances, the runoff rate gradually increases because of 
decreasing infiltration with time. The runoff rate during this peri- 
od is frequently referred to as “equilibrium runoff” even though 
there may still be minor increases in the runoff rate. This equilib- 
rium runoff is controlled by the soil matrix and soil water poten- 
tial. Using the runoff regression coefficient during the equilibri- 
um period as a criteria, traditional runoff models would have a 
positive value of the runoff coefficient (Figs. 3 Plots 1 and 3). A 

negative value for the equilibrium runoff coefficient (Figs. 3 
Plots 2 and 4) indicates water infiltration increasing with time 
(runoff decreasing with time) after peak runoff has been 
achieved. This situation can result from a surface crusting or 
water repellency that dissipates with time (DeBano 1975, Savage 
1975. 

All of these components of the runoff hydrograph are important 
in evaluating the impact of treatment or site effects. The 3 hydro- 
graph characteristics, time to runoff initiation, regression coeffr- 
cient of rising limb, and equilibrium runoff factors for the 4 
example plots (Fig. 1) are tabulated in Table 1. Time to runoff 
initiation on plot 4 was approximately twice as long as on the 
other 3 plots. The recession coefficient of the rising limb for plot 
1 was approximately one half of the other 3 plots. The wession 
coefficient for the eauilibrium uhase for plot 4 had a significant 
negative slope. Other characteristics such as time to peak runoff 
and runoff ratio (%) at 20 and 45 minutes show similar differ- 
ences among the 4 plots. Even though these plots could be con- 
sidered similar, based on equilibrium runoff rates (Fig. l), com- 
parison of different portions of the runoff hydrograph indicate 
dissimilar runoff relations. The specific plots which are different 
depends upon the specific characteristic selected (Table 1). 

Another approach in hydrograph analysis is to combine select- 
ed characteristics into a single factor that can be compared across 
plots. Since the initial portion of the rainfall event is an important 
period in many areas, we propose multiplying the slope of the ris- 
ing limb of the hydrograph by the ratio of lag in time from the 
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beginning of rainfall until runoff starts (defined as time to runoff 
initiation) divided by the lag in time from the beginning of rain- 
fall to the time at peak runoff (defined as the duration of the ris- 
ing limb). 
Rising Limb Factor = Peak runoff rate X Time to runoff initiation 

Time to runoff peak Duration of rising limb 
This factor gives a unique value for each rising limb of the hydro- 
graph. Table 1 shows the computed factors for the 4 hydrographs 
of Figure 1. The rising limb factor in combination with the equi- 
librium runoff regression coefficient provide a unique description 
of the complete hydrograph with only 2 determinants (multiple 
rainfall intensity hydrograph will require additional ratios). This 
analysis of the 4 plots indicate that plot 4 has a different runoff 
characteristic (rising limb factor 2.24 and equilibrium runoff 
coefficient -0.47) than the other 3 plots (rising limb factor less 
than 1 .O and equilibrium runoff coefficient flat to positive slope ). 

Applications and Implications 

Interaction of micro-topography and vegetation on surface stor- 
age capacity is one of the major factors that creates confusion 
between rainfall simulator results and data from natural rainfall 
induced runoff. The measured rate of runoff from an area is an 
integrated resultant of the water applied minus the water retained 
on the soil and plant surfaces complex and the amount infiltrated 
into the soil. The effective or apparent infiltration rate on a hill- 
slope for most rangelands is a nonlinear function of rainfall inten- 
sity, the distribution and quantity of canopy and ground cover, 
and soil characteristics. 

For many rangeland areas, rainfall consists of bursts of high 
intensity rainfall followed by reduced rainfall or brief periods of 
no rainfall and then intense rainfall rates again. During the peri- 
ods of high intensity rainfall the surface storage areas overtop and 
runoff is produced. During times of lower rainfall intensity the 
water stored in surface storage areas infiltrates and must be filled 
again during the next high rainfall burst. There is no true equilib- 
rium runoff period. This fluctuation in rainfall intensities con- 
tributes to the phenomenon of apparent infiltration rate or runoff 
changing as a function of rainfall intensity (Morin and Kosovsky 
1995). A second cause of changes in apparent infiltration rates is 
that runoff generated in bare interspaces does not generally flow 
long distances downslope before it is intercepted by vegetation 
clumps that can absorb all or a portion of the runoff depending on 
its infiltration capacity. 

This approach to runoff hydrograph analysis makes it possible 
to quantitatively assess some of the differences in rainfall simula- 
tor runoff results and may provide insight into why hydrographs 
are similar or different and how the results might be applied to 
natural rainfall events on rangelands. 
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Abstract 

Many of the perennial prairie grasses that are used in restora- 
tion plantings in the central Great Plaiis have seed appendages 
such as awns and pubescence that make seed flow through 
planters difficult. We have developed a rotary seed processor 
that efftciently processes small breeder or experimental lots of 
seed that can then be easily planted with small plot cone planters 
or conventional planters. The processor consists of a metal cylin- 
der that is lined with corrugated rubber and a rotating center 
shaB with rubber paddles. Processing can be controlled by vary- 
ing shaft rotation speed and processing time. A top-opening, full 
length trap door allows for easy loading and the cylinder can be 
inverted to dump out processed seed. The processor has been 
used successfully for several years on big bluestem [Andropogon 
gerurdti Vitman], indiingrass [Sorghastrum nulans (L.) Nash], lit- 
tle blue&em [Schizachyti~m scoparium (Michaux) Nash], prairie 
sandreed [Calamovilfa longifolia (Book.) Scribner], and blue 
grama [Boureloua gruciZis (Wiid. ex Kunth) Lagascaex Gritliths] 
seed. By removing seed appendages and pubescence, seed bulk is 
reduced and seed density and flow ability are improved. The pro- 
cessing operation is relatively gentle and seed germination per 
unit weight of seed is improved. 

Key Words: seed processing, seed conditioning, germination. 

The purpose of this report is to describe a rotary seed processor 
that can be used to process small seed lots of chaffy native grass- 
es for use in breeding and revegetation research. Many of the 
perennial prairie grasses used in the Great Plains such as big 
bluestem [Andropogon gerardii Vitman], indiangrass 
[Sorghasrrum nutans (L.) Nash], little bluestem [Schizachyrium 
scoparium (Michaux) Nash], prairie sandreed [Calamovilfa longi- 
folia (Hook.) Scribner], and blue grama [Bouteloua gracilis 
(Willd. ex Kunth) Lagascaex Griffiths] have seed appendages 
including awns and pubescence. In research trials, grasses need to 
be seeded accurately and uniformly across plots at controlled 
rates. Most small research planters are not designed to plant the 
chaffy seed of these grasses (Vogel 1978). Seed processing 
equipment such as hammer mills and debearders have been modi- 

Research is from USDA-ARS and University of Nebraska cooperative forage and 
range research programs affiliated with the Agronomy Department and the Center for 
Grassland Studies, University of Nebraska. Journal series no. 12081, Nebraska 
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Resumen 

Semillas de muchos pastos perennes que son usados en la 
restauracion de praderas en las Grandes Planicies centrales, 
poseen accesorios coma aristas y/o pubescencias que difcultan el 
paso de las semillas a traves de sembradoras convencionales. 
Para efectuar siembras con btas semillas, las semhradoras ten- 
drian que estar especificamente diieiiadas para plantar material 
relativamente voluminoso y sin peso, al menos que las semillas 
scan procesadas para remover tales cuerpos accesorios. Nosotros 
hemos desarrollado un procesador de semilla que process eti- 
cientemente pequeiios lotes de semillas con fries de reproduction 
de germoplasma o experimentales. De &a manera, las semillas 
podran ser facilmente sembrados con un sembrador de cone 
para pequefias parcelas, o con sembradoras convencionales. El 
procesador consiste de un cilindro o tambor de metal forrado en 
su interior con hule corrugado. Paletas de hule adjuntas a un eje 
que atraviesa el cilindro y que son rotadas por polea, golpean las 
semillas. El proceso puede ser controlado variando el tamaiio de 
polea y la velocidad de rotacibn, y por el tiempo que la semilla 
permanece rotando dentro de la unidad. El cilindro cuenta con 
una puerta en la parte superior que permite el facil acceso de la 
semilla dentro de la unidad. Cuando la semilla ha sido procesa- 
da, el cilindro puede ser invertido para retirar la semilla de la 
unidad. El procesador ha sido exitosamente usado por varios 
aiios en big bluestem (Andropogon gerardii Vitman), indiangrass 
[Sorghastrum nufuns (L.) Nash], little bluestem [Schizachyrium 
scoparium (Michx.) Nash], prairie sandreed [Cakmovicfa bngifo- 
liu (Hook.) Scribn.], and blue grama [Bouteloua grads (Wiid. 
ex Kunth) Lagasca ex Grifftths] seed. La remocion de las aristas 
y pubescencias disminuyen el volumen de la semi&, y la densi- 
dad y flujo dentro de la sembradora son entonces mejorados. El 
proceso de operation es relativamente suave para las semillas y 
la genninacion por unidad de peso es mejorada. 

fied for processing chaffy prairie grasses but they are ineffective 
on small quantities of seed (Brown et al. 1983, Mangelsdorfet al. 
1957). 

A rotary seed processor for improving seed quality of chaffy 
prairie grass seed was designed by K.P. Vogel and built accord- 
ing to his specifications by Precision Machine Company 
(Precision Machine Company, Inc. 2933 N 36th Street, Lincoln, 
Nebr. 68504)l. The processor (Figs 1 and 2) consists of a metal 
cylinder (30 cm. diameter X 46 cm long) that is lined with corru- 
gated rubber. It has a rotating center shaft that has 4 equidistantly 
spaced, flexible, rubber paddles. A top-opening, full length door 
allows seed to be easily placed into the unit. The cylinder can be 
inverted to dump out the processed seed. 
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pip.1.Themtalyctmtfyswdp nresulr with lid opened and process- 
tug cylinder Mated for dumping seed. 

The unit can pmccss “m-y malI seed lots. btchtciiig seed bar- 
vested fmnt a single plant but larger seed lots must be processed 
in 2 liter sttblots. Extent of processing can be controlled by vaty- 
i”g shaft dation speed and processing time. A small seed clean- 
ing study was conducted to pmvide information on processing 
effects on seed bulk density and germination. 

Materials and Methods 

llxee seed lots each of big bluestem and indiangrass (Table 1) 
fmtn the USDA-ARS grass breeding program and the University 
of Nebraska Foundation Seed Division were used in this study. 
Seed of the experimental strains (KawCl, Pawnee Cl, and NB 54 
Cl) were obtained by threshing with a small plot thresher. The 
Fotmdation Seed lots (Pawnee. Oto, and Holt) were the pmduct 
of combined seed cleaned cm conventional grass seed cleaning 
equipment (Mangelsdotf et al. 1957). Each seed lot was snbdivid- 
ed into 3 sublots. Each sublot was processed separately to provide 
an estimate of variability in the cleaning process. 

prior to processing, each sublot was sampled for gemdnation 
tests and bulk density (g/liter) was determined using a standard 
bushel weight apparatus. Seed in the bushel weight catch bucket 
were weighed and the weight was divided by the liter volume to 
obtain bulk density. Bulk density of the processed seed was deter- 
mined using the same procedure. About 2 liter of unprocessed 
seed were placed in the processor. The unit was operated for 90 
set for big bluestem and 180 set for indiangrags at 120 revolu- 
tions per minute. After processing, a small laboratory seed air 
blower (Air Blast Seed Cleaner, Abnaco, Box 2%. 99M Avenue, 
Nevada, Iowa, 50201)’ was used to separate the processed mater- 
ial into seed and chaff. The chaff catsisted of awns, chaff, pubes- 
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cence. culm segments, and light florets. Hand screens were used 
to remove stems and other chaff from the processed seed that had 
not been removed by the seed blower. Screen sizes openings were 
4mm X 19mm(10/64in X 3/4in) and 2.5mm X 19mm(6/64 in and 
314 in). Both screens were used in consecutive order for big 
bluestem. Only the finer screen was used for indiangrass. 
Processed seed and chaff were weighed to determine percentage 
of processed seed recovery and material lost in the conditioning 
P”== 

One g of material was subsampkd fmm the unprocessed seed, 
processed seed, and chaff for each sublot and placed in plastic 
germination boxes on germination blotter paper. The blotter 
paper and seeds were saturated with water and the boxes were 
covered with plastic lids and placed in a refrigerator for pnxhilli- 
ing. The material was prechilled at 5” C for 2 weeks following 
A.O.S.A. procedures (A.0.S.A.1970). The boxes were then 
placed in a germination cabinet set at 20°C (night) and 30” C 

E&z. 4. Umproce8sed (kft) and pmcemd (IS&~) blue m wed. 

(day) with a day length of 8 how (A.O.S.A, 1970). ‘Ihe germi- 
nated seed/g was determined by counting the number of seedlings 
folIowing 2 weeks in the germination cabinet. 

Results and Diiussion 

The pramsed seed consisted largely of intact flmets contain- 
ing caryopses but with awns, pubescence, and attached 
appendages removed (Figs. 3 and 4). The conditioning process 
improved the bulk density of all seed lots including those that had 
gone through the conventional seed cleaning procedures of a 
foundation seed program (Table 1). TIE germinated seedlings/g 
obtained from the processed seed were 2.5 to over 25 fold greater 
than the number of seedlingdg obtained from the unprocessed 
seed (Table 1). The chaff contained some seed that germinated 
but in comparison to the processed seed, the number of 

lb/Cl Mea0 5.8 44.4 9.1 51 134 24 124 24 
SD 7.4 6.5 2 10 6 9 7 

Prw”esc1 Mean 5.9 59.5 2.8 6s I51 104 261 38 
SD 6.1 0.4 3 2 7 8 14 

Pawnee Man 4.3 80.9 4.0 115 174 59 199 20 
SD 3.1 3.1 3 2 13 7 5 

MCS” 8.2 57.3 4.8 64 258 46 321 30 
SD 1.8 0.4 2 9 8 10 2 

om Mean 4.2 60.1 7.9 81 217 4 123 11 
SD 2.2 3.1 I 13 3 7 8 

Halt Mea” 4.2 72.1 5.2 94 236 38 302 18 
SD 1.4 0.5 2 19 10 9 5 
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seedlings/g was small. Figures 3 and 4 illustrate the improvement 
in seed quality that can be obtained by using the seed conditioner. 

Our results demonstrate that the rotary seed processor greatly 
improves the quality of chaffy grass seed for use in research 
trails. If the processing time and rotor-rotation speed are set prop- 
erly, the grass seed units remain intact, i.e., the caryopses remains 
enclosed by lemmas, paleas, and glumes (varies with species). 
We have been using the original rotary seed processor and an 
updated version since 1977 to prepare or condition chaffy seed 
for use in plant breeding, revegetation, and herbicide trials. Our 
seed conditioning process has 3 steps. The first step is the use of 
the rotary seed processor for removing seed appendages and chaff 
from the seed. In the next step, the seed is passed through the Air 
Blast Cleaner1 to remove seed appendages and chaff disarticult- 
ed from the seed in the rotary seed processor. In the final step a 
bench top type Clipper Cleaner (Clipper Separation 
Technologies, P.O. Box 256, 805 South Decker Drive, Bluffton, 
Indiana 46714)’ with paired sieves is used to remove stem frag- 
ments and other material that we removed with hand screens in 
this study. This 3 step process has enabled us to reliably obtain 
uniform stands of prairie grasses when used in conjunction with 
well calibrated plot drills. 

Literature Cited 

Association of Official Seed Analysts. 1970. Rules for Testing Seeds. 
Proceeding of the Association of Official Seed Analysts. Vol60. No 2. 

Brown, R.R., J. Henry, and W. Crowder. 1983. Improved processing 
for high quality seed for big bluestem (Andropugon gerur&) and yel- 
low indiangrass (Sorghasrrum nutans). p. 272-274. In: J.A. Smith and 
V.W. Hays (eds). Proc. 14th. Int. Grassl. Congr., Lexington, Ky. 15-24 
June, 198 1. Westview Press, Boulder, Cola. 

Mangelsdorf, Albert A., James Henderson, and G. Burns Welch. 
1957. Processing field seed. P. 182-209. In: W.A. Wheeler and D.D. 
Hill. Grassland Seeds. D. Van Nostrand, Inc. Princeton, N.J. 

Vogel, Kenneth P. 1978. A simple method of converting rangeland drills 
to experimental plot seeders. J. Range Manage. 31:23.5-237. 

‘Names of products are included for the benefit of the reader and do not imply 
the endorsement by USDA or the Univ. of Nebraska. 

JOURNAL OF RANGE MANAGEMENT 51(5). September 1998 539 



J. Range Manage. 
51540-544 September 1998 

Technical Note: 
A comparison of techniques for extracting monoterpenoids 
from Juniperus (Cupressaceae) species 

M. K. OWENS, E. J. STRAKA, C.J. CARROLL, AND C.A. TAYLOR, JR. 

Authors are associate professor, research associate, research technician, and professor, respectively, with the Texas Agricultural Experiment Station. MKO 
and CJC are located at 1619 Gamer Field Rd. Uvalak Tex. 78801 and El.5 ana’ CAT are located at the Sonora Research Station, PO Box 918, Sonora, Tex 
76950. 

Abstract 

Concentration and composition of monoterpenoids in plant 
tissue affects a variety of environmental and ecological issues 
such as plant defenses, plant classification, and phytotoxicity. 
Developing the techniques for extracting and estimating the con- 
centration and composition of monoterpenoids must be species- 
specific because monoterpenoid storage location varies between 
species. Ashe juniper f,Juniperus ashei Buchholz) and redberry 
juniper t,J. pinchotii Sudw) are 2 co-occurring species which dif- 
fer in palatability and preference. The objective of this study was 
to determine which of 2 common extraction techniques provided 
the best estimate of the concentration and composition of 
monoterpenoids in mature plant tissue. Two extraction tech- 
niques were tested by soaking crushed juniper needles in hexane 
solvent for 6, 12, 18 and 24 hours or by steam distilling samples 
for 2,4,6, or 8 hours. The extracts were analyzed by using 2 dif- 
ferent analytical columns in separate gas chromatographs. The 
hexane solvent soak, regardless of time in the solvent, yielded a 
lower total concentration and a decreased compositional diversi- 
ty of monoterpenoids compared to the steam distillation tech- 
nique. An g-hour steam distillation yielded the greatest concen- 
tration and composition of monoterpenoids. Both types of analyt- 
ical columns resulted in similar estimates of monoterpenoid con- 
centrations and composition. 

Key Words: redberry juniper, Ashe juniper, steam distilla- 
tion, solvent soak, gas chromatography, terpenes 

Plant phytochemicals play an important ecological role in plant 
defenses (Bryant et al. 1991), plant classification (Adams and 
Kistler 1991, Adams 1994), plant palatability (Bray et a1.1991, 
Riddle et al. 1996), phytotoxicity (Wilt et al. 1993, Tarayre et al. 
1995) and perhaps in fire ecology (Philpot and Mutch 1968, 
White 1994). One of the major groups of phytochemicals are 
monoterpenoids but estimating the amount and composition of 
monoterpenoids can be problematic (Muzika et al. 1990). The 
problem lies in efficiently extracting monoterpenoids from leaf 
tissue and in making repeatable estimates of the concentration 
and composition of monoterpenoids. 

Research was funded in part by USDA Rangelands Competitive Grant 9203917. 
Manuscript accepted 20 Jan. 1998. 
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The simplest extraction technique is a solvent soaking where 2 
to 10 g of fresh leaf material is placed in pentane or hexane (Wilt 
et al. 1993, Gambliel and Cates 1995, Zou and Cates 1995) for as 
little as 15 minutes (Kainulainen et al. 1992) or as long as 48 
hours (Hall and Langenheim 1986) depending on the plant 
species and sample preparation. Another extraction technique fre- 
quently reported in the literature is a steam distillation process 
where fresh leaf material is steam-extracted into hexane or pen- 
tane (Muzika et al. 1990, Riddle et al. 1996). The steam distilla- 
tion process can last as little as 90 minutes (Hachey and Simard 
1987) or as long as 8 hours (Mu&a et al. 1990). A survey of the 
literature shows that both extraction techniques are used in about 
equal frequency across a wide array of species (Hachey and 
Simard 1987, Gilmore 1977, Chang and Hanover 1991, Muzika 
et al. 1989). 

Accurate estimation of monoterpenoids depends on the use of a 
gas chromatograph (GC). There are many different types of GC’s 
and different analytical columns for detecting natural compounds. 
Column length, internal bore, and film thickness affect the length 
of time a compound is retained in the column, and can affect the 
accurate detection of monoterpenoids. 

The objectives of the current study were to determine: 1) which 
extraction technique was most complete in terms of concentration 
and composition of individual monoterpenoids in Ashe juniper 
(Juniperus ashei Buchholz) and redberry juniper (J. pinch&i 
Sudw) foliage; 2) how the length of time in the extraction process 
affected the concentration and composition of monoterpenoids; 
and 3) how the analytical process (2 different types of GC’s and 
columns) affected the concentration and composition estimates of 
monoterpenoids. 

Methods 

The study was conducted using Ashe juniper (other common 
names include mountain cedar, post cedar and blueberry juniper) 
and redberry juniper populations from the Edwards Plateau 
region of central Texas. Ashe juniper is a dioecious tree or shrub 
ranging in size from 1 to 6 m at maturity, with a single main 
stem, and a globular or irregular growth form. Ashe juniper usu- 
ally grows on calcareous soils and rocky slopes of southern 
Oklahoma, central Texas and northern Mexico. Redberry juniper 
is also a dioecious species, has multiple main stems, and sprouts 
readily from the base after disturbance. Redberry juniper grows 
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mainly on gravelly, rocky soils of central Texas. Field samples 
were collected at the Sonora Research Station in central Texas 
(31”N, lOO”W, elevation = 732 m). 

Ten mature trees of each species were subjectively selected on 
the Sonora Station in May 1993. Fifty g of leaf and small stem 
tissue were collected from each tree, divided into 2 aliquots, and 
placed into liquid nitrogen to halt physiological activity and pre- 
vent volatilization of monoterpenoids. One aliquot was kept at 
the Sonora Station for analysis and the other was transported to 
the Uvalde Research and Extension Center for analysis. Samples 
were stored in plastic bottles with airtight caps at -80” C in an 
ultracold freezer until analysis. 

Two techniques were used to extract monoterpenoids from the 
leaf samples at both laboratory locations. The first technique was 
a simple hexane soak where 2 g of frozen leaf material was 
ground in a mortar and pestle filled with liquid nitrogen and 
placed in 10 ml of hexane at room temperature. The beaker was 
covered with Parafilm to prevent evaporation of the hexane and 
10 pl of tetradecane was added as an internal standard. Samples 
were withdrawn from the soaking solution after 6, 12, 18, and 24 
hours to test the effect of the length of time in the soaking 
process. The second technique was a steam distillation with a 
volatile oil distillation trap (VWR Scientific). Five g of frozen 
leaf material was ground in liquid nitrogen, placed in a beaker 
with 150 ml of distilled water, and steam distilled into 5 ~1 of 
hexane. Samples were withdrawn after 2, 4, 6, and 8 hours. Five 
fl of tetradecane was added as an internal standard. Although dif- 
ferent weights of leaf samples were used in the 2 techniques (2 vs 
5 g), the concentration of oils (mg g-1 fresh weight) could be 
directly compared. 

Monoterpenoid composition and concentration were estimated 
with 2 different gas chromatography (GC) systems. The Uvalde 
location used an HP 5890 GC equipped with a 0.25 mm x 25 m 
fused silica capillary column. Helium was used as the carrier gas. 
The temperature program was 70” C for 2 minutes, a 1.5” C per 
minute increase to 97” C, a 6” C per minute increase to 187” C 
and then a 15°C per minute increase to 262°C. The injection port 
temperature was 280” C and detector temperature was 240” C. 
Data were output directly to a computer with data acquisition 
software. The Sonora location used an HP5790A GC equipped 
with a Megabore HP-5 crosslinked 5% phenylmethyl silicose col- 
umn (30 m x .53 mm x 2.65 pm film thickness). The same tem- 
perature program was used in both locations. Helium carrier gas 
was maintained at a flow rate of 6.5 ml min-*. Injector port tem- 
perature was 280” C and the detector temperature was 240’ C. 
Peak areas were measured with a HP3394 integrator. Terpenes 
were identified in both laboratories by comparison to external 
standards. 

Data were expressed on a fresh weight basis to remain consis- 
tent with published literature and were analyzed in 2 separate 
steps. Average percent dry matter of the Ashe juniper samples 
was 53% and of redberry juniper was 55%. The first analysis 
used the total amount of monoterpenoids as the dependent vari- 
able in a split-plot, repeated measures analysis of variance. Main 
factors included tree (as replication), extraction technique, plant 
species, and the extraction technique by plant species interaction. 
The tree-by-extraction technique-by-plant species interaction was 
used as the error term. Type of analytical column was analyzed in 
the split-plot including all 2-way interactions with the main 
effects. Length of the extraction process was the repeated factor. 

All tests were conducted using p c 0.05. The second analysis was 
designed to evaluate the effects of the extraction techniques on 
the concentration of individual monoterpenoids. The statistical 
model was the same as the one used in the first analysis, but the 
dependent variable was the concentration of each individual 
monoterpenoid. A sphericity test was conducted for each analysis 
to determine the most appropriate error matrix (von Edne 1993). 
If Mauchley’s criterion was not significant, univariate tests were 
used, otherwise multivariate test results were used (SAS 1988) 

Results 

Comparison of Extraction Techniques 
Steam distillation yielded a greater concentration of total 

monoterpenoids than a simple hexane soak (F = 147.4, df = 1,12). 
Mean concentration of monoterpenoids in Ashe juniper was 
11.41 mg g-1 of fresh foliage (SE = 1.16) when extracted via 
steam distillation but only 5.90 mg g-1 (SE = 1.07) when extract- 
ed with a hexane soak. A similar pattern in concentrations was 
detected in redberry juniper where 10.05 mg g-1 of fresh foliage 
(SE = 0.53) were extracted via steam distillation, but only 4.81 
mg g-1 (SE = 0.80) via solvent extraction. There were no other 
significant effects between the 2 species or the GC columns in 
total monoterpenoid concentration. 

Eighteen different monoterpenes were identified in these 2 
species of juniper (Table 1). Fifteen were affected by the extraction 
technique with the steam distillation technique yielding the greater 
diversity of monoterpenoids. The concentrations of only 3 
monoterpenoids (a-pinene, P-pinene and linalool) were similar 
between the extraction techniques. These monoterpenoids were 
minor components, with concentrations typically < 0.1 mg gl fresh 
needle weight. The most abundant monoterpenes were camphor, 
limonene, and sabinene. These 3 compounds accounted for 64 and 
53% of the total concentration of monoterpenoids extracted by 
steam distillation in Ashe and redberry juniper, respectively. These 
same 3 monoterpenoids accounted for 98 and 79% of the total con- 
centrations extracted by the hexane soak in Ashe and redberry 
juniper, respectively, suggesting that many of the minor monoter- 
penoids were not being extracted by the hexane solvent soak. 

Effect of Time 
The amount of time the sample remained in the extraction 

process significantly affected the total concentration of monoter- 
penoids detected (F = 29.7, df = 3,39). The interaction between 
the length of time in the extraction process and the extraction 
technique was also highly significant (F = 10.9, df = 3,39). Only 
slight increases in the total concentration of monoterpenoids were 
detected with longer soaking times in the hexane treatment, but 
concentrations increased rapidly with time in the steam distilla- 
tion technique (Fig. 1). The concentrations of individual monoter- 
penoids (a-pinene, bornyl acetate, camphene, y-terpinene, 
limonene, myrcene, sabinene, terpineol, terpine-4-01, and tricyc- 
lene) increased only slightly with time in the solvent extraction, 
but increased greatly with time in the steam distillation process 
(data not shown). The pattern of these individual monoterpenoids 
was similar to the pattern of total monoterpenoid concentration 
shown in Figure 1. The P-pinene and camphor were the only 
monoterpenoids which did not increase with time in either extrac- 
tion technique. The concentrations of these compounds were only 

JOURNAL OF RANGE MANAGEMENT W(5), September 1998 541 



Table 1. Mean (SE) monoterpenoid concentration (mg g-’ fresh weight) and composition (%) in Asbe and redberry juniper after an 8 hour distillation 
and a 24 hour solvent extraction. 

Monoterpenoid 

a-pinene 

Borneo1 

Bomyl acetate 

B-pinene 

Camphene 

Camphor 

Carvone 

Citronellol 

Cymene 

Fenchyl alcohol 

y-terpinene 

Limonene 

Linalool 

Myrcene 

Sabinene 

Terpineol 

Terpin-4-ol 

Tricyclene 

Distillation 
Ashe Junioer 

Solvent Soak 
Redbem, Junioer 

Distillation Solvent Soak 
Concentration 

(mg b--l) 
0.300(0.041) 

0.07 l(O.024) 

0.776(0.199) 

0.0 

0.188(0.047) 

3.116(0X75) 

0.152(0.056) 

0.356(0.05) 

0.210(0.053) 

0.023(0.015) 

0.459(0.109) 

1.293(0.160) 

0.079(0.025) 

0.447(0.053) 

2.884(1.029) 

0.125(0.033) 

0.787(0.275) 

0.145(0.032) 

(%) 
2.63 

0.62 

6.80 

0 

1.65 

27.31 

1.33 

3.12 

1.84 

0.20 

4.02 

11.33 

0.69 

3.92 

25.27 

1.10 

6.90 

1.27 

Concentration 

(mg g-l) 
0.80(0.028) 

0.0 

0.082(0.036) 

0.0 

0.0 

3.207(1.149) 

0.077(0.037) 

0.083(0.048) 

0.0 

0.0 

0.036(0.015) 

0.547(0.126) 

0.095(0.095) 

0.064(0.022) 

1.588(0.553) 

0.0 

0.0 

0.72(0.054) 

(%) 
11.01 

0 

1.13 

0 

0 

44.22 

1.06 

1.14 

0 

0 

0.50 

7.53 

1.31 

0.88 

21.43 

0 

0 

Concentration 

(mg 8-l) 

0.270(0.031) 

0.104(0.035) 

0.818(0.223) 

0.003(0.002) 

0.188(0.048) 

2.713(0.679) 

0.014(0.006) 

O.ZSS(O.049) 

0.189(0.048) 

0.235(0.115) 

0.432(0.098) 

1.202(0.108) 

0.097(0.034) 

0.496(0.089) 

1.863(0.623) 

0.112(0.033) 

0.840 (0.278) 

(%) 

2.66 

1.03 

8.07 

0.03 

1.85 

27.76 

1.03 

2.52 

1.86 

2.32 

4.26 

11.86 

0.96 

4.89 

18.38 

1.10 

8.29 

Concentration 

(mg g-l) 

O.OSS(O.029) 

0.084(0.030) 

0.279(0.104) 

0.0 

0.103(0.036) 

2.250(0.603) 

0.0 

0.117(0.052) 

0.0 

0.0 

0.052(0.021) 

0.45 l(O.158) 

0.097(0.044) 

0.088(0.031) 

l.OSO(O.392) 

0.0 

0.0 

9.91 0.217(0.030) 2.14 0.120(0.042) 

@) 
1.83 

1.75 

5.8 

0 

2.14 

46.79 

0 

2.43 

0 

0 

1.08 

9.36 

2.02 

1.83 

22.46 

0 

0 

2.5 

affected by the plant species, with Ashe juniper having greater 
concentration of camphor and redberry juniper having a slightly 
greater concentration of P-pinene (Table 1). 

Discussion 

Total monoterpenoid concentration of Ashe and redberry 
juniper was similar to concentrations in other coniferous trees. 
Monoterpenoid concentrations range from as little as 0.24 mg g-t 
fresh weight in the needles of grand fir (Muzika et al. 1989) to as 
much as 11.37 mg g-t fresh weight in Douglas fir (Pseudotsuga 
menziesii) (Zou and Cates 1994). Concentrations within single 
leaf pinyon (Pinus monophylla), a species which often grows in 
association with junipers, range from 4.95 to 6.16 mg g-t fresh 
weight in different seasons of the year (Wilt et al.1991). Direct 
comparison with the literature reporting the presence of monoter- 
penoids in Juniperus species is difficult because typically only 
the composition of oils rather than the absolute amounts have 
been reported (Adams 1975, 1977, 1994). In the only other pub- 
lished report of monoterpenoid concentrations in these juniper 
species, Riddle et aL(1996) reported a range of 6.85 to 10.96 ug g-t 
fresh needle weight. Obviously, our values are much greater than 
these previously reported values for Ashe and redberry juniper (by 
a factor of 1000) although we were working with the same popula- 
tion of trees. Data were recalculated in Riddle’s study and should 
have been reported as mg g1 which would be comparable to the 
range of values reported for this study (Riddle, pets. comm.). 

The optimum technique for extracting monoterpenoids has 
been shown to be species-specific (Muzika et al. 1990). In a com- 
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parison of 5 extraction techniques (8 hour distillation with 2 g 
foliage, 8 hour distillation with 10 g foliage, solvent extraction, 
rapid steam distillation, and liquid CO2 extraction), Muzika et al. 
(1990) found that 8 hour distillation with 10 g of foliage yielded 
the most monoterpenoids with the least coefficient of variation 
from both blue spruce and grand fir needles. Solvent extraction 
using hexane yielded a similar amount of monoterpenoids as the 
distillation technique for blue spruce, but significantly less total 
terpenes for the grand fir. Solvent extractions have been used on 
many other species such as Douglas fir (Zou and Cates 1995), fir 
hybrids (Koedam et al. 1980) and single leaf pinyon pine (Pinus 
monophylla) (Wilt et al. 1991). We found that hexane solvent 
extraction always resulted in a lower estimate of total monoter- 
penoid concentrations and in a decreased diversity of the types of 
monoterpenoids regardless of the species of Juniperus. In our 
study, a 6-hour solvent soak, which was well within the range of 
published extraction times, resulted in the identification of only 3 
monoterpenoids (camphor, limonene and sabinene). Increasing 
the soaking period to 24 hours increased the number of different 
monoterpenoids detected, but the total concentration was still sig- 
nificantly lower than from an 8 hour distillation (Table 1, Fig. 1). 
The differential solubilities of monoterpenoids may partially 
explain the observed results. Oxygen containing monoterpenoids, 
such as in a ketone like camphor, have solubilities of 10 to 100 
times greater than other hydrocarbon monoterpenoids, such as 
cymene, myrcene, and y-terpinene (Weidenhamer et al. 1993). 

There have been several problems reported with using both 
steam distillation and solvent extraction to extract monoter- 
penoids from plants (Koedam 1987). First, some compounds may 
deteriorate from one form to another during the distillation 
process (e.g., sabinene may deteriorate into terpin-4-01, a-ter- 
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Fii. 1. Total monoterpenoid concentration (mg g-’ fresh weight) of Ashe and redberry juniper during an 8 hour distillation and a 24 hour sol- 
vent extraction period. Vertical bars represent *SE, n=lO for each point. 

pinene, g-terpinene, and terpinolene). Terpin-4-01 and g-terpinene 
were detected in this study so it is possible that their presence is 
an artifact of the distillation process rather than representing their 
true occurrence in the plant. It is interesting to note, however, that 
the amount of sabinene increased in the steam distilled samples 
rather than decreasing due to breakdown (Table 1). Another 
reported problem is the crystallization of some compounds within 
the distillation condenser (Koedam 1987). Camphor and borne01 
are both susceptible to crystallization but we did not find a signif- 
icant decrease in the concentration of either of these monoter- 
penoids from the solvent soak to the steam distillation extraction 
techniques. The third problem is that solvent soaking may result 
in chemical reactions with non- volatile compounds such as fatty 
oils, waxy materials, and flavinoids (Koedam 1987). These com- 
pounds are then included in the extracted sample and consequent- 
ly more noise is evident in the chromatogram making peak identi- 
fication much more difficult. We selected hexane as the solvent 
because it is less likely to extract these non-volatile compounds 
than other common solvents (acetone, ether, etc.). 

There seem to be as many different gas chromatography meth- 
ods as there are reports on monoterpenoid concentrations. 
Authors have used GC’s with columns of fused silica (Gambliel 
and Cates 1995), 50% carbowax- 50% methyl silicone (Muzika et 
al. 1989, Chang and Hanover 1991), wide bore, methyl-silicone 
coating (Wilt et al. 1993), as well as many others (Hall and 
Langenheim 1986, Kainulainen et al. 1992, Nerg et al. 1994). 
Each of the manuscripts cited above used a unique temperature 
program, injector port temperature and detector port temperature 

for their particular column. We found no significant differences 
in monoterpenoid composition or concentration between the 2 
different types of GC columns tested. Although the column used 
in Sonora was 5 m longer and almost twice the diameter (.53 vs 
.25 mm) as the column used in Uvalde, the capillary columns 
yielded similar estimates of monoterpenoid concentrations. 

Conclusion 

In summary, an 8 hour steam distillation of juniper resulted in 
the greatest concentration and compositional diversity of 
monoterpenoids. Increasing distillation time from 2 to 8 hours 
greatly increased the total concentration of monoterpenoids. A 
solvent soak in hexane yielded significantly lower total concen- 
trations of monoterpenoids and failed to extract some monoter- 
penoids present in trace amounts. The estimation of monoter- 
penoid concentration in Juniperus leaves was highly dependent 
on the technique used to extract the oils from the leaves, but was 
not affected by the analytical technique. 
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Abstract 

A modiied faewl harness for goats was specially designed for 
grazing conditions in dense mediterranean shrublands and sub- 
sequently tested successfully for total faecal collection. The 
details of design and collection are presented. 
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During the last few years considerable research has been car- 
ried out with grazing goats on mediterranean shrublands in 
Greece (Nastis 1982, Papachristou 1990, Yiakoulaki 1992, 
Yiakoulaki and Nastis 1995, Yiakoulaki and Nastis 1996, 
Yiakoulaki et al. 1997) specially related to stocking rate, diet 
selection, nutritive value, and intake. Most shrublands in the 
mediterranean zone are dominated by kermes oak (Q. coccifera 
L.) very often dense to be penetrated or reached by goats. 
Previous faecal harnesses designed for goats and deer 
(McCammon-Feldman 1980, Malechek et al., 1980, Pfister 1985) 
have been relatively heavy structures using too much canvas. A 
different style and different materials are needed for a durable 
harness for goats on nutrition studies on mediterranean shrub- 
lands. Yiakoulaki (1992) modified the harness of Ester (1985) 
to suit the local conditions of the research area by eliminating 
canvas completely to enable the animals to move around more 
freely in the dense shrublands. The faecal harness was designed 
to fit well on goats without disturbing their mobility, bipedal 
stance, and consequently their grazing behavior. A satisfactory 
faecal harness must allow for only minimal faecal losses. 

Design 

The faecal harness (Fig. 1) is comprised of 2 parts: A and B. 
Part A (Fig. la) consists of 3 main bands namely neck, breast, 
and lower abdomen band. On these 3 bands have been attached 
19 leather straps with buckles. Their dimensions and design is 
such that they could be buckled together around the goats’ body. 
The part B of the faecal harness includes a rump band and the 
faecal bag. The rump band with its 4 straps (Fig. lb) can be buck- 
led with the straps of the lower abdomen band. The faecal bag is 

Manuscript accepted 20 Jan. 1998. 

Resumen 

Se diseii6 una bolsa adaptada para recoger la materia fecal de 
las wbras especialmente bajo condiciones de pastoreo entre 10s 
densos arbustos mediterraneos y a continuacidn se prob6 con 
tkito. Se presentan 10s detalles de1 diseii6 y de le recolecci6n. 

made from tough, durable plastic and attaches to the rump band. 
When tied around the goat, it covers the anal opening and the tail. 
In order to keep the faecal bag clean, a lining bag is inserted and 
secured with buttons (Fig.lc). The faecal and the interior lining 

Neck banrl 

Erenst ban3 

Foecol bog 

(b) 

Holes 

Fii. 1. Pattern and dimensions (ii cm) for a faecal harness fitted for 
a4OfSkggoat. 
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bag have holes in the bottom, to let the urine. flow out. With this 
design the lining and consequently the plastic bags retain only 
faecal material. The lining bag can be removed from tbe zip pro- 
vided on the side of plastic bag (Fig. lb) twice a day. The entin 
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Abstract 

Since settlement, cattle grazing has been a major cause of soil 
disturbance in cold desert ecosystems. The objective of this study 
was to determine the impact of cattle grazing in different seasons 
on cryptogamic soil crusts. Thii study was conducted adjacent to 
the Brigham Young University Skaggs Research Ranch, near 
Malta, Ida. Five areas of a crested wheatgrass pasture each inter- 
planted with shrubs were evaluated. Each of the 5 areas was sub- 
divided into 4 paddocks; a control paddock remained ungrazed, 
while the other 3 paddocks were grazed in either spring, sum- 
mer, or winter. Each of the 1.2-ha grazed paddocks was grazed 
annually in the same season for 2 consecutive years by 10 cows 
for 4 consecutive days. Percent of the soil surface covered by lit- 
ter, vascular plant bases, and cryptogams was measured using a 
IO-pin, point sampling frame. Mosses were the main component 
of the cryptogamic soil crusts under all grazing treatments. 
Winter grazing had no effect on the moss component of the 
crusts while spring and summer grazing reduced mosses. While 
winter grazing had significantly less impact on the lichen compo- 
nent of crusts relative to spring and summer grazing, there was a 
50% reduction relative to the control plots. Total cryptogamic 
cover in the control paddocks averaged 27.6%; winter grazed 
paddocks 27.4% ; summer grazed paddocks 14.4% ; and spring 
grazed paddocks 10.6 % . Controlled winter grazing has minimal 
impact on the total cryptogamic plant cover that protect soil sur- 
faces on cold desert range ecosystems. 

Key Words: lichen, moss, shrub, cattle, erosion control 

Cryptogamic crusts consist of non-vascular photosynthetic 
plants, primarily algae, lichens, mosses, and cyanobacteria that 
live on the soil surface (St. Clair and Rushforth 1989). It has been 
suggested that the term cryptogamic be replaced by microphytic 
crusts in order to include bacteria and fungi, as well as the proto- 
zoan, nematodes, and mites that are associated with this micro- 
ecosystem (West 1990). However, visual field estimates of the 
nonphotosynthetic organisms are not feasible, whereas green or 
colored cryptogamic components are often readily apparent 
(Beymer and Klopatek 1992). 

Research was funded by Brigham Young University and USDA Forest Service. 
Manuscript accepted 16 Aug. 1997. 
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Resumen 

Desde que se ha establecido la colonizaci6n, el apacentamien- 
to de ganados ha sido una deae las causas principales de inesta- 
bilidad de1 suelo en 10s ecosistemas de 10s desiertos frios. El 
objetivo de este estudio era determinar el impacto, en incrusta- 
ciones de suelos criptogramticos, de1 pastoreo que ocurre en 
diferentes estaciones. Este estudio se llev6 a cabo en un terreno 
adyacente al Ranch0 Experimental Skaggs de la Universidad 
de Brigham Young cerca de Malta, Ida. Se evaluaron cinco 
zonas de pasturas de agropiro crestado (agropirum crestutum) 
que estaban interplantadas con arbustos. Cada una de las 
zonas fue dividida en cuatro parcelas; una de las parcelas de 
control se dej6 sin pastorear, mientras las otras se pastorearon 
en primavera, verano o inviemo. Cada una de las parcelas de 
media he&Area fue apacentada anualmente por diez vacas en la 
misma estacibn, dos anos consecutivos, durante cuatro dias 
seguidos. Se midi el porcentaje de la superficie de1 suelo 
cubierto por desperdicios, plantas basales vasculares y crip- 
t6gamas en un bastidor tubular de diez barras. Los musgos 
eran 10s principales componentes de las inscrustaciones de1 
suelo bajo todas las condiciones de pastoreo 

El pastoreo invemal no tuvo ningen impact0 en el compo- 
nente musgoso de las incmstaciones, mientras que el realizado 
en la primavera y el verano lo redujo. A su vez, aunque el pas- 
toreo de1 invierno tuvo menos impact0 en 10s liquenes de las 
incrustaciones que el de la primavera y el verano, hubo una 
reducci6n de1 50 % respect0 a 10s terrenos de control. La cober- 
tura criptogramhtica total de las parcelas de control tenia un 
promedio de 27.6 %; las oe parcelas pastoreadas en inviemo 
27.4 %; las pastoreadas en el verano 14. 4 % y las de la pri- 
mavera 10.6 %. 

El pastoreo invemal controlado tiene un impacto minim0 en 
la cobertura criptogramHtica total que protege La super& de 
10s suelos en 10s ecosistemas de 10s desiertos frios . 

Cryptogamic crusts are common to arid and semi-arid ecosys- 
tems worldwide (Harper and Marble 1988). These crusts normal- 
ly appear in the interspace between vascular plants and greatly 
enhance soil stability by reducing water and wind erosion (Fritsch 
1922, Booth 1941, Blackbum 1975). They have also been report- 
ed to increase water infiltration (Loope and Gifford 1972, Harper 
and St Clair 1985) and improve seedling establishment and sur- 
vival (Harper and St. Clair 1985). Significant amounts of nitrogen 
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are fixed by some cryptogamic crusts under conditions common 
in cold desert ecosystems (Rychert and Skujins 1974, West 
1981). Nitrogen fixed by soil crusts may be used by soil microor- 
ganisms, higher plants, and animals (Terry and Burns 1987). 
Other soil nutrients such as phosphorus, sodium, magnesium, and 
iron are more abundant in soils where cryptogamic crusts are pre- 
sent (Harper and Pendleton 1993). 

The fragile nature of cryptogamic crusts makes them highly 
susceptible to severe damage or destruction by activities such as 
grazing (Poulton 1955, Kleiner and Harper 1972, Anderson et al. 
1982b, Johansen and St. Clair 1986, Terry and Bums 1987), 
burning (Johansen et al. 1982, Callison et al. 1985), or off-road 
vehicles (Harper and Marble 1988). 

Domestic livestock have grazed throughout the Intermountain 
region for more than 100 years. Grazing is known to disturb and 
compact the soil and damage cryptogamic crusts (Kleiner and 
Harper 1977, Belnap et al. 1994). While grazing damage to cryp- 
togamic crusts has been observed, manipulation of the grazing 
seasons, animal densities, and general herd management in rela- 
tion to the damage to cryptogamic crusts has not been widely 
studied. The purpose of this study was to determine if cattle graz- 
ing in different seasons would have different impacts on estab- 
lished cryptogamic crusts as well as variable impacts on the 
recovery of crusts from tillage disturbance in a cold desert 
ecosystem in southwestern Idaho. 

Material and Methods 

Study Site 
The study area is located approximately 14.4 km north of Malta, 

Ida. adjacent to the Brigham Young University Skaggs Research 
Ranch. The study site lies in the NE quarter of the NW quarter, 
Section 22, Township 11 South, Range 26 East (Salt Lake 
Baseline and Meridian). The topography of the study area is typi- 
cal of the cold desert ecosystem of south-central Idaho with low 
lying valleys bordered with mountain ranges that run north to 
south. Stevens (1992) completed a soil analysis and description of 
the study site and classified the soils as Bahaem siltloam which is 
a fine loamy mixed mesic xerollic callciophid with a semi-imper- 
meable hardpan at 40 cm. These are basic soils with a ph greater 
than 8 throughout the profile.This ecosystem is dominated by 
sagebrush-grass rangelands typified by cold, dry winters and hot 
summers with little precipitation. Average annual precipitation is 
22.8 cm with most of the moisture falling as rain or snow in spring 
and late fall. Average daily temperatures range from -2 “C in 
January to 18.5” C in July. The elevation of the site is 1,342 m. 

The study area was leased from the J. R. Simplot Company in 
1985 for a period of 10 years and managed by Brigham Young 
University in cooperation with the USDA Forest Service, Shrub 
Science Laboratory. Pretreatment plant cover consisted of a seed- 
ed stand of crested wheatgrass (Agropyron desertorum (Fischer 
ex Link) Schult) intermixed with Wyoming big sagebrush 
(Artemisia tridentata Nutt. ssp. wyomensis Beetle and Young). 
This area had been grazed in the spring and fall seasons for sever- 
al years prior to 1985 (Stevens 1992). 

Study Description 

Five classes of soil surface cover were recorded as they 
occurred in all plots: litter, bare ground, vascular plant (by 
species), moss, and lichen. Absolute percent cover was calculated 
for each of the 5 cover types in each treatment level by dividing 
the number of “hits” on a particular cover type by the number of 
points sampled and multiplying by 100. 

The response of cryptogamic soil crusts to 4 grazing and 2 The 2-factor factorial design (4 levels of grazing treatment by 2 
tillage treatments were examined in a factorial arrangement in a levels of soil tillage) was analyzed using the Number Cruncher 
randomized complete block design with 4 replications. The graz- Statistical System general linear models procedure to determine 

ing treatments consisted of spring, summer, or winter grazing and 
an ungrazed control, while the tillage treatments included l-m 
tilled strips with 2.5-m untilled strips. Shrub seedlings were tram- 

planted at 1.5-m intervals into the tilled strips. 
The 20-ha study site was prepared beginning in the fall of 1985 

by aerial spraying with 2,4-D ((2,4-dichlorophenoxy)acetic acid), 
a broad leaf selective herbicide, to remove all existing shrub 
species, The tilling treatment was imposed in 1986, when l-m 
strips were tilled with a rear mount tractor powered tiller to a 
depth of 20 cm at 2.5-m intervals. In 1987, the area was subdivid- 
ed into live, 4-ha parcels and shrub seedlings, of a single species 
per parcel, were transplanted at 1.5-m intervals into the tilled 
strips of each parcel. The 5 species of shrubs selected for trans- 
planting were: Wyoming big sagebrush, prostrate kochia (Kochia 
prostrata (L.) Schrader), big rubber rabbitbrush (Chrysothamnus 
ruzuseosus (Pallas) B&t.), fourwing saltbush (Atriplex canescens 
(Pursh.) Nutt.), and winterfat (Ceratoides lanata (Pursh.) J.T. 
Howell). 

A perimeter fence was constructed around each 4-ha parcel and 
cross fences within each parcel further divided it into 4 sections 
(hence referred to as paddocks). The 4 paddocks consisted of one, 
0.4-ha ungrazed control paddock, and three, 1.2-ha grazed pad- 
docks. Each 1.2-ha paddock was assigned a grazing season treat- 
ment applied in spring (fust week of May). summer (third week 
of July), or winter (first week of December). 

By 1991, the transplanted shrubs were mature in stature and 
ranged from 0.5 m to 1.5 m diameter and from 0.3 m to 1.5 m in 
height depending on species. Grazing treatments began in the 
spring of 1991 and continued to the winter of 1992. Ten cattle were 
allowed to graze in each paddock for 4 days (approximately 50% 
utilization of the crested wheatgrass) in their assigned season. 

Therefore, the treatments represented 2 years of grazing on 
strips that had recovered from tilling for 5 years and on strips that 
had been untilled and ungrazed for the previous 6 years. The win- 
ter grazing period was preceded by 3 weeks of sub-freezing tem- 
peratures in both years, which froze the soil. In the 1991 winter 
grazing period, the ground was covered by a trace of snow, but in 
the 1992 winter grazing period the ground was covered by 
approximately 4 cm of snow. 

In 1993, the season following cessation of the grazing treat- 
ments, percent ground cover was measured with a IO-pin, point 
sampling frame. The frame consisted of a 1.0-m wide upright 
frame with 10 sharpened pins placed 10 cm apart. For each frame 
placement, the pins were lowered individually and the cover type 
of each “hit” at the soil was recorded (Cook and Stubbendieck 
1986, Bonham 1989). 

Within each paddock data were recorded from 60 stratified ran- 
dom placements in the untilled strips and 40 in the tilled strips. 
The weighting accounted for the relative area of each treatment. 
Placement of the frame within the tilled strips were selected in 
conjunction with a randomly selected shrub within the strip, such 
that a portion of the points were located under the shrub canopy. 
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the response differences in soil surface cover types by treatment 
(NCSS 1989). Mean separations were conducted using a protect- 
ed Fisher’s Least Significant Differences procedure (P = 0.05). 

Results and Discussion 

The primary moss species encountered in this study were 
Tortula ruralis (Hedw.) Gaertn., Meyer and Schreb, and Btyum 
sp. Lichen species included Aspicilia fruticulosa (Eversm.) 
Flagey, Collema tenax (SW.) Ach., Caloplaca tominii Savicz, and 
Caloplaca tiroliensis Zahlbr. 

Cryptogamic cover composition was dominated by mosses in 
all paddocks, ranging from a high of 97% in spring grazed pad- 
docks to a low of 87% in control paddocks. Total cryptogamic 
cover was affected (P c 0.05) by grazing and tillage. Response of 
cryptogams to the grazing season treatments differed with the 
tillage treatment (Fig. 1, P c 0.05). Total cryptogamic cover was 
significantly higher in the control and winter grazed paddocks on 
both the untilled and tilled strips relative to the spring and sum- 
mer grazed paddocks. Cattle hoof action on softened and some- 
times wet soils in spring and summer was sufficient to disturb the 
soil surface and reduce cryptogamic cover by nearly 50%. 
Breaking the soil surface structure exposed soil particles to both 
wind and water erosion. Frozen soils in the winter combined with 
some insulation of snow cover mediated hoof impact on the cryp- 
togamic cover. 

The response of total cryptogamic cover to grazing and tillage 
was largely influenced by moss (Fig. 1). Moss cover was reduced 
by as much as 50% with spring grazing. However, winter grazing 
had no significant effect (P > 0.05) on moss cover. Lichen cover 
was reduced (P < 0.05) by tillage and grazing in all seasons (Fig. 
2), although winter grazing had significantly less impact on 
lichens than either spring or summer grazing. 

Relative to the mosses, the crust formed by lichens tends to be 
thinner and more brittle in nature. Hoof impact is much more 

s Spring 

@S ummer 
@ Winter 
f?j Control 

Position Within The Pasture 
Fii. 1. Total cryptogamic cover (mosses and lichens) in response to 

different seasons of cattle grazing and tillage treatment (interac- 
tion significant at P < 0.05). Variability in the data is represented 
by standard error bars. 

7 I I 

’ I S Spring 

Tilled Strip Unblled Strip 

Position Within The Pasture 

Fig. 2. Total lichen cover in response to different seasons of cattle 
grazing and tillage treatment (interaction signifcant at P < 0.05). 
Variability in the data is represented by standard error bars. 

likely to crumble this structure than the more spongy texture of 
the moss crusts. Bare ground was highest (P < 0.05) on summer 
grazed paddocks (39.2%) followed by spring (36.3%), winter 
(31.7%), and control paddocks (20.2%), respectively. 

Conclusions 

Many studies have documented the negative impacts of ungulate 
grazing on cryptogamic crusts. The majority of these studies have 
been completed in desert ecosystems that do not sustain frozen 
soils for long periods (Kleiner and Harper 1977, Anderson et al. 
1982b). For studies completed in cold deserts (Anderson et al. 
1982a, Brotherson et al. 1983), stocking rates and specific timing 
are not available. Most of these areas are either winter grazed or 
have year-round use. Even in winter grazing, the season extends 
well into the period of the year when frost leaves the ground. 

Both Anderson et al. (1982b) and Brotherson et al. (1983) indi- 
cate optimism about the compatibility of carefully managed and 
timed grazing with stable cryptogam communities. While this 
study has demonstrated that cattle grazing, even at traditionally 
accepted stocking rates, can adversely affect the cryptogamic soil 
crust in a cold desert ecosystem, it has also demonstrated that tak- 
ing advantage of frozen soils in the winter as a protection mecha- 
nism allows managers to graze cattle at proper stocking rates 
without damage to the total cryptogamic soil cover. Leaving the 
crytogamic crusts intact protects the surface soils from natural 
wind and water erosion. 

Grazed areas in the cold deserts of the Intermountain Region, 
where accelerated erosion can occur, benefit from grazing man- 
agement practices that favor cryptogamic cover. Winter grazing 
with frozen soil conditions appears to be compatible with stable, 
moss-dominated, cryptogam populations. Continued repetitive 
summer and especially spring grazing may jeopardize long-term 
ecosystem stability in these fragile environments. 
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Abstract 

Pregnant cattle that consume ponderosa pine (Pinus ponderosu 
Lawson) needles often abort. The objectives of these studies were 
to: 1) determine needle consumption by grazing cattle; 2) relate 
consumption in pen-fed and grazing cattle to weather variables; 
and 3) determine if needle temperature influenced consumption 
in pen-fed cattle. Trial 1 was conducted from 3 Dec. 1991 to 12 
Feb. 1992 near Custer, S. Dak. Eight mature cows grazed a 9-ha 
pasture. Needle consumption was measured using bite counts 
and fecal analysis. The winter was mild, and cattle consumed few 
needles (< 2% of bites). Trial 2 was conducted in the same loca- 
tion from 5 January to 2 March 1993, using 6 pregnant cows 
kept in pens and 5 open cows grazing the pasture. The pen-fed 
cows were offered 1 kg of fresh pine needles daily; methods for 
grazing cattle were the same as in the previous trial. Further, the 
pen-fed cows were offered warm or cold green needles in 2 
acceptability trials. Grazing cattle consumed an average of 20% 
of bites as pine needles. As snow depth increased, pine needle 
consumption increased, particularly from short (< 2 m tall) trees 
(P < 0.01). The percent of bites of green needles was related (8 = 
0.69) to minimum temperature and snow depth, with greater 
consumption at colder temperatures and at deeper snow depths. 
As snow depth increased, cattle reduced daily grazing time (P < 
0.01); at colder temperatures, cattle also reduced grazing time (P 
< 0.05). Pen-fed cows ate 483 g pine needles/day (fresh weight), 
with no abortions occurring. Cattle preferred cold needles to 
warm needles (P < 0.05) in January, despite tree sire; whereas, 
the opposite result was noted in February. We conclude that 
snow depth, reduced amounts of grazable forage, and cold ambi- 
ent temperatures are crucial factors in consumption of pon- 
derosa pine needles by grazing cattle. 

losses from dead or weak calves and from retained fetal mem- 
branes in the dam can be devastating to livestock producers 
(Lacey et al. 1988). The abortifacient compound in pine needles 
has been identified as isocupressic acid (ICA), a diterpene resin 
acid (Gardner et al. 1994, Gardner et al. 1996). 

The Black Hills of western South Dakota and eastern Wyoming 
have a history of serious abortion problems from ponderosa pine 
needles (Lacey et al. 1988). Calf losses from pine needle abortion 
were reported by nearly 15% of 173 producers queried in 7 Black 
Hills counties (Cogswell 1974). We have observed that most 
abortions occur during winter, and there are apparently 2 reasons 
for this. First, most cattle are bred to calve during early spring, 
and cows become more susceptible to pine needle abortion as 
gestation progresses (Panter et al. 1990, Short et al. 1992). 
Second, cattle probably eat more pine needles during cold weath- 
er when grazing in pine-tree infested areas (Pfister and Adams 
1993). Uresk and Paintner (1985) reported that summer diets of 
cattle in the Black Hills consisted of about 7% pine needles. No 
studies have been conducted to determine winter consumption of 
pine needles by cattle in the Black Hills. 

The objectives of these studies were to (1) determine the 
amount of pine needles eaten by grazing and pen-fed cattle, and 
relate consumption to weather variables; (2) determine if grazing 
time was related to weather conditions and pine needle consump- 
tion; and (3) determine if pine needle temperature influenced 
acceptability to penned cows. We hypothesized that grazing and 
pen-fed cattle would consume more pine needles at lower ambi- 
ent temperatures, and that colder needles would be more accept- 
able to pen-fed cattle compared to warmer needles. 

Methods 

Key Words: Pinus ponderosu, cattle diets, diet selection, poiso- 
nous plants, grazing behavior 

Ponderosa pine (Pinus ponderosa Lawson) forests in western 
North America range from southern Canada to northern Mexico. 
When pregnant cattle eat pine needles, abortion or premature 
birth of calves often results (James et al. 1989). The economic 
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Trial 1: 1991-1992 
The study was conducted from 3 December 1991 to 12 February 
1992 on the Spring Valley ranch about 20 km west of Pringle, S. 
Dak. A 9-ha pasture was encompassed with electric fence. 
Dominant dormant species on the pasture, besides pine trees, 
included skunkbrush (Rhus trilobata (Nutt.) Gray), western 
wheatgrass (Agropyron smithii Rydb.), sideoats grama 
(Bouteloua curtipendulu (Michx.) Torr.), little bluestem 
(Schizachyrium scoparium (Michx.) Nash in SmalI) and fringed 
sage (Artemisia frigida Willd.). 

The forage standing crop and the amount of available pine litter 
were estimated at the beginning of the study using thirty, 0.5 mz 
plots; standing dead grasses were clipped, whereas pine needle 
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litter was removed from the ground. Plots were placed at prede- 
termined intervals along 3 pace transects that quadrisected the 
pasture. Plant material was dried to a constant weight in a forced- 
air oven and weighed. 

Density of pine trees was determined when the study began by 
randomly placing twenty, 10 X 20 m plots and by enumerating 
pine trees within these plots. Pine trees were divided into 2 size 
classes: short (< 2 m tall) and tall (> 2 m tall). We used these size 
classes because all needles on trees < 2 m in height were avail- 
able for browsing by cows; whereas, all needles on trees > 2 m 
tall were not available for grazing. We were also interested in 
whether short (presumably young) trees were differentially 
browsed compared to taller (older) trees. No attempt was made to 
determine the biomass of pine needles on trees, as needles were 
abundant on nearly all trees. 

Eight multiparous cows weighing about 500 kg were verified to 
be pregnant by rectal palpation. Cows had grazed the ranch prop- 
erty for several years, including many pine-tree infested pastures, 
but had no known history of abortions. Cows were penned each 
evening at 1630 hours to ensure that cattle would not eat pine 
needles during the night; cows were released to graze at 0730 
hours each morning. These grazing hours roughly correspond to 
daylight hours when it was possible to make behavioral observa- 
tions. No fixed amount of grass hay was fed daily; the arbitrary 
amount depended upon the amount of snow cover on the ground, 
and during warmer weather, no hay was given. The average 
amount of grass hay fed daily to the ~-COW group was 4.2 kg (SD 
= 8.8, range = 0 to 45 kg). Six cows were fitted with vibracorders 
(Argo Instruments, Winchester, Virg.) to measure grazing time; 
the 8&y charts were changed weekly. 

A computer-controlled weather station (Campbell Scientific, 
Logan, Ut.) was installed next to the pasture. Wind speed (maxi- 
mum, minimum, average), wind direction (average), air temperature 
(maximum, minimum, average), relative humidity (maximum, min- 
imum, average), and barometric pressure (average) were continu- 
ously monitored, and recorded every 15 min. Total precipitation 
was recorded hourly (excluding snow). A 1 X 1 m board placed in 
an open area of the pasture was used to determine snowfall. 

Diets were quantified using bite counts and focal animal sam- 
pling. Each cow was focally sampled (Altmann 1974) for several 
5-min periods during active grazing periods. Bites were recorded 
for 3 categories of pine needles: pine needle litter, needles from 
trees < 2 m tall, and needles from trees > 2 m tall; other cate- 
gories were other browse and other plants (i.e., mostly dormant 
grasses). The observer made sequential observations of cows dur- 
ing active grazing periods throughout daylight hours. Snow depth 
was measured at the cow’s location (i.e., where front feet were 
placed) when the 5-min bite count was finished, and we calculat- 
ed the average daily snow depth associated with each cow’s graz- 
ing locations. 

We used bite counts because we wished to relate pine needle 
consumption to specific dates and weather variables. To supple- 
ment the bite count data, we collected fecal samples from a herd 
of free-grazing cattle kept in a pine-tree infested pasture near 
Custer, S. Dak. Multiple (2 5) freshly deposited fecal patties 
were sampled at midday on a weekly basis from mid-December, 
1991 to mid-February, 1992. Each weekly collection was com- 
posited into a single sample. Diet composition (pine needles, 
grasses, and other plants) was determined using the microhisto- 
logical technique as outlined by Pfister and Adams (1993). 
Observer accuracy was determined in blind trials to be + 3% for 
percentage of pine needles in feces. 

Trial 2: 1993 
Grazing and Pen Feeding Study 

The study was conducted in the same location as Trial 1 from 5 
January to 2 March, 1993. The pasture was about the same size, 
had about the same amount of residual forage, and pine tree den- 
sity had not changed from the previous year. Six pregnant and 5 
open multiparous cows weighing about 500 kg from the produc- 
er’s herd were used. The 6 pregnant cows were penned individu- 
ally and offered 1,000 g/day (fresh weight) of freshly harvested 
pine needles. Needles were harvested each morning at 0700 hours 
from trees in a nearby 2 ha section of forest and offered each day 
to the cows from 1500 to 1600 hours. Between harvest and feed- 
ing the needles were kept at ambient temperature in a shaded 
location. The pen-fed cows were each given 11 kg (as-fed basis) 
of grass hay at 1630 hours. 

Bite counts were done with the open cows as noted for the pre- 
vious trial, and all wore vibracorders. We used open cows to 
avoid interference from the sequelae of retained fetal membranes, 
which may cause morbidity in cows after an abortion (K. Panter, 
personal observation). The amount of hay fed each day was deter- 
mined as previously noted for Trial 1. The average amount of 
grass hay fed to the ~-COW group was 29.9 kg/day (SD = 10.3, 
range = 0 to 68 kg/day). 

Snowfall and weather were monitored as noted for the previous 
trial. The cows were not penned at night, and fecal samples were 
collected twice weekly on Wednesday and Sunday. An observer 
collected a morning fecal sample when each cow defecated. Each 
fecal sample was placed in a plastic bag and frozen until 
processed later at the laboratory. Each sample was thawed, dried 
in a forced-air oven at 40” C, and ground to pass a l-mm screen 
in a Wiley mill. Microhistological techniques were used to deter- 
mine fecal composition. Fecal composition on each sampling date 
was adjusted for the grass hay fed 2 days earlier. 

Pine Needle Acceptability Trials 
We hypothesized that pine needle temperature would affect 

acceptability to cattle, with warmer needles being less acceptable. 
Many secondary compounds within pine needles are volatilized 
at warmer temperatures, hence the pungent odor when brought 
indoors. We assume that these freshly-released compounds may 
serve as feeding deterrents. Two pen trials were conducted using 
3 of the pregnant cows kept in pens. The cows were trained to eat 
small quantities of grain from feed boxes attached to the fence, 
and the cows learned to move from box to box to eat the material. 
Bulk collections of pine needles from short (< 2 m tall) and tall 
(> 2 m tall) trees were made in early January and early February, 
and the needles were frozen. Pine needles were divided into 4 
treatment groups: tall-warm, short-warm, tall-cold, and short- 
cold. Warm needles were heated immediately before offering to 
cows; cold needles were kept frozen at -15” C until offered to 
cows for 5 min each day. Pine needle choices were offered simul- 
taneously in 4 different positions within a pen over 4 days on 12 
to 15 January and 2 to 5 February. A digital thermometer with 
sensing probe was used to record needle temperatures. During the 
January trial, the average warm and cold needle temperature was 
15.1 (range 10.9 to 17.0) “C and -6.0 (range -9.4 to 4.2) “C, 
respectively when the 5-min trial ended. The average ambient 
temperature during the afternoon tests was -2.5” C. During the 
February trial, the average warm and cold needle temperature 
was 4.0 (range 1.0 to 7.6) “C and -8.2 (range -10.1 to -5.4) “C, 
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Table 1. Mean values for various weather variables during winter grazing studies in South Dakota. 

1993 
Period b 

1991192 1 2 3 
Variable Min MaX Mean Min MaX MCiIl Min Max Mean Min MaX Mean 

Min -30.6 -2.1 -9.7 -27.1 -14.7 -20.4 -17.2 -3.4 -9.3 -30.6 -7.2 -17.8 
temperature 

MaX -6.6 18.2 6.0 -14.5 2.3 -9.0 -2.5 15.7 6.2 -15.7 11.2 -2.5 
temperature 

Avg. -14.1 5.1 -2.4 -19.2 -8.2 -14.6 -10.4 2.9 -2.2 -24.2 0.1 -10.3 
temperature 

Avg wind 0.4 2.7 0.8 0.7 3.3 1.6 0.6 2.1 1.2 0.6 2.0 1.3 
Speed 

Avis 674.3 689.0 681.5 698.4 703.8 701.2 698.4 706.3 702.8 695.0 703.9 701.2 
barometric 
pressure 

Avg relative 33.4 96.2 62.3 74.1 89.8 82.2 26.6 100.0 67.8 30.7 95.7 70.0 
humidity 

%fjn=minim~;-= 
bPeriod 1: 7 to 

maximum; avgaverage. Units are: temperature in ‘C, wind speed in mkc, bammelric Pressure in mm Hg (SCOFF for &VSJ&I), and r&t& humidity in 96. 
14 Jan.; Period 215 Jan. to 9 Feb.; Period 3: 10 Feb. to I Mar.. 

respectively, at the end of the 5-min trial. The average ambient 
temperature during the 4 afternoon periods was 5.8” C 

Statistical Analysis 
Grazing time data were analyzed using analysis of variance 

procedures, with a model that included cows as blocks, periods as 
treatments, snow depth as a main effect (< 25, 25-150, > 150 
mm), and minimum daily temperature (MDT) and average wind 
speed (AWS) as covariates (Pfister and Adams 1993). The animal 
X period interaction was used to test period effects. The same 
model was used to test for differences in diets. We anticipated 
using several major colder or warmer weather patterns to differ- 
entiate periods, but during Trial 1 the unusually mild winter pre- 
cluded this approach, and we present only descriptive statistics. 
During Trial 2, major weather patterns were apparent, and the 
trial was divided into 3 differing periods for analysis. Table 1 
provides weather data and other pertinent details for the designat- 
ed periods in Trials 1 and 2. Furthermore, stepwise multiple 
regression was used to evaluate the relationships between grazing 
time or pine needle consumption and various weather parameters. 
The composition of fecal samples for 3 periods was compared 
using ANOVA procedures during Trial 2; after a significant (P c 
0.05) F-test, means were separated using the PDIFF procedure of 
SAS (1988). Consumption of pine needles by pen-fed cows was 
evaluated by ANOVA with a model that included cows as blocks, 
days, and the day X cow interaction. A multiple latin square 
design was used to test cold and warm pine needle acceptability 
during both pen trials. The factors for the latin square model 
included: cow (i.e., square), 4 positions within the pen, 4 days, 
and 4 pine needle groups. 

Results 

Trial 1: 1991-1992 
Grazing Study 

The standing crop consisted of dried grasses (463 f 146 kg/ha) 
and pine litter (420 & 109 kg/ha). Short and tall tree densities 
were 535 * 185 and 380 f 105 trees/ha, respectively. 
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The winter of 1991-1992 was relatively mild with an average 
ambient temperature of -2.4” C. The maximum daily temperature 
was below freezing for only 3 days during the trial and averaged 
6.0” C. 

Cattle averaged < 0.5% of their bites as pine needles during the 
trial. Grazing cattle selected primarily dormant grasses (data not 
shown). Most of the pine needles consumed were from small 
trees, as cattle ate almost no pine litter or green needles from larg- 
er trees. Maximum daily consumption was about 2% of bites. 
Complimentary fecal analysis from the grazing herd also showed 
that pine needle consumption was low, averaging <l % of cattle 
diets (data not shown). Regression analysis showed that weather 
variables were poor indicators of pine needle consumption, with 
minimum daily temperature the best single predictor variable (r* = 
0.18), with cattle eating more pine needles at colder temperatures. 

Cattle averaged 343 min (SD = 59) of daily grazing time. There 
was a quadratic relationship (P < 0.05) between maximum daily 
temperature and daily grazing time (r* =0.33; Fig. 1). Generally, 
cattle grazed longer as maximum daily temperature increased 
above freezing. 

Trial 2: 1993 
Grazing Study 

Grazing cattle consumed 20.1% of bites as pine needles during 
the trial. There were distinct period effects (P < 0.05), with cattle 
taking over > 35% of grazing bites as pine needles during periods 
1 (7 to 14 January) and 3 (10 February to 1 March) and about 8% 
during period 2 (15 January to 9 February) (Table 2). Cattle ate 
little pine litter during the trial, instead, selecting green pine nee- 
dles from both large and small trees (Table 2). Pine needle com- 
position of feces was affected by period (P < O.Ol), with highest 
levels noted during periods 1 and 3 (Table 2). 

Snow depth influenced bites of total pine needles and green 
needles from both short and tall trees. As snow depth increased, 
pine needle consumption increased, particularly from short trees 
(Table 3). Deeper snow was a factor in increased browsing on 
other shrubs by cattle; whereas, reduced snow depth was related 
to increased grass use by grazing cattle. 
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Time spent grazing was influenced by snow depth (P c 0.01) 
and minimum temperature (P < 0.01) but not by period or wind 
speed (P > 0.1). As snow depth increased, cattle reduced grazing 
time (Table 3); at colder temperatures (i.e., lower minimum tem- 
perature), cattle also decreased grazing time. Most (> 60%) graz- 
ing was noted during the afternoon (1200 to 1800 hours). Grazing 
time was positively related to maximum temperature and nega- 
tively related to average relative humidity (r2 = 0.49 for 2-vari- 
able model). 

Pen feeding study 
Consumption of pine needles by pen-fed cows averaged 438 

g/day (fresh weight). Periods were different (P < 0.01); cows ate 
more needles during period 1 (mean 684 g) compared to periods 2 
and 3 (means 415 and 383 g, respectively). No weather variables 
were related to consumption of pine needles by pen-fed cows (r2 c 
0.1). No abortions occurred in the pregnant pen-fed cows. 

Pine needle acceptability trials 
In the January trial, cattle preferred (P < 0.05) the cold needles 

over the warm despite the tree size from which they were collect- 
ed (Table 4). The opposite result was found during the February 
trial, with cattle preferring (P < 0.05) the warm pine needles over 
the cold (Table 4) despite tree size. 

100 J+++++- 
-10 -5 0 5 10 15 2; 

Maximum temperature (‘C) 

Fig. 1. Daily grazing time (min) for cows grazing ponderosa pine 
ranges at diierent air temperatures in western South Dakota dur- 
ing winter, 1991192. The dashed line indicates the 95% confidence 
interval. 

Total pine needle consumption by grazing cattle (% of bites) 
was negatively related (r2 = 0.52 for 2-variable model) to average 
temperature and barometric pressure. The percent of bites of green 
needles eaten from short trees was negatively related to minimum 
daily temperature and snow depth (r2 = 0.69 for 2-variable model); 
whereas, bites of needles from tall trees and pine litter were poorly 
(r2 < 0.3) related to any combination of weather variables. 

Discussion 

We found in a previous 2-year study in Montana that cattle ate 
substantial quantities of pine needles during a normal (i.e., cold) 
winter but ate essentially no needles during a mild winter (Pfister 
and Adams 1993). The present study strongly supports that con- 
clusion. Cattle ate virtually no needles in the Black Hills during 
the winter of 1991/92, a response we attribute to the mild winter 
weather and abundant forage availability. In contrast, during the 
next normal (i.e., cold) winter, cattle selected green pine needles 
for a large portion of their grazing diets. Interestingly, cattle ate 

Table 2. Composition of grazing cattle diets (46 of bites; % in fecal material) and grazing time (min/day) during winter, 1993 in western South Dakota. 

Period a 

Item 

Pine needle 
litter 

1 2 3 
Minb Maxb Mean SE Min Max Mean SE Min Max Mean SE 

0.0 0.0 0.0 - 0.0 23.7 0.5 0.2 0.0 17.3 0.5 0.3 

Green needles 
(trees<2 m tall) 

Green needles 
(trees>2 m tall) 

Total pine 
needles 

0.0 83.3 25.2 3.6 0.0 39.6 3.4 0.6 0.0 59.7 11.8 2.0 

0.0 69.7 17.1 3.4 0.0 63.7 3.7 0.8 0.0 100 22.9 4.1 

0.0 97.4 42.3 4.0 0.0 72.9 7.7 1.1 0.0 100 35.3 3.9 

Browse 
Grasses 

Total pine 
needles 

0.0 12.7 33.5 3.9 0.0 94.8 2.1 0.9 0.0 0.2 5.4 0.1 

------------------------------------.-----(%off,es)----------------..-...!00..---.~‘~------3~~ 0.0 69.2 24.2 4.5 0.0 100 90.1 1.6 0.0 

24.0 75.0 46.6 6.2 2.1 40.0 14.3 1.2 17.1 88.0 47.1 2.9 

__-________--__-________________________--- (min/day)------------------------------.------------ 
Total grazing 76 349 182 9.9 15 547 291 11.0 99 536 267 10.4 

time 
aPetiod were(l) 7 to 14 Jan.; (2) 15 Jan. to 9 Feb; 10 Feb. to 1 Mar. (3) 
bMin = minimum; max = maximum. Denotes minimum OF maximum value on any day for any cow during the period, depending on the variable (i.e., % of bites, % of feces, minkjay) 
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Table 3. Effect of snow depth on cattle grazing diets (% of bites) and Table 4. Consumption of warm or cold pine needles by cattle in 2 accept- 
grazing time (min/day) during winter, 1993, in western South Dakota, ability trials during Jan. and Feb. 1993, in western South Dakota 

Item <25 
Snow death (mm) 

25-150 >I50 MSEa P6 

Green needles 
(trees < 2 m tall) 

Green needles 
(trees > 2 m tall) 

pine needle litter 
Total pine needles 

Browse 
Grasses 

-;,; _.___.____ (%ofbites)------------- 

6.3 24.6 10.3 0.01 

1.4 14.8 17.0 20.4 0.17 

0.3 0.8 0.0 2.1 0.69 

3.9 21.8 41.5 19.9 0.01 

0.1 0.2 27.4 9.6 0.01 

96.1 77.9 31.1 20.4 0.01 
------(midday) ------ 

Total grazing time 305 254 200 73.6 0.01 

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

mostly green needles and relatively little pine litter in South 
Dakota as compared to the Montana study where most of the nee- 
dles eaten were weathered litter. 

We earlier reported (Pfister and Adams 1993) that both snow 
depth and forage availability may influence consumption of pine 
needles. Snow depth was positively related to pine needle con- 
sumption during winter, 1993, and in our Montana study. Pine 
needle consumption increased as snow depth increased; more 
snow on the ground also resulted in more browsing on other 
shrubs, and less snow resulted in cattle eating more grass. 
Unfortunately, both snow depth and amount of forage that could 
be easily grazed under the snow were confounded with general 
winter weather patterns. During the cold winter, snow depth 
impaired grazing by cattle of low-growing vegetation on many 
sites within the pasture; whereas, the mild winter resulted in no 
substantial, long-lasting snow cover in the pasture, and cattle had 
easy access to dormant forage. 

Pine needle consumption by grazing cattle was negatively relat- 
ed to temperature, a result similar to our Montana study (Pfister 
and Adams 1993). Ambient temperature and snow depth were 
also negatively related, again emphasizing the interrelationship of 
cold temperatures, amount of snow on the ground, and pine nee- 
dle consumption. It seems unlikely that cattle are simply eating 
more total forage (including needles) during colder periods. 
Forage intake of confined cattle is often increased by colder tem- 
peratures (NRC 1987); whereas, grazing cattle often decrease for- 
age intake as temperatures decrease (Adams et al. 1986, Adams 
1987). We do not believe that cattle eat pine needles from only 
hunger, because we have observed cattle leaving hay on the 
ground to browse on pine trees. Similarly, MacDonald (1952) 
reported that pine needles were palatable to range cattle and were 
eaten even when animals were well fed. No studies have deter- 
mined if hungry cattle will eat more pine needles than well-fed 
animals although we suspect they would; Pfister and Adams 
(1993) examined the influence of rumen fill, but cattle ate no pine 
needles during that winter. Short et al. (1994) determined that 
high levels of protein intake will increase consumption of pine 
needles by pen-fed cows but other dietary interventions (e.g., 
straw and mineral supplementation) did not affect consumption. 

We speculated earlier (Pfister and Adams 1993) that cattle may 
eat more needles during colder weather because of weather- 
induced chemistry changes in needles. We did not, however, find 

Trial/Needle treatment” 

Januarv 
Tall/warm 
Short/warm 
Tall/cold 
Short/cold 

Februarv 
Tall/warm 
Short/warm 
Tall/cold 

Sum Mean 
__-____(g) ______ 

8.0 0.7h 
180.5 15.Och 
627.2 52.3c 
452.0 37.9 

1241.3 103.4c 
1446.1 12osc 

127.3 10.6b 

SE 

0.6 
10.1 
27.7 
17.9 

30.6 
25.9 

8.2 
Short/cold 7.9 0.6b 0.6 

a Fine needles were collected from either tall (2>m) or short CC 2m) trees and frozen. 
During the trials, needles were either kept cold; or warmed to & fdr effects of needle 
temperature on acceptance by cattle (see bxt for details). 
b Within trials means without a common superscript differ (P&05). 

any relationship between weather variables and pine needle con- 
sumption by pen-fed cattle when needles were fed for > 50 days. 
Thus, we failed to accept our hypothesis that pen-fed animals eat 
more pine needles at colder ambient temperatures. Furthermore, 
our 2 latin square acceptability trials gave inconsistent results 
concerning pine needle temperature. Cattle avoided warm needles 
during the first acceptability trial, and then avidly selected warm 
needles and avoided cold needles in the second trial. Cattle ate 
much greater quantities of warm needles during the second trial 
compared to cold needles during the first trial. The “warm” nee- 
dles in the 2 trials were not the same temperature, and cattle 
apparently preferred the needles that were thawed to just above 
freezing (4” C) over the “very warm” (1.S’ C) needles in the first 
trial. We did not intend to compare the 2 trials directly, but per- 
haps they were confounded by warm needle temperature, time 
(i.e., month), ambient temperature, or other unknown factors. 
Some unknown degree of learning from the first trial may have 
contaminated the second trial. We could smell the pungent odor 
of the “warm” needles in both trials but had no way of measuring 
release of volatile compounds. We also found little evidence of 
differences in acceptability between green needles from older 
(tall) and younger trees. We did not measure concentrations of 
the abortifacient compound, ICA, and we doubt if ICA concentra- 
tions in pine needles have any influence on consumption by cattle 
because ICA is only 1 of at least 6 different resin acids in pine 
needles (Gardner et al. 1994). 

Cattle reduced grazing time in response to both deeper snow 
and colder temperatures (Malechek and Smith 1976, Adams et al. 
1986, Pfister and Adams 1993). Conversely, cattle grazed longer 
as maximum daily temperature increased above freezing. Several 
studies have shown that cattle respond to colder temperatures by 
reducing grazing time (Adams 1987). During the winter of 1993, 
cattle sometimes grazed very little, apparently because grazing 
negatively affected net energy balance when snow was relatively 
deep and forage was difficult to prehend. When cattle did graze, 
green pine needles were readily available, and snow depth may 
account for green needles being eaten by cattle. Cattle did not 
often push beneath snow to eat pine litter, unlike cattle during our 
earlier Montana grazing study (Pfister and Adams 1993). In that 
study, cattle ate substantial (but declining) amounts of pine litter 
even when litter was covered by > 150 mm of snow. 
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Our results show that ambient temperature and snow depth (or 
conversely amount of grazable forage) are major factors influenc- 
ing pine needle consumption by grazing cattle. Although grazing 
time may decrease in response to colder weather, cattle are more 
likely to eat pine needles during periods of colder weather. We 
suggest that producers with pine-tree infested ranges pay close 
attention to weather patterns. As pregnant cattle get closer to par- 
turition, they are at greater risk of aborting from ingesting nee- 
dles, and should be kept away from pine trees. Our experience 
suggests that pine needle consumption may be most problematic 
when grazing cattle are confronted with colder temperatures and 
reduced amounts of grazable forage, either from earlier heavy 
grazing and(or) from snow cover. 
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Abstract 

The objective of this research was to determine, on a seasonal 
basis, the relative preferences of cattle for 7 native grasses and 
crested wheatgrass (Agropyron desertorum (Fischer ex 
Link)Schultes), a long-used introduction in the Pacific 
Northwest. Methods involved observing forage selection process- 
es of 3 steers in paddocks, where plants existed in equal densities 
and in rangeland pastures with variable forage composition. 
Design of paddock and pasture studies was a randomized-com- 
plete-block with 3 replications, 3 stages of phenology (vegetative, 
anthesis, and quiescent), and 8-11 forages. Dietary proportions 
as indexed by bite-counts changed (P < 0.01) with phenology and 
varied among species. Diets were more similar (P < 0.05) than 
forage composition between the 2 study areas (paddocks and 
native pastures), and became less similar (p < 0.05) as phenology 
of the grasses advanced from vegetative growth through anthesis 
and quiescence. Steers were selective grazers during vegetative 
and anthesis stages of phenology, and despite variations in 
herbage availability, ‘Nordan’ crested wheatgrass was the most 
prominent dietary component in paddocks and pastures. 
Variation in proportions of grasses in the diet was associated (P < 
0.05) with measures of available forage in the paddocks (r = 
0.46-0.89, Y = 0.72) but poorly associated with herbage composi- 
tion in pastures (r = 0.41-0.02, x = 0.12). Inconsistencies in rank- 
ings of relative preference indices and dietary proportions of 
grasses suggested that measures of herbage availability may con- 
found the predictive utility of relative preference indices. More 
grasses were acceptable to cattle at quiescence, with crested 
wheatgrass ranging from 8-26% of the diet. We suggest that 
with proper management, interseedings of crested wheatgrass on 
native range may be used to lessen grazing demands previously 
borne by native perennials early in the grazing season. 

Key Words: relative preference index, bluebunch wheatgrass, 
giant wildrye, Idaho fescue, Sandberg’s bluegrass, bottlebrush 
squirreltail, Thurber needlegrass, needle-and-threadgrass, crest- 
ed wheatgrass 

Over the long-run, selective grazing can affect the structure and 
composition of rangelands (McNaughton and Geordiadis 1986, 
Taylor et al. 1993). Efficient range management demands that those 
responsible for grazing programs have knowledge of seasonal 
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Resumen 

El objetivo de esta investigation fue determinar, por tempo- 
da, las preferencias relativas de ganado de came para 7 pastos 
nativos y “crested wheatgrass” (Agropyron desertorum (Fischer ex 
Link) Schultes), introducido y usado por mucho tiempo en el 
Noroeste del Pacifico. Los metodos usados incluyeron la obser- 
vacion de 3 novillos pastoreando parcelas experimentales con 
densidades iguales para cada especie y en praderas naturales con 
diierente composition de forrajes. El diseiio usado en las parcelas 
y praderas fue de bloques al azar con 3 repeticiones, 3 etapas 
fenologicas (vegetativa, floracion, y dormancia), y de 8 a 11 forra- 
jes. La proportion en la dieta, estimada usando numero de mor- 
didas, cambio (P < 0.01) con etapa fenologica y vario entre 
especies. Las dietas fueron mas similares (P < 0.05) que la com- 
position botanica entre las dos areas estudiadas (parcelas y 
praderas), y la diferencia fue mayor (P < 0.05) conforme avanzo 
la fenologia de vegetativa a flora&n y a dormancia. Los novillos 
pastorearon selectivamente en las etapas vegetativa y de flo- 
racidn, y a pesar de variaciones en la diiponibilidad de forrajes, 
‘Nordan’ “crested wheatgrass” fue el componente principal en la 
dieta tanto en las parcelas coma en las praderas. La vat&ion de 
la proportion de pastos en la dieta estuvo asociada (P < 0.05) con 
las medidas de disponibilidad de 10s forrajes en las praderas (r = 
0.46-0.89, :=0.72) pero poco correlacionada con la composition 
botinica de las praderas (r = 0.41-0.02, x = 0.12). Las incosisten- 
cias observadas en las categorias de 10s indices de preferencia rel- 
ativa y las proporciones de pastos en las dietas sugirieron que las 
medidas de disponibilidad de forrajes pueden confundir la 
capacidad de prediction de 10s indices de preferencia relativa Un 
mayor ntimero de pastos fueron aceptables al ganado durante la 
etapa de dormancia, con “crested wheatgrass” entre 8 y 26% de 
la dieta. Nosotros sugerimos que con un manejo adecuado, crest- 
ed wheatgrass” puede ser sembrado en praderas nativas para dis- 
minuir las demandas previamente soportadas por 10s pastos 
nativos perennes al inicio de la temporada de pastoreo. 

palatability, utilization levels, and nutritional value of the various 
forages (Malechek and Leinweber 1972, Holechek et al. 1982). 
Such information can aid in identifying key species, explain shifts 
in diet quality and animal performance (Holechek et al. 1981), and 
assist in developing grazing programs designed to retard or stimu- 
late specific components of the vegetation (Anderson and 
Scher-zinger 1975, Reiner and Umess 1982, Gordon 1988). 
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Effective means of predicting selective grazing among forages 
by livestock have not yet been devised (Jones et al. 1994), and 
managers must rely on demonstrated preferences of animals to 
predict how specific forages or mixes of forages might be grazed 
(Hart and Hanson 1990). A substantial volume of literature has 
addressed quantitative aspects of grazing and defoliation on the 
subsequent vigor of many range grasses (e.g. Mueggler, 1950, 
and 1975, Olson et al. 1989, Busso 1990), but little effort has 
been directed toward documenting relative preferences of grazers 
for these same forages in many regions. The objective of this 
research was to determine on a phenological basis (vegetative, 
anthesis, and quiescent stages of phenology), the relative prefer- 
ences of cattle for 8 grasses (in paddock studies) and 11 grasses 
(on native rangeland pastures) that characterize northern Great 
Basin and Pacific Northwest rangelands. This was accomplished 
by monitoring forage selection of steers in experimental pad- 
docks, where forages were available in equal density, and in 
native pastures where levels of forage availability were variable. 

Materials and Methods 

Experimental Paddocks 
Nine experimental paddocks were established on the Northern 

Great Basin Experimental Range near Bums, Ore. in March and 
April 1989 (119”42’W, 43”29’N, elevation 1,370 m). Mean annual 
precipitation is 282 mm, and mean annual temperature is 7.6’ C 
with extremes of -29 and 42” C. Plants of 8 different forages 
were excavated from native and improved pastures on the station 
and replanted in the paddocks. All transplants originated from 
areas characterized by an overstory of Wyoming big sagebrush 
(Artemisia tridentata subsp. wyomingensis Beetle). Each paddock 
contained a grid of 29 rows and 29 columns with 0.61 m between 
plant centers. One hundred plants of each forage were randomly 
positioned in each paddock for a total of 800 plants and 41 empty 
positions in each row:column matrix. This randomized arrange- 
ment prevented animals from settling in a given area or row and 
focusing their grazing activities on a single forage. 

The 8 grasses intensively studied were: bluebunch wheatgrass 
(Agropyron spicatum (Pursh) Scribn. & Smith), Idaho fescue 
(Festuca idahoensis Elmer), bottlebrush squirreltail (Sitanion 
hystrix (Nutt.) Smith), needle-and-thread grass (Stipa comata 
Trin. & Rupr.), Sandberg’s bluegrass (Poa sandbergii Vasey), 
Thurber’s needlegrass (Stipa thurberiana Piper), giant wildrye 
(Elymus cinereus Scribn. & Merr.), and ‘Nordan’ crested wheat- 
grass (Agropyron desertorum (Fischer ex Link)Schultes), a suc- 
cessful and long-used introduction to region. These grasses have 
wide ecological amplitudes, and one or another typically domi- 
nates the herbaceous layer of sagebrush/steppe communities in 
the region (Daubenmire 1970, Hironaka et al. 1983). Paddocks 
were rested for 4 growing seasons to facilitate plant establish- 
ment. Weeds were controlled throughout the project by tillage or 
hoeing, and cured standing forage was mowed each fall to a 5-cm 
stubble. 

Experimental Rangeland Pastures 
Nine l-ha pastures were established with electric fencing on 

native-rangeland having a 60-year history of growing season 
deferment. The pastures supported an overstory of Wyoming big 
sagebrush, and in addition to the grasses previously listed, prairie 

Junegrass (Koeleria cristata Pers.), and trace amounts of cheat- 
grass (Bromus tectorum L.) and Indian ricegrass (Oryzopsis 
hymenoides (R. and S.)Ricker). Several forbs were also present, 
with the most prominent being tapertip hawksbeard (Crepis 
acuminata Nutt.). Soil of the pastures and paddocks was a com- 
plex of loam and loamy tine sands (Milican coarse-loamy, mixed, 
frigid Orthidic Durixerolls and Holtle coarse-loamy, mixed, frigid 
Aridic Duric Haploxerolls, respectively) (Lentz and Simonson 
1986) with depth to bedrock or hardpan ranging between 90 and 
150 cm. 

Vegetation Sampling 
Trials were conducted at vegetative, anthesis, and quiescent 

stages of phenology as indexed by bluebunch wheatgrass. When 
compared to bluebunch wheatgrass, the phenology of Sandberg’s 
bluegrass was more advanced, development of giant wildrye 
lagged well behind, and the remaining grasses closely tracked 
bluebunch wheatgrass. Readers are reminded, however, that all 
subsequent mentions of phenology in text and tables relate specif- 
ically to development of bluebunch wheatgrass. 

Three paddocks and 3 pastures were grazed at each stage of 
phenology. One to 3 days before paddocks were grazed, the basal 
area of 5 randomly selected plants of each species was measured. 
Basal area was derived from a plant’s maximum diameter, a sec- 
ond diameter perpendicular to the first, and solving for the area of 
an ellipse (Jones et al. 1994). Measured plants were clipped to a 
2.5-cm stubble to obtain oven-dry (40” C) biomass. Herbage was 
composited by species within a paddock and retained for subse- 
quent grinding (1 mm screen) and chemical analyses. 

Descriptive data gathered from each rangeland pasture focused 
primarily on grasses and included measures of plant density, bio- 
mass, and foliage cover. Density was sampled by counting the 
number of plants of each species rooted within fifty l-m2 plots 
randomly distributed about the pasture. Foliage cover in each 
pasture was obtained with the line intercept method (Canfield 
1941) from 4 randomly positioned 50-m line transects. Herbage 
production of each grass and a composited sample of the forbs 
were sampled from 25, l-m2 plots by clipping foliage to ground 
level. Samples were oven dried at 40” C for 48 hours, weighed, 
and subsamples of each grass retained for later grinding and lab 
analysis. Forage quality was indexed by crude protein content 
(CP = Kjeldahl nitrogen X 6.25) (AOAC 1984) and neutral deter- 
gent fiber (NDF) (Goering and Van Soest 1970). 

Grazing Trials 
One week before each grazing trial, five 2-year old esophageal- 

fistulated steers were released in an adjoining shrub-steppe pasture 
to assure their familiarity with our forages. Before steers grazed 
the paddocks, numbered cards were placed on the ground outside 
of an enclosing electric fence to expedite rapid identification of 
each row and column in the paddock. In each trial, 3 steers, 
equipped with esophageal sample bags (Van Dyne and Tore11 
1964), were allowed to graze each paddock or pasture. Animals 
foraged alone to avoid any influence from social facilitation. 

At each stage of phenology, the 3 paddock and 3 pasture trials 
were conducted over 6 successive days. Sampling in the pad- 
docks began with entry of a steer and a computer equipped tech- 
nician. The technician tallied each bite and noted when the ani- 
mal abandoned a feeding station and began walking in search of 
another. Steers were tame and tolerated observers within 2 to 5 

558 JOURNAL OF RANGE MANAGEMENT 51(5), September 1998 



m. Because some of the forages could not be rapidly identified 
from cursory examination, 2 additional observers moved along 
the X and Y axes of the enclosing fence and simultaneously 
recorded row/column coordinates of each grazed plant. A steer 
was allowed to forage until it had grazed on 84 plants with repeat 
visits to previously grazed stations included in the talley. The 
steer was led out of the paddock, relieved of its esophageal sam- 
ple, and the remaining animals given their turns. This protocol 
generated a total of 252 observations (3 steers X 84 plants), full 
esophageal sample bags, and assured that none of the forages 
were completely depleted in a paddock. Esophageal samples were 
oven dried (40”(Z), ground, and analyzed for CP and NDF. The 
same procedures were used for grazing trials in the pastures. 

All data were tallied by species across steers within a paddock or 
pasture. Feeding station coordinates, maps of plant positions, and 
bite-count data were integrated for each paddock to yield 4 vari- 
ables: 1) the number of plants grazed (excluding regrazing events), 
2) the number of plants regrazed 1 or more times, 3) the total num- 
ber of bites harvested from each of the 8 forages, and 4) the total 
amount of time expended grazing each forage. For the pastures the 
bite count dam and sequential species lists were integrated to yield 
the total number of bites removed from each species and the total 
amount of time expended grazing each forage. 

We employed a modification of Van Dyne and Heady’s (1965) 
relative preference index (RPI = the percentage of a forage in diet 
divided by its relative contribution to available forage in the pas- 
ture) to rank the preferences of steers. For the diet component, our 
modification involved an integration of the relative numbers of 
bites harvested, plus the relative numbers of plants grazed, plus 
the relative amounts of time expended on each forage. Bite counts 
were intended to reflect dietary proportions. Inclusion of the num- 
ber of plants grazed increases the contribution of small stature 
species that might be easily harvested at high frequencies but with 
very few bites. The addition of the time factor increases the contri- 
bution of species that might be more difficult for an animal to har- 
vest (i.e. cattle stripping individual leaves from stems of giant 
wildrye). In the denominator herbage production, herbage cover, 
and plant density (which was equal for all species in our pad- 
docks) were integrated. In mathematic form the equation was: 
RPI = (% bites + % of total plants grazed + % time expended on a forage) (1) 

(% berbage production + % herbage cover + % plant density) 

Interpretations are identical to Van Dyne and Heady’s (1965) 
index. Indices > 1 .O denote a preference, a score of 1 .O suggests a 
species is acceptable and taken in proportion to its abundance, 
indices < 1.0 imply a species was avoided, and a score of zero 
occurs when a species is not grazed at all. 

Mean separations were accomplished with Fisher’s Protected 
Least Square Difference (P = 0.05) procedures (LSD). 

Analysises of variance was used to determine whether relative 
preference indices differed among forages. If the species effect was 
significant (P < 0.05), a single sample t-test with 2 degrees of free- 
dom tested the null hypothesis that each RPI was not equal to 1.0. 

To further explore the degree of selectivity exhibited by the 
steers, the diets selected in paddock and pasture settings were 
compared with the relative levels of forage available in each 
environment. We hypothesized that if the steers were selective in 
their grazing, diets in the 2 environments would exhibit a higher 
degree of similarity than one would expect from comparisons of 
available herbage. We further hypothesized the steers would 
become less selective as phenology advanced, and that diets in 
paddocks and pastures would become less similar as the growing 
season advanced. 

To test these hypotheses, bite-count and herbage availability 
data in corresponding paddocks and pastures were expressed as 
relative proportions, and Kulczynski’s mathematical expression 
(Oosting 1956) was used to index degree of similarity (S) 
between steer diets and available herbage. When data are con- 
verted to relative values (percentages), S will range between 0 
and 100. A value of 0 indicates no common components were 
shared between the 2 entities, and a value of 100 indicates a com- 
plete overlap or duplication of conditions. Because an animal’s 
opportunity to encounter a particular forage may be affected by 
several characteristics of the vegetation, similarities of available 
herbage in paddocks and pastures were based on 3 criteria: 
herbage biomass (kg/ha), plant density per m2, and percent cover. 
Because values spanned a wide range, an arcsin transformation 
was applied. A split-plot analysis of variance with 3 replicates, 3 
stages of phenology as main plots, and the 4 different types of 
similarity indices (diet, biomass, density, and cover) as sub-plots 
was conducted to test for differences (P < 0.05) among means. 
Mean separations were accomplished with LSD procedures. 
While analyses and mean separations employed arcsin trans- 
formed dam, means and standard errors presented in the text are 
in the original format to maintain continuity with other compo- 
nents of the manuscript. 

Lastly, relationships among the several variables employed in 
this study were investigated with Pearson correlation matrices at 
each stage of phenology. The objectives of this endeavor were: 1) 
to quantitatively express the degree of association (r) among the 
variables, and 2) explore relationships that might provide predic- 
tive potential. 

Statistical Design and Analyses 
Results 

Project layout was a randomized complete-block design with 3 
replicates, 3 stages of phenology, and either 8 (in paddocks) or 1 I 

In both paddock and pasture analyses, main effects of phenolo- 

(in pastures) species of grasses. Because stages of phenology can- 
gy, species, and their interactions were significant (P < 0.05) for 

not be randomized in a field trial, a split-plot analysis of variance 
all but one variable. Basal areas of plants in the paddocks did not 

was used with 3 replicates, 3 stages of phenology as whole-plots, 
change (P > 0.05) over the growing season. Data, therefore, are 

and either 8 or 11 species of forage as sub-plots. Phenology 
presented in 2-way tables depicting means for each species at 

effects (2 df) were tested with the block X phenology error term each stage of phenology. 

(4 df), while species (7 df for paddocks or 10 df for pastures) and 
the phenology X species interaction effects (14 df for paddocks ExPerimenfal Paddocks 
and 20 df for pastures) were tested with the phenology X block X When grasses were in vegetative and anthesis stages of phenol- 
species error term (42 df for paddocks and 60 df for pastures). ogy, steers were selective and focused the majority of their graz- 

ing on the introduced crested wheatgrass (Table 1). They grazed 
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from 68 to 74% of the crested wheatgrass plants available, 
returned to regraze 33 to 50% of those, obtained from 72 to 90% 
of their total bites from crested wheatgrass, and spent from 76 to 
92% of their time foraging on crested wheatgrass. Based on the 
number of plants grazed during vegetative trials, giant wildrye 
and bluebunch wheatgrass received a second place ranking, and 
giant wildrye, bluebunch wheatgrass, and squirreltail were equal- 
ly ranked below crested wheatgrass at anthesis. Using the number 
of plants grazed and regrazing efforts during vegetative and 
anthesis trials, the least preferred species were Sandberg’s blue- 
grass, needle-and-thread-grass, and Idaho fescue. Bite-counts and 
measures of grazing time provided no mean separations (P > 
0.05) among the 7 lesser ranked grasses at anthesis. 

In an abbreviated effort to obtain more resolution among 
species in our anthesis trials, all crested wheatgrass plants were 
clipped to ground-level in 1 paddock and the steers reintroduced 
to graze among the remaining 7 grasses. In response, the steers 
simply shifted to giant wildrye. As indexed by total-bites, 51% 
were taken from giant wildrye, 17% from bluebunch wheatgrass, 
16% from Thurber’s needlegrass, and the balance was distributed 
among the remaining 4 taxa (data not shown). 

Steers were less focused grazers after grasses entered quies- 
cence. Based on the number of plants grazed, their selection was 
more equitably distributed among all forages. Numbers of plants 
grazed and regrazing efforts suggested giant wildrye was pre- 
ferred, while bite-counts and grazing times implied that crested 
wheatgrass and giant wildrye were equally preferred. 

While equal numbers of each species were present in paddocks, 
measures of herbage production and basal area suggested that 
crested wheatgrass was the most available forage during all trials. 

Giant wildrye was second and Thurber’s needlegrass was the 
third most productive species. Sandberg’s bluegrass had the 
smallest basal area and produced the least herbage during vegeta- 
tive and quiescent trials. 

Rangeland Pastures 
During vegetative trials, steers were extremely seiective grazers, 

spending 80% of their time and harvesting 81% of their bites from 
crested wheatgrass (Table 2). This focus on a single species 
required a concerted effort, since crested wheatgrass contributed 
about 6% to total herbage production and constituted roughly 3% 
of foliage cover and total plant density. With the exception of crest- 
ed wheatgrass being a preferred forage, no differences occurred (P 
> 0.05) among the remaining 10 grasses in the pastures. 

Steers were slightly less selective when bluebunch was in 
anthesis. Based on total bites, roughly 50% of their diet was 
derived collectively from crested wheatgrass (27%) and prairie 
junegrass (23%). Bluebunch wheatgrass (16%) and Idaho fescue 
(16%) ranked third and fourth in importance (Table 2). Again, the 
proportion of crested wheatgrass in the diet was quite high given 
that it was not detected in biomass samples, and it contributed 
only trace amounts (>l%) to foliage cover and total plant density. 

When grasses were quiescent, steers shifted their grazing to 
bluebunch wheatgrass (37%) and giant wildrye (31%) for a total 
of 68% of their bites. No differences (P > .0.05) were observed 
among the remaining 9 grasses in the pastures. Crested wheat- 
grass, which contributed prominently to diets in the earlier trials, 
accounted for only 8% of the total bites and occupied 13% of the 
steers’ grazing time. 

Table 1. The number of plants grazed, percent of grazed plants that were regrazed, total number of bites removed, total grazing time, and characteris- 
tics of 8 grasses (herbage available and basal area) during 3 seasonal trials with steers in experimental paddocks on the Northern Great Basin 
Experimental Range near Bums, Ore. Means in rows sharing a common letter are not significantly diierent (P > 0.05). 

________________________________________------------------------------------ Species ________________________________________--------------------- -_-_-_-- _________ 
Bluebunch Idaho Needle and Sandberg’s lllurher’s crested Giant 

Wheatgrass fescue Squirreltail Thread bluegrass needlegrass wheatgrass wildrye 

Phenology ---------------------------------Numberofplantsgrazed(#)---------------.------------..--- 

Veg’. 24.3bc 7.Od 18.7~ 6.3d 4.3d 19.3c 74.3a 32.0b 
AntI?. ll.Obc 7.Oc 10.3bc 4.7c 7.7c 7.3c 68.0a 16.7b 
Quies3. 29.7ab 24.7bc 24.3bc 14.3d 19.3cd 21.3cd 19.7cd 35.3a 

_ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Percent of grazed pimp, that were reEa& _ _ _ _ _ _ . _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ 
Veg. 3.Oc 0.3c 2o.c O.OC O.OC 4.Oc 33.0a 8.3b 
Anth. 3.3bc O.OC 2.ck.T 1.7c O.OC l.oC 50.0a 60.b 
Quies. 6.Ob 3.7bc 3.obc 1.3c 1.7c 5.3bc 6.3b 14.7a 

------ -----------------------.----To~]num~rofbites(#)--------.--------------------.--- 
Veg. 8Obc l2c 62bc 17c 7c 64hc 1232a 237b 
Anth. 47b 19b 40b 24b 32b 27b 2936a 122b 
Quies. 125b 79b 64b 41b 54b 129b 342a 493a 

_ _ _ _ _ _ _ _ -----.------------------.---Totalgr;lzingtime(s)-.---------------.---------------- 

Veg 68bc 9c 52hc 18bc 6c Slbc 1418a 230b 
Anth 39b 13b 34b 30b 40b 23b 3929a 149b 
Quies 2861, 92bc 88hc 6442 S4C 163bc 760a 717a 

- _ _ - _ _ _ _ - - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ H&age av&able (g/plats) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ 
Veg. 39d 9oc 7% 44d 24d 164b 521a 51 la 
Anth. 7% 200d 102ef 118e 8Ofg 282~ 1457a 1096b 
Quies. 5% 116f 165e 435c 61g 411d 4877a 1667b 

- - -----------______--------.------- Basalarea/plant(cm2)---.--------------.--------------- 
x 66bc 3Ocd 27cd 36cd 22d 85b 289a 83b 
‘vegetative 
zAntbesis 
3Quiexence 
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Table 2. Foraging behavior of steers (total number of bites harvested and grazing time) and characteristics of vegetation (herbage available, foliage 
cover, and plant density of grasses) in grazing trials conducted at 3 stages of pbenology (vegetative, anthesis, and quiescence) in sagebrush/steppe 
pastures on the Northern Great Basin Experimental Range near Burns, Ore. Means in rows sharing a common letter are not significantly diierent 
(P > 0.05). 

_______________________________ -_---- _____________.__________________________----------- Species _____-- - __....__r__________----.---.-----------....-.------- -- -________________ 
Needle 

Bluebunch Idaho and Sandberg’s Thurber’s Crested Giant Prairie Indian 
wheatgrass fescue squirreltail thread bluegrass needlegrass wheatgrass wildrye Junegrass ricegrass Cheatgrass 

Pbenology ..-------------------------------------To~ln~~rofbites(#)-.---------------------.------~------.-~ 
Vegetative 36b 17b Ob Ob 66b 3b 674a 20b 12b Ob Ob 
Anthesis 178ab 136ab 8c IlC 17c 4c 235a 8Obc 197a IC IC 

Quiescent 247a 74b 2b Ob 3b 4b 57b 210a 68b 6b Ob 
----.--------.----------------.---------To~grazing~e(s)----....---------------.-~--~~----~-~--~ 

Vegetative 39b 23b Ob Ob 59b lb 658a 31b 12b Ob Ob 
Anthesis 197ab 102bc 4c 23b 17c 6c 302a 1Olbc 217a oc 23c 
Quiescent 280a 86b 2b Ob 9b 6b 102b 237a 66b 7b Ob 

-__-_____---____-_______________________ Herbadeayailable~gma)------------------------.-----------. 
Vegetative 102b 67bc 42 ck 261a 8c 37b 28c 64b IC 2c 
Anthesis 260a 106cd lie oe 298a 18e oe 36de 187b oe le 
Quiescent 244a 53cd 4d od 126b 21d od 15d 1OIbc 6d Id 

-__-----_------_-___------------.--------- Foliagecoyer(%).-------------------------..----------..- 

Vegetative 5.7b 2.6bcd O.Od O.Od 21.9a 0.7c l.lc 0.3d 3.6bc O.Od 0.2Ci 
Anthesis 5.lb 4.5b 0.5c O.OC 29.9a 0.9c 0.5c 0.5c 6.2b O.Ic 0.3c 
Quiescent 7.lb 6.3b 0.2c O.lc 19.8a 0.6C O.lc 0.6C 5.9b O.OC O.lc 

-__---.-_-------._______________________ Pl~tdensity(#/m2)---~-..~.--------~-.~----.___-..___-.__ 
Vegetative 2.4b 1.3bc 0.2c O.OC 13.0a 0.7b 0.6C 0.2c 1.4bc O.OC 24.b 
Antbesis 3.3b I.42 0.2c O.OC IO.la 0.5c 0.2c 0.3c 3.8b O.OC 1.2c 
Quiescent 3.6b 1.9bc O.lc O.OC 7.8a 0.5c O.lc O.lc 3.6b 002 0.42 

Diet and Forage Similarities Between Paddocks and 
Pastures 

Of the various diet/forage-composition similarity indices, only 
diets exhibited a significant change as phenology advanced (Table 
3). Pastunzpaddock comparisons for vegetative trials revealed a 
78% level of similarity between steer diets in the 2 environments, 
which was significantly higher than any of the 3 indices depicting 
comparisons in available herbage. Diet similarity dropped to 33% 
during the anthesis trials. A large portion of this decrease was 
attributed to prairie junegrass which made up 23% of the steers’ 
diets in the pastures, but it was not a component of our paddocks. 
During the dormant stage of phenology, diet similarity increased 
slightly to 46%. For both the anthesis and dormant periods, diet 
similarity was greater (P < 0.05) than indices of herbage availabil- 
ity based on production or cover, but about equal to similarity 
indices based on relative population densities. 

Pasture: Paddock Forage and Diet Quality 
As phenology advanced individual grasses and esophageal 

samples declined in nutritive value, a pattern typical of 
Mediterranean climates (Table 4). In paddocks, CP content of the 
grasses averaged 18, 11, and 6%, respectively, during vegetative, 
anthesis, and quiescent periods. Corresponding esophageal sam- 
ples contained about 23, 16, and 8% crude protein, respectively, 
suggesting the steers effectively harvested a higher quality forage 
than means of the standing crop would suggest. CP of the grasses 
and esophageal samples from the paddocks was consistently 
higher than similar samples from pastures. Measures of NDF 
generally reflected the same patterns in forage and diet quality. 
Among the grasses, NDF’s in the paddocks were approximately 1 
to 4 percentage points lower than in the pastures. During 4 of 6 
instances, NDF’s of esophageal samples were 2 to 5 percentage 

points lower than means of standing crop samples. The 2 excep- 
tions included our quiescent trial in the paddocks where the mean 
NDF value of the grasses was 68%, and the esophageal samples 
averaged 69%. During anthesis trials in the pastures, esophageal 
samples averaged 69% NDF, and the forages averaged 66%. 

Relative Preference Indices 
Significant shifts among the rankings of the grasses occurred as 

the growing season advanced (Table 5), and no grass was univer- 
sally preferred at all 3 stages of phenology. Four consistent pat- 
terns, however, were evident in the data. First, only 1 of the 8 
grasses received a preferred ranking at each stage of phenology. 
Crested wheatgrass was preferred in vegetative and anthesis 
stages of phenology, and giant wildrye was preferred after grass- 
es entered quiescence. Second, needle-and-thread grass was 
always avoided. Third, all significant changes in relative prefer- 
ence indices within a species occurred with the advance from 

Table 3. Kulczynski’s indices (+ SE) expressing the degree of similarity of 
steer diets and forage availability as indexed by berbage biomass, plant 
density, and cover in experimental paddocks and sagebrush/steppe pas- 
tures at 3 stages of pbenology on the Northern Great Basin 
Experimental Range near Burns, Oregon. Means in rows or columns 
sharing a common letter are not significantly different (P > 0.05). 

Stage of 
Phenology 

- - - - - - - - Paddock: oasture similarity indices - - - - - - - 
Steer Plant Herbage 
diets biomass density 

Herbage 
cover 

Vegetative 78eO.9~ 

Anthesis 33?13.9b 

Quiescence 46+3.8b 

21+1.0a 

14+1.0a 

9+2.0a 

36*5.3b 

36+2.1 b 

38+2.6b 

19&0a 

1821.9a 

23*4.2a 
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Table 4. Crude protein and neutral detergent fiber (40) of available grasses and esophageal samples from grazing trials in experimental paddocks and 
sagebrush/steppe pastures at 3 stages of pbenology on the Northern Great Basin Experimental Range near Bums, Ore. Means in rows sharing a 
common letter are not significantly different (P > 0.05). 

Phenology 
and Location 

-----_______-_...--------------------- source of Sample _ . . . . . - . _ _ _ _ _ _ _ _ _ _ _. _. -. . - _ _ _ _ __ _ _ _ _ _ _ 

Bluebunch IdahO Needle and Sandberg’s Thurber’s Crested Giant Prairie Esophageal 
wheatgrass fescue Squirreltail thread bluegrass needlegrass wheatgrass wildrye June.grass samples 

Paddocks 
Vegetative 
Anthesis. 
Quiescent. 

18Skd 
9.5cd 
6.9abc 

__-________ __________ _ _ _ _ _ _ _ _ - - Cm& protein (s) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . __________ _____________ 

12.7e 
7.8d 
5.2bc 

21.6ab 
12.obc 

8.3a 

17.7cd 
Il.Obc 

4.2~ 

12.9e 
11.9bc 

5.4bc 

16.2d 
9.2cd 
6.7abc 

23.7a 
Il.Obc 

6.labc 

19.6bc - 
l3.7ab - 

5.3bc - 

22.9a 
16.2a 

7.5c 

Vegetative 
Antbesis 
Quiescent 

Paddocks 
Vegetative 
Anthesis 
Quiescent 

13Sbcd 
7.5ab 
3.3bc 

-____ 
58.8bc 
66.6b 
64.9d 

ll.Od 14.2b - 11.4cd 14.lbc l4.7b 17.9a 13.4bcd 14.7b 
6.3ab 7.5ah - 5.6b 8.4a 7.5ab 8.8a 7.9ab 7.9ab 
2.2c 3.4abc - I .8c 2.3~ 3.3bc 6.2a 2.5~ 5.5ab 

___________________ ---------- Neutraldetergentfiber(%) ---------- ----------______________. 
62.4a 50.le 57.9c 60.2b 6O.lb 50.8e 54.9d - 54.2d 
67.lb 59.9d 67.3b 57.7e 71.7a 62.5~ 61.9~ 60.3cd 
69.6c 64.5d 75.9a 70.5c 73.7b 61.3e 65.5d 69.4c 

Pastures 
Vegetative 
Antbesis 
Quiescent 

61.2abc 
67.2bc 
69.2cd 

61.3ah 
67.7bc 
76.Oab 

58.2bcd - 
66.lbcd - 
70.6c - 

63.2a 
65.3bcde 
79.2ab 

63.3a 
72.Oa 
79.6a 

51.8e 
61.8e 
65.7de 

57.7bcd 
62.5de 
63.le 

58.6bcd 54.lde 
64.2cde 68.Sab 
75.4b 7o.oc 

anthesis to the quiescent stage of phenology. And lastly, although 
it was always scored as simply acceptable, bluebunch wheatgrass 
received the second highest ranking at each stage of phenology. 

Crested wheatgrass was the only forage to receive both pre- 
ferred and avoided classifications in these trials. When it was 
green and growing (vegetative and anthesis), it was preferred, but 
after the grass had ceased growth and cured, it was avoided. In 
the paddocks, roughly 26% of the steers’ total bites were taken 
from crested wheatgrass during the quiescent stage of phenology, 
but its prominence in the stand (about 63% of total herbage pro- 
duction and 45% of total basal area) partially explained its avoid- 
ed classification. 

If the first and second most frequently grazed forages were 
combined in our vegetative and anthesis trials, about 79% of total 
bites were from 2 forages. Others have noted that a small propor- 
tion of the plant community occasionally bears the brunt of the 
grazing load (Hurd and Pond 1958, Galt et al. 1982), and we 
agree this is a distinct possibility when cattle are allowed to be 
selective. In such instances, managers are faced with the dilemma 
of choosing appropriate key species for condition and trend moni- 
toring. That discussion is beyond the scope of this effort, because 
each decision ultimately depends on the nature of the plant com- 
munities in question and the manager’s specific objectives. 

The numbers of grasses seasonally occurring in the preferred, 
accepted, and avoided classes clearly illustrated that steers were less 
selective after grasses entered quiescence. Only 3 to 4 grasses were 
preferred or acceptable in vegetative and anthesis trials compared to 
6 grasses at the quiescent stage of phenology. Reciprocally, more 
grasses were rejected or avoided (4-5) during vegetative and anthe- 
sis stages of phenology than during quiescent sessions. 

Discussion and Conclusions 

Forage Selection and Preference 
In a dictionary context “select” is defined as an action of choos- 

ing in preference to others. In the context of foraging theory and 
resource partitioning, cattle are frequently described as being 
incapable of a fine degree of selectivity (Hormay 1943, Hanley 
1982). Inferences in these instances relate specifically to the abil- 
ity of cattle to harvest the most nutritious portions from struc- 
turally complicated forages. Less thorough readers, however, 
often conclude from such phrases that cattle systematically 
devour whatever herbage they encounter. In this discussion, 
“selective” refers to the animals ability to discern and choose 
from among a collection of different forages. In that light, we 
found that cattle are very discriminating. 

Herbage availability often affects preference and grazing 
behavior (Allison et al. 1982); and the diversity of environments 
in this project furnish some opportunity for comment. In well- 
controlled trials where choice was limited to a single species, 
Laca et al. (1992) and Distel et al (1995) established that cattle 
graze most efficiently and prefer areas where forage density or 
bulk density allows the most rapid intake. This efficient behavior 
would seem to be intuitive, and there is almost universal agree- 
ment, this manuscript not withstanding, that some measure of 
herbage availability be included in quantitative assessments of 
forage value or relative preference by animals (Ivlev 1961, Heady 
1964, Krueger 1972, Jacobs 1974, Loehle and Rittenhouse 1982). 
Data from our paddock studies lend some support to these con- 
tentions, but other aspects of the paddock and pasture trials sug- 
gest a realignment of thinking might be in order. In the paddocks, 
total number of bites among forages were associated (P < 0.01) 
with levels of available herbage. Correlation coefficients (r) were 
0.72,0.73, and 0.65 (data not shown) during vegetative, anthesis, 
and quiescent trials, respectively. When total bites were related to 
basal areas of plants, correlation coefficients were 0.85, 0.89, and 
0.46, respectively, with the latter value being significant at P 2 
0.05. While these relationships imply a significant statistical 
association occurs between available herbage and dietary propor- 
tions, the coefficients of determination (r2) averaged 0.53 and 
ranged from 0.21 to 0.79. This suggested that forage availability, 
as expressed by biomass or cover, can account for approximately 
50% of the variation in selection among the grasses. 
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Table 5. Banked relative preference indices (RF’I) for 8 grasses grazed by steers during forage selection trials at 3 stages of phenology in experimental 
paddocks on the Northern Great Basin Experimental Range near Burns, Ore. An RPI of less than 1 indicates an avoided forage, greater than 1 sug- 
gests a forage was preferred, and a value of 1.0 implies a forage was passively accepted or grazed roughly in proportion to its level of availability. 

Stage of phenology 

Vegetative Anthesis Ouiescent 

Forage RPI Forage RPI Forage 

crested wheatgrass 2.18* crested wheatgrassl 2.28* giant wildrye 
bluebunch wheatgrass 0.79 
bottlebrush squirreltaill 

bluebunch wheatgrass’ 0.57 bluebunch wheatgrass* 
0.76 bottlebrush uirreltaill 0.51* ldaho fescue2 

giant wildryel 0.69 “t giant wildrye 0.44 bottlebrush squirreltail 
Thurber’s needlegrass 0.45* 0.41* Thurber’s needlegrass* 
needle-and-thread1 

Sandberg’s bluegrass’ 
0.27* Idaho fescue* 0.28 Sandberg’s bluegrass* 

Idaho fescue’ 0.21* needle-and-thread1 0.22* needle-and-thread* 
Sandberg’s bluegrass1 0.20* Thurber’s needlegrass 0.19* crested wheatgrass* 

*indicates a sigaiticaot departure from 1 .O (P < 0.05) 
’ RPI’s of a species sharing a cmnmon superscript across the 3 stages of phenology are not significantly different (P > 0.05). 

RPI 

2.02* 
1.67 
1.22 
1.03 
1.03 
0.94 
0.59* 
0.58* 

When steers were moved to pastures during vegetative and 
anthesis stages of phenology, respectively, 81 and 27% of their 
total bites were selected from crested wheatgrass. In vegetative 
trials crested wheatgrass constituted about 6% of total biomass, 
and was roughly 3% of total foliage cover and relative plant den- 
sity. At the anthesis stage of phenology crested wheatgrass was 
not detected in herbage production samples but did make up 
about 1% of total foliage cover and relative plant density. Our 
perception in the pastures while observing the steers, was that 
they were seeking out crested wheatgrass. This searching behav- 
ior typically involved traveling 15 to 50 m between feeding sta- 
tions and literally rejecting hundreds of opportunities to graze on 
alternative forages along the way. 

The crested wheatgrass in our pastures was established over the 
last 40+ years by seed from adjacent areas (south and west) and 
was not an intentional component of our pasture study. Plant den- 
sities and distribution patterns suggested the plants established in 
abandoned ant-hills or areas disturbed by burrowing activity. 
Because our data structure allowed derivation of travel time by 
the steers between successive feeding stations, we speculated 
mean search time per plant might indicate a greater time commit- 
ment for locating individual crested wheatgrass plants than for 
other forages. Analyses revealed, however, that while the plants 
were widely dispersed about the pastures, they in fact existed in 
clusters. As a result there was extreme variability in the data, as 
steers made extended searches to locate a cluster but were able to 
quickly move to an adjacent plant for their next feeding bout. 
Consequently, we could not support our “search time” contention 
without arbitrarily ignoring certain portions of the data. 

Correlation coefficients between available herbage (biomass or 
cover) in the pastures and total bites harvested from each forage 
were remarkably poor. Correlation coefficients relating herbage 
biomass with total bites were -0.08, 0.09, and 0.41, respectively 
for the vegetative, anthesis, and quiescent stages of phenology, 
and only the last value was statistically significant (P < 0.05). For 
herbage cover, correlation coefficients were 0.02, 0.04, and 0.08, 
respectively. Inconsistencies in the rankings of forages using our 
own relative preference indices in paddocks also occurred. Most 
notable was the fourth place ranking of giant wildrye’s relative 
preference index at anthesis when all our measures of plant use 
by the steers indicated it deserved a higher second place ranking. 
Also supporting this argument was the immediate shift of the 
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steers to giant wildrye for 51% of total bites when we harvested 
all of the crested wheatgrass from a paddock. 

Other researchers (Hurd and Pond 1958, Galt et al. 1982, ) have 
suggested that herbage availability has little to no influence on 
selection or preferences of cattle in rangeland settings. When 
overall nutritive value of the environment is high, ungulates focus 
their grazing on relatively few, but highly profitable, forages 
(Coleman et al. 1989). Others observe that as phenologies of plant 
communities become mixed, animals reduce species selectivity 
and graze more in accordance with levels of available herbage 
(Stuth 1991). Restricted amounts of forage that accompany 
drought or intensive cropping by animals also reduces selective 
grazing (Coates 1996, Guevara et al. 1996). We support these 
contentions, but suggest further research is needed to accurately 
define the influence of relative availability of forages on an ani- 
mal’s diet and preference 

A recent, well-controlled study with sheep demonstrated that 
dietary proportions of preferred foods were not linearly related to 
variation in availability (Edwards et al. 1996). When cattle are 
foraging in a nutritionally rich and diverse environment, we agree 
that there are probably thresholds where the quest for a preferred 
but limited resource will cease, but there are also wide ranges of 
availability that affect little change in the animals selective 
behavior. Intensive grazing programs can suppress selective for- 
aging (Allison et al. 1982), and some argue that arid land man- 
agement should be based solely on control of grazing intensity 
(Guevara et al. 1996). Many public rangelands are conservatively 
grazed, however, and selective pressures can stimulate change in 
community composition (Pacala and Crawley 1992). In these set- 
tings we need to develop tools truly capable of predicting effects 
of extensive grazing programs, and a more thorough understand- 
ing of the forage and availability factors affecting animal prefer- 
ence and selection is certainly required. 

From a nutritional standpoint, selective grazing by steers facili- 
tated harvest of a higher quality diet than standing crop estimates. 
With the exception of giant wildrye, CP of forages and 
esophageal samples tended to be greater in our paddocks than the 
pastures, and NDF’s of the forages were generally lower in the 
paddocks than in the pastures. The pastures were not grazed in 
the year preceding our trials, and their lower nutritive value was 
probably due to contamination of forages by standing-dead plant 
material. Only current year’s growth was available in the pad- 
docks, because they were mowed the previous fall. 
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Lastly, we want to stress that cattle do graze all of the grasses 
evaluated in these trials, and one should not reject or accept a 
potential candidate in a reclamation effort based solely on our 
findings. With minimal searching, references can be found where 
1 or more of these grasses figured prominently in livestock diets, 
and the animals performed well. The mixture of associated species 
plays a prominent role in shaping livestock preference and selec- 
tion (Heady 1964), and there can be significant differences in 
palatability even among selections within a single species (Murray 
1984, Truscott and Currie 1987). Astute managers, however, can 
soon recognize the inherent tendencies of their livestock and 
exploit those behaviors to accomplish specific goals. 

Conclusions 

With the majority of their diet derived from only 1 to 2 grasses, 
steers were very selective grazers in both paddock and pasture 
settings during vegetative and anthesis stages of plant phenology. 
In paddocks steers grazed preferred species more frequently, took 
more bites from them, and returned to regraze preferred plants 
before any of the grasses were entirely depleted. This behavior 
suggests that competitive relationships within plant communities 
can be altered if 1 or 2 species are repeatedly defoliated over 
time. In extensive grazing programs where cattle have selective 
opportunity, we suggest managers can rapidly identify key 
species if they briefly observe their animals on a representative 
area. Seasonal adjustments in management programs, however, 
ultimately depend on the objectives of the landowner and selec- 
tive patterns of the cattle. We found no consistent associations 
among measures of forage availability and the preferences of 
steers in these trials. Our measures of diet similarity in paddock 
and pasture settings were typically greater than similarities in 
herbage composition. We suggest that further research is needed 
to accurately appraise the relationships between levels of forage 
availability and the seasonally dynamic selective patterns of cat- 
tle and the utility of relative preference indices in predictive 
applications. 

Although our steers grazed selectively at the end of the grow- 
ing season, a broader array of forages received acceptable rank- 
ings after grasses entered quiescence. We suggest cattle will 
graze a mix of forages more uniformly at this stage of phenology, 
and that managers can more effectively use cattle to clean-up 
standing litter if the area is pastured after grasses enter dormancy. 
Nutritional value of the forages will most likely be marginal at 
that time, and if an extended stay is anticipated, supplementation 
may be required to sustain animal performance. 

Crested wheatgrass has a long history of reclamation use in the 
Pacific Northwest and Great Basin regions, and its high palatabili- 
ty relative to prominent native grasses suggests its selection was 
an excellent choice. Most crested wheatgrass seedings were, how- 
ever, established as near monocultures on historically degraded 
areas. We suggest that interseedings of crested wheatgrass on 
native rangeland might be used to lessen grazing demands previ- 
ously born by native perennial grasses early in the grazing season. 
Local experiences have shown that such pastures must be inten- 
sively managed, however, to prevent a build up of standing litter 
in the crested wheatgrass. Cattle will reject crested wheatgrass if 
the plants contain a preponderance of dead stems, and out of 
necessity, they will again focus on the native grasses. Similar 
seedings might also be used to encourage livestock use of more 
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distant or less frequented regions of larger pastures. Again though, 
those areas should not be allowed to accumulate standing litter. 
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Abstract 

Severe livestock losses caused by tall larkspur (Delphinium 
spp.) consumption have caused many producers to try various 
preventative measures, including the use of mineral-salt supple- 
mentation. The objective of this study was to determine if addi- 
tions or deletions of a mineral-salt supplement (Binn’s #l 
Alleviator) would alter the response (i.e., rate of nose pressing) of 
cattle to tall larkspur exposure. The dose response of 5 Jersey 
steers was examined by systematically adding 0.25 mg of miner- 
al-salt/kg body weight, and comparing responses in the same 
steers without salt supplements. Steers were then run under a 
variable ratio (VR) reinforcement schedule and periodically 
dosed with tall larkspur at a level causing a significant decrease 
in responding without provoking overt signs of intoxication. 
Response rate with and without mineral-salt supplement was the 
major dependent variable; 3 to 5 ‘on-off cycles were conducted 
for each subject. Steers reduced (P < 0.05) their rate of grain 
intake by 34% during operant sessions when larkspur was dosed 
compared to the previous non-dosed 3-day baseline. Rate of nose 
pressing was reduced (P < 0.01) on tall larkspur dose days by 
28 46 vs. the 3-day nonaosed baseline. This reduction was indica- 
tive of the effects of subclinical larkspur intoxication on steers. 
On days when larkspur was dosed and animals were intoxicated, 
the addition of mineral did not alter (P > 0.1) grain intake (1.64 f 
0.17 kg/ session) compared to days when no mineral was given 
(1.76 f 0.13 kg/session). On larkspur dose days (i.e., when ani- 
mals were intoxicated), the average response rates were 82.9 f 
3.7 and 85.8 + 4.0 responseslmin (P > 0.1) when off and on miner- 
al, respectively. We concluded that mineral-salt supplementation 
had no effect on the response of steers to doses of tall larkspur 
that produced subclinical intoxication. 

Tall larkspur (Delphinium burbeyi, D. occidentale) toxicosis in 
cattle is a serious poisonous plant problem on mountain range- 
lands in the western U.S. The toxins in tall larkspur are diter- 
penoid alkaloids, and methyllycaconitine (MLA) is the major 
toxic alkaloid (Manners et al. 1993, 1995). Methyllycaconitine 
blocks acetylcholine receptors in the central and peripheral ner- 
vous systems (Dobelis et al. 1993), leading to respiratory paraly- 

The protocol for animal care and treatment was approved by the Utah State 
Univ. Institutional Animal Care and Use Committee. We thank Kermit Price and 
Curt Reed for excellent technical assistance during the study. We also thank Dr. 
Clive Arave for providing us with the opporhmity to use the operant facilities. 
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sis and eventual death at higher doses. An oral MLA dose greater 
than 20 mg/kg body weight, given as dried tall larkspur, will 
cause ataxia and collapse in cattle (Pfister et al. 1994a), which 
may be reversed with injections of the cholinergic drug, 
physostigmine (Pfister et al. 1994b). 

Severe losses due to larkspur consumption have caused many 
livestock producers to try various preventative measures, includ- 
ing the widespread use of mineral-salt supplementation (Pfister 
and Manners 1991, 1995). Some have claimed that these custom- 
formulated, often expensive supplements decrease cattle losses 
from tall larkspur ingestion (Anderson 1982), but controlled and 
replicated studies have not been conducted. We have shown that 
mineral-salt supplements do not reduce the amount of larkspur 
consumed under field grazing trials (FVister and Manners 1991, 
1995), but there is no information available as to whether animal 
susceptibility is altered by using mineral-salt supplementation. 
Therefore, the objective of this study was to determine if an addi- 
tion of one such supplement (Binn’s #l Alleviator) would alter 
the response of cattle to a subclinical dose of tall larkspur under 
controlled laboratory conditions. 

Materials and Methods 

Animals and Feeding 
Five, 2-yr. old, ruminally-cannulated Jersey steers (360 kg) 

were housed together in a single pen (8 m X 15 m) with free 
access to water; the pen was adjacent to the laboratory. Animals 
were weighed weekly without an overnight fast. Each subjects’ 
feed offering depended in part on the amount of grain (rolled bar- 
ley) consumed during behavioral testing, termed an operant ses- 
sion. Subjects were given 2 to 3 kg of alfalfa pellets individually 
from Monday to Thursday of each week in the afternoon after 
running in the operant chamber. The exact amount of pellets 
offered depended on body weight and the quantity of grain con- 
sumed during the daily session. On Friday, Saturday, and Sunday, 
steers were group-fed long-stem alfalfa hay at 1.8% of body 
weight. We intended for the steers to have a daily ration slightly 
above maintenance, and the steers gained slowly (5 to 7 
kg/month) during the study. 

Plant Collection and Analysis 
Tall larkspur (Delphinium barbeyi L. Huth.) was collected in 

the flower stage from the Wasatch Plateau in central Utah at 
3,100 m elevation during July, 1991 and 1994. Plant material was 
air-dried, ground through a 2-mm screen in a hammermill, and 
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stored in plastic bags at room temperature. Air-drying has no 
effect on toxicity (Manners, unpublished data). The toxic alkaloid 
concentration in tall larkspur was determined by the Fourier 
transform infrared method of Gardner et al. (1997). 

Apparatus, training, and plant dosing 
Tbe study was performed in a specially designed 1 m X 3 m 

operant chamber. Subjects were trained using standard operant 
procedures (Gilbert and Arave 1986) to touch a metal disk with 
their noses. Each nose press constituted a single response. During 
training, subjects received feed from a device (Cate et al. 1978) 
which was controlled manually (in initial stages of training) or by 
computer. Initial behavior was shaped by providing access to 
rolled barley in the feed magazine as responses gradually came 
closer to touching the disk (i.e., successive approximations). 
Eventually, subjects became proficient at the task and thenceforth 
the schedule was controlled by computer. Trained animals were 
given 1 second access to grain as reinforcement for successful 
completion of the schedule. Thus, if the current schedule required 
25 responses, the steer was reinforced with 1 second access to 
grain for each 25 responses. The MED-PCm software system was 
used for computer control of the operant chamber (Tatham and 
Zurn 1989). Feed was available through an access opening when 
pushed upward by a pneumatic ram, and feed was withdrawn out 
of reach until the correct number of responses were made. 

Subjects were trained using a variable ratio (VR) reinforcement 
schedule (Fester and Skinner 1957) that gradually increased from 
3 to over 20. This program provides reinforcement for the com- 
pletion of a variable number of responses. Many forms of gam- 
bling use VR schedules. For example, slot machines and lotteries 
exhibit 2 important features of VR schedules: (1) the chance of 
winning (i.e., gaining a reward) is directly proportional to the 
number of times one plays; and (2) the number of responses 
required for the next reinforcer (i.e., reward) is uncertain. Three 
subjects were tested on a VR29 schedule (mean 29; range 3 to 
51); one subject was tested on a VR27 schedule (mean 27; range 
3 to 49), and the fifth on a VR21 schedule (mean 21; range 3 to 
39). For example, for the subjects on the VR29 schedule, on aver- 
age each 29 responses resulted in 1 reinforcer being provided. 
Training ended when a subject could not be moved to a higher 
VR schedule without provoking long post-reinforcement pauses, 
or having the subject quit responding altogether. In other words, 
these were the largest obtainable VR’s for each subject. Post- 
reinforcement pauses refer to a break or hesitation in responding 
after being rewarded, VR schedules are characterized by shorter 
post-reinforcement pauses compared to other schedules (Mazur 
1986). Operant sessions were 20 min in length, and subjects were 
run in the same order beginning at 1230 hour each day. 

After daily training was completed, subjects were run from 
Monday through Thursday each week. If responding was stable 
on Monday to Wednesday, subjects were dosed intraruminally at 
0530 hour on Thursday with ground larkspur, because the maxi- 
mum effect from tall larkspur intoxication with whole plant is 
noted about 7 hours postdosing. Stability was defined as having a 
daily response rate (i.e., mean responses/min) within 5% for 3 
consecutive days. If subjects were not stable they were run but 
not dosed on Thursday. Doses (g/kg b.w.; air-dried plant weight) 
were calculated to cause a decrease in operant responding (i.e., 
reduced number of nose presses) without causing muscular 
tremors and collapse (Pfister et al. 1994a). Subjects receiving 

mineral were dosed intraruminally each day with 0.25 g/kg b.w.; 
subjects not receiving mineral-salt supplement had no access to 
mineral supplement. Initially we used a random drawing to deter- 
mine if the subject was given mineral (n = 3) or not (n = 2). Each 
subject continued on their respective treatment (i.e., mineral or 
not) until they stabilized in VR performance and then they were 
dosed; subsequently they were switched to the other treatment 
(i.e., mineral or not). Subjects were maintained on a particular 
treatment (i.e., on or off mineral) for a minimum of 2 weeks 
before larkspur was dosed. We reasoned that this should be sufft- 
cient time for ruminants to adapt physiologically to either an 
increase or decrease in mineral nutrient status. Researchers in 
mineral nutrition often use 5 days as an equilibration period when 
adding or deleting a mineral element in ruminant diets (Grace 
1991). It was not our intent to produce a specific deficiency or 
excess of any mineral element. All steers were taken through 3 to 
5 (median = 4) complete “on-off’ dosing cycles, providing repli- 
cations within and between subjects. 

Mineral supplement 
The mineral-salt supplement was ‘Binn’s #l Alleviator’*, 

which according to the label is formulated “to help reduce losses 
in areas of larkspur infestation.” The complete composition of 
this mineral-salt supplement is given by Pfister and Manners 
(1991). Briefly, the supplement contains a large amount of Na 
(197,900 mg/kg), 4.36% Ca, 4.33% Mg, 3.83% P, and various 
other trace elements. 

Statistical analyses 
The study had 2 major dependent variables: a VR response rate 

(i.e., nose presses/min, with and without mineral on the days lark- 
spur was dosed), and b) grain intake within operant sessions (i.e., 
kg/subject, with and without mineral on the days larkspur was 
dosed). For those dose days when larkspur was given to each sub- 
ject, the influence of mineral on VR response rate was analyzed 
using an ANOVA model that included animal, mineral (i.e., on or 
off), cycle (i.e., each on-off dose constituted 1 cycle), mineral X 
cycle, and residual error (SAS 1988). Thus, the mineral component 
of the model indicated if subjects differed in dose response to lark- 
spur when either ‘on’ or ‘off’ mineral. Since each animal’s 
response was evaluated a number of times while ‘on’ mineral as 
well as ‘off mineral, each linked on-off period was termed a cycle, 
and the model included this potential source of variation. If signifi- 
cant (P < 0.05) interactions occurred, they were examined using the 
PDIFF procedure of SAS (1988). Likewise, for days when larkspur 
was dosed, grain intake (kg/session) was examined using the same 
ANOVA model used for VR response rate. In addition, we wished 
to compare baseline VR response rate and grain intake (both 3-day 
averages) with grain intake and VR response rate on the day that 
tall larkspur was dosed (i.e., single day dose response). These com- 
parisons were made using paired t-tests using baseline data and the 
subsequent dose response for each subject. 

Result 

Feed intake 
Steers reduced (P < 0.05) their grain intake by 34% during 

operant sessions when larkspur was given compared to the previ- 

‘Walton Feed West. Inc., Cache Junction. Ut. 84304. 
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ous 3-day average in tire absence of tall larkspur. On those days 
when cattle were dosed with larkspur, added mineral had no 
influence (P > 0.1) on subjects’ grain intake (1.64 + 0.17 kg/ses- 
sion) compared to days when no mineral was given (1.76 + 0.13 
kg/session). 

Operant responding 
There was no cycle or cycle X mineral effect (P > 0.1). Operant 

responding i.e., rate of nose pressing) was reduced (P < 0.01) by 
27.9% on days when cattle were dosed with tall larkspur vs. the 
3-day baseline. We interpret this reduction in responding as an 
indication, provided by each animal, of an undefined larkspur- 
induced malaise or discomfort and loss of appetite caused by tall 
larkspur dosing. Since the larkspur toxin acts at nicotinic cholin- 
ergic receptors (Dobelis et al. 1993), we speculate that larkspur- 
induced malaise may occur in the gastrointestinal tract, peripheral 
musculature, and perhaps the central nervous system. 

Steers had an average baseline response rate of 116.0 f 3.1 and 
118.3 + 3.4 responses/mm, when off and on mineral, respective- 
ly. On days when cattle were dosed with larkspur, the average 
response rates were 82.9 + 3.7 and 85.8 + 4.0 when off and on 
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mineral, respectively (P > 0.1). Responses rates of individual ani- 
mals are shown in Fig. 1. 

The tall larkspur used in this study to dose steers averaged 5.6 
mg toxic alkaloid/g (dry weight). Generally, a dose of about 18 
mg toxic alkaloid/kg body weight will provoke significant reduc- 
tion in operant responding without producing overt clinical signs 
(Ptister and Cheney 1997). 

Discussion 

Mineral-salt supplement had no effect on operant responding 
by steers given periodic subclinical doses of tall larkspur. The 
effect on grain intake of dosing cattle with larkspur during oper- 
ant sessions was not attenuated by mineral-salt supplementation. 
Operant analysis is a sensitive measure of subclinical tall larkspur 
intoxication (Pfister and Cheney 1998), and results from this 
study are consistent with previous results in our laboratory. Steers 
generally reduced operant responding by 20% to 30% when 
dosed with tall larkspur at a level just below where overt clinical 
signs of intoxication were apparent. For most steers, that level is 

23 24 25 26 27 

Animal Number 
I 
1 u Baseline: mineral added BB Baseline: no mineral 

m Larkspur dose: mineral added Larkspur dose: no mineral 

Fig. 1. Variable ratio (VR) response rate (responseslmin f SE) for 5 steers. The measured response was the rate of nose presses by cattle in an 
operant chamber. Baseline was measured both with and without mineral-salt supplement and reflects a 3-day average in the absence of 
larkspur doses. The bars for larkspur dose show the corresponding response rate on the day tall larkspur was dosed intraruminally (n = 3 
to 5; medii = 4), both with and without the influence of added mineral-salt supplement. 
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about 18 mg toxic alkaloid/kg body weight (mister and Cheney 
1997). The operant response required little muscular effort, and in 
essence the operant procedure provided an opportunity for steers 
to subtly indicate their degree of intoxication from tall larkspur. 

We used subclinical doses of tall larkspur in this study because 
once cattle pass a threshold where they periodically collapse into 
sternal recumbency, they are unable to complete the schedule 
requirements because they can’t reach the apparatus to perform a 
nose press. In our opinion, providing mineral when cattle receive 
higher doses of tall larkspur (i.e., near or above lethal doses) will 
not alter dose response. In order to test higher doses, however, it 
would be necessary to employ quantitative physiological mea- 
sures (e.g., electromyogram) to determine the effects of tall lark- 
spur on skeletal muscle in recumbent cattle. Another approach 
would be to determine if mineral status shifts the median lethal 
dose (LD50) in cattle; this is obviously unappealing for ethical, 
humane, and financial reasons. 

The mechanism by which cattle are intoxicated by larkspur 
alkaloids has been determined (Dobelis et al. 1993). In light of 
that knowledge, it does not seem likely that blockage of nicotinic 
cholinergic receptors at the neuromuscular junction would be 
affected by mineral status, because the mineral would not likely 
affect binding affinity. It is possible that supplemental magne- 
sium might, under some circumstances, help reduce deaths from 
larkspur-induced bloat, but this has not been studied. Treatment 
of intoxicated animals with the cholinergic drug, physostigmine, 
has proven to be effective in immediately reversing the effects of 
non-lethal tall larkspur intoxication (Pfister et al. 1994b). The use 
of physostigmine to treat larkspur poisoning is logical because 
the drug inhibits the enzyme acetylcholinesterase, thus maintain- 
ing high concentrations of acetylcholine to compete with the lark- 
spur alkaloids for binding sites on receptors. 

Some livestock producers report that cattle may be attracted to 
tall larkspur because of a “craving” for salt or other minerals such 
as phosphorus. We have previously shown that addition or dele- 
tion of mineral-salt supplements in grazing cattle diets has no 
influence on consumption of tall larkspur (Pfister and Manners 
1991, 1995). We recommend that mineral-salt supplements be 
offered to cattle for nutritional needs rather than for assumed ben- 
efits against death loss from tall larkspur. 
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Abstract 

The effect of the growing season and topographic zone on bio 
mass production, protein content, cell content (CC), lignin, celht- 
lose, hemicellulose, digestibility (DMD), and mineral element con- 
centrations (P, K, Ca, Mg, Na, Mn, Fe, Cu, Zn) were studied in 
herbage samples collected from semiarid grasslands in Central- 
Western Spain. Protein and mineral contents decreased as the 
growing season progressed whereas fibre properties tended to 
increase. Topographic gradient significantly affected peak bio- 
mass production, fibre properties, protein and mineral contents. 
Stepwise multiple regression showed that the prediction of bio 
mass production on these areas was related to ceihdose, Na, Fe, 
and Mg contents in the grassland community whereas tibre prop 
erties were mainly predicted by Ca, Na, and Cu. Principal compo 
nent analysis indicated that the temporal evolution (component 
II) of the organic variables determined pasture quality whereas 
most of the variation in mineral content was related to the top+ 
graphical gradient (component I). Some organic and inorganic 
parameters may cause deficiencies in cattle grazing on the upper 
and middle zones, mostly at the end of the growing season. The 
data suggest that information about the temporal and spatial 
variations of the production and nutritional quality of semiarid 
grassland is necessary for making correct management. 

Key Words: macronutrients, Mediterranean ecosystems, rela- 
tionships, seasonal variation, topographical gradient 

Grassland nutritional quality is affected by abiotic and biotic 
environmental factors including soil type, climatic regime, botan- 
ical composition and management (Lyttelton 1973, Norton 1982, 
Angel1 et al. 1990). Herbivores also influence botanical composi- 
tion through selective grazing and change the organic and mineral 
properties of the grassland communities through fertilization with 
dung and urine (Norton 1982, Van Soest 1982, Georgiadis and 
McNaughton 1990, Jaramillo and Detling 1992). In the semiarid 
areas of Western Spain, the quality and production of the grass- 
land varies with temporal and spatial gradients (Casado et al. 
1985, Perez Corona et al. 1994), producing a complex environ- 
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Resumen 

Se estudiaron 10s efectos de la position topografica y de la 
estacion de crecimiento en la production de biomasa, contenido 
en proteina, contenido celular (CC), lignina, celulosa, hemicelu- 
loss, digestibilidad (DMD) y concentraciones de elementos min- 
erales (P, K, Ca, Mg, Na, Mn, Fe, Cu, Zn) en comunidades de 
pas&ales semiaridos de1 centro-oeste espariol. Los contenidos en 
proteina y elementos minerales de 10s pastizales tendieron a dis- 
minuir ai avanzar la estacion de crecimiento, mien&as que las 
variables relacionadas con el contenido en Libra (lignina, cehdosa 
y hemicelulosa) tendieron a incrementar. El gradiente topogr&fi- 
co de ladera tuvo un efecto signiticativo en la production de bi+ 
masa y en Los contenidos de celulosa, lignina, hemicelulosa, pro 
teina y elementos minerales. Un analisis de regresion multiple 
paso a paso mostro que la prediction de la production de bio- 
masa en estas areas estaba relacionada con el contenido en celu- 
loss, Na, Fe, y Mg de1 pastizal, mientras que 10s par&metros rela- 
cionados con el contenido en tibra fueron principalmente predi- 
chos por 10s contenidos de Ca, Na, y Cu. Un analisis en compo- 
nentes principales indico que la calidad del pastizal estaba deter- 
minada principalmente por Ia evolution temporal (componente 
ID de las variables organicas y que la mayor parte de la variation 
en el contenido mineral estaba relacionada con el gradiente 
topografico (componente I). Algunos parametros nutricionales 
de1 past0 pueden resultar deficientes para el ganado al final de la 
estacion de crecimiento. El analisis de 10s datos sugiere que el 
conocimiento de las variaciones temporales y espaciales de la pro- 
duccidn de biomasa y la cahdad nutritional de la hierba es nece- 
saria para un adecuado manejo de estos pastizafes semiaridos. 

ment which is difficult to manage for optimal livestock produc- 
tion. The climatic characteristics are severe and unpredictable, 
causing a strong seasonality in grassland production (Perez 
Corona 1993). From energetic and economic view points, grass- 
land quality determines the rational use of these ecosystems. 
Often supplementary feed is required to compensate animals for 
pasture deficiencies. Inappropriate management contribute to 
these deficiencies (McDowell 1985). 

Protein and digestibility of grasslands have been emphasized as 
the main determinants of forage quality (Ballard et al. 1990, 
Perez Corona et al. 1994). However, much less attention has been 
paid to minerals even though they also influence forage quality 
and can depress feed intake when levels are low (Provenza 1995). 
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The aim of this study was to describe the effects of seasonality 
and slope position on the relationships between biomass produc- 
tion, mineral content and organic content (forage quality) in 
semiarid grassland pastures. A second point was to determine to 
what extent spatial and/or temporal gradients affect the adequacy 
of the nutritive value of these Mediterranean grasslands for graz- 
ing cattle. 

Materials and Methods 

Study Area 
The study was conducted in the “Dehesa” ecosystem located in 

Salamanca province (Western Spain). The Dehesa systems are 
characterized by low density Quercus ilex subsp. rotundifolia 
woodlands with wide open grassland where large ruminants graze 
between the sparsely scattered shrubs. The climate of the Dehesa 
area is semiarid Mediterranean, characterized by cold winters and 
dry, warm summers. In 1990, annual precipitation was 411 mm 
and average temperature was 12” C. The average monthly mini- 
mum temperature was in January -1.0” C and the average month- 
ly maximum temperature in July was 31.5’ C. The soil substrate 
is mainly siliceous but with many slate or granitic zones also pre- 
sent. The soils are described as Brown Mediterranean, although 
skeletal soils occupy the ridge zones. The grasslands belong to 
geomorphologic units which correspond to the slope-bed sys- 
tems. Topographic gradients are characterized by an increase in 
soil fertility, soil depth and water availability along upland to 
lowland gradients (Diaz Pineda 1989). 

In the study area, 2 slopes on similar substrate (at 40” 55’ N and 
6’ 00’ W and 820 m in elevation; 40” 57’ N and 6” 08’ W and 840 m 
in elevation) were selected, and on each slope upper, middle, and 
lower zones topographic zones were differentiated. Altitude differ- 
ences between zones were 15 m and slope length 100 m. Vegetation 
was dominated by short-lived annual species although perennial 
species were also present. Agrostis caste&ma Boiss et Reut, Vulpia 
bromo=ides (L.) SF. Gray, and Anthoxanthum aristatum (Boiss) 
were the dominant grasses. Forb species were represented by 
Plantago kmceolata (L.), Tuberaria guttata (L.) Fourr. The domi- 
nant legumes were Tri~olium hybridum (L.) and T. striatum (L.). 

0.5 mm and homogenized. The proportion of each botanical 
group iu the grassland was calculated as the percentage of its dry 
weight in the total community biomass. Samples were recon- 
structed by weighting and mixing the proportion to dry weights 
of each botanical group to represent the pasture community. 

The pasture community samples were analyzed for: a) crude 
protein content by the Kjeldahl distillation method; b) cellular 
content (CC), cellulose, hemicellulose, lignin, and dry matter 
digestibility (DMD) using the Goering and Van Soest method 
(1970); c) combustion of sub-samples preceded analysis for phos- 
phorus (P), potassium (K), calcium (Ca), magnesium (Mg), sodi- 
um (Na), manganese (Mn), iron (Fe), copper (Cu) and zinc (Zn) 
(Duque Macias 1971). P concentrations were measured colori- 
metrically as molybdovanadato-phosphoric acid. K, Ca, Mg, Na, 
Mn, Fe, Cu and Zn were determined by atomic absorption spec- 
trophotometry. 

The data were analyzed statistically using one-way ANOVA 
testing for the effects of sampling date and topographic position 
separately (Statgraphics 5.0). Analysis of correlation, multiple step 
wise linear regression and principal component analysis (PCA) 
(SPSS 6.0) were performed with the mineral and organic variables. 

Results and Discussion 

PhenoIogy of Biomass Production and Botanical Composition 
There was a significant effect of the slope position on biomass 

production (P c 0.01; Table 1). Biomass production on the lower 
parts was higher than on the upper and middle slope positions. 
These differences became more apparent and were greater as the 
growing season progressed (Fig. 1). Slope positions differed (P < 
0.01) temporally in peak biomass production (accumulative total 
of annual pasture growth) with the middle zones reaching a maxi- 
mum earlier whereas the upper parts did not show a maximum 
(Fig. 1). Pasture growth was maintained for a longer period on 
the lower slope positions than on the upper and middle positions. 

Table 1. Results of one-way ANOVA showing the significance of the 
effects of harvests and slope position on diierent parameters studied. 

Sampling and Experimental Analyses 
On each slope zone, one 24 m2 plot was protected from grazing 

by a 1 m high fence, in March 1989. Plots within each slope zone 
were located in areas of uniform botanical composition and away 
from the inter-zone boundaries. In early autumn, 1989, all the 
vegetation inside the enclosures was cut at ground level to simu- 
late the impact of herbivores grazing outside the enclosure. 
Sampling of the herbage was performed inside the enclosure, on 
the 2 slopes, at each of the 3 topographic positions, during 
spring-summer period (10 April, 25 April, 10 May, 25 May, 10 
June, and 25 June) in 1990. Different areas were sampled on each 
date so that each sampling represented the accumulated pasture 
biomass. Sampling was made inside the enclosure by cutting the 
herbacwus vegetation in 4 randomly selected units (0.50 X 0.50 
m) at 2 cm above ground level. After 25 May, sampling was not 
possible in the upper and middle zones because the plants died 
almost completely. Each sample was separated manually into 
grasses, legumes, and forbs. Each botanical subsample was dried 
to constant weight, ground in a Retsch mill with a sieve size of 

Sampling 
date 

Production (9) ** 
Grasses (5) NS 
Legumes (%) NS 
Forbs (%) NS 
P k kg-‘) NS 
K CE kg-‘) NS 
Ca (g kg-‘) ** 

Mg (g kg-‘) NS 
Na k Id) ** 

Mn f& kg-l) NS 
Fe (kg kg-l) ** 

Cu (kg kg-‘) ** 

hOcgkg-l) ** 

Protein (%) ** 

cc (Q) ** 

Hemicellulose (%) NS 
Lignin (%) ** 
Cellulose (%) ** 
DMD (%) ** 

Led of significance **P < 0.05; NS not signiticant. 

Slope 
position 

** 
** 
** 
** 
** 

NS 
** 
** 
** 

NS 
** 

NS 
NS 
** 
** 
** 
** 
** 
** 
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0’ 
IO-Apr 25Apr IO-May 25May 

Date 

IO-June 25June 

Fig. 1. Biomass production of grassland (g/m2 over dry weight) dur- 
ing the growing season in the upper (LI), middle (O), and lower (A) 
zmes of slope. Symbols are means of 2 sampling sites. Bars (1) are 
standard errors of the differences for comparison between slope 
positions. 

According to Pearson and Ison (1987). the typical shape of 
grassland growth is a sigmoid curve, increasing to a maximum 
and then decreasing. Biomass production on the lower zones of 
this Mediterranean grassland resembled this pattern. However, 
clear trends were not recognized in the upper and middle zones. 
Higher soil moisture levels and soil fertility accounts for the 
higher production in the lower zones (Perez Corona 1993). High 
production in the lower zones was also favored by successional 
processes (Casado et al. 1985) and by the higher grazing pressure 
(Dfaz Pineda and Peco 1988). 

The proportion of plant groups in the grassland did not vary 
significantly with the sampling date, but they did change signifi- 
cantly (P < 0.05) with the slope position (Table 1). The upper and 
middle zones were characterized by higher proportions of forbs 
whereas the lower zones were dominated by grasses (Fig. 2). The 

Fii. 2. Proportion (% dry weight) of grasses, legumes, and forbs in 
the community, during the growing season in the upper, middle, 
and lower zone of slope. 

proportions of legumes were higher on the upper and middle 
zones than on the lower zones. 

Changes in Fibre Properties, Protein Content, Digestibility, 
and Mine& Content with Date and Slope Position 

Except for hemicellulose (Table l), the percentages of cell wall 
constituents increased significantly over time (Fig. 3). Protein 
content and DMD declined with time (P<O.Ol) resulting in a 
decmase in grassland quality as the growing season progressed. This 
pattern has been documented for other areas (Kirby et al. 1989). 

The topographical position significantly affected all fibre vari- 
ables (P c 0.01). Compared with the lower parts of the slope, the 
upper and middle positions had higher lignin content and lower 

Fig. 3. Protein, cellular content (CC), hemicellulose (Hem), lignin, cellulose, and dry matter digestibility (DMD) in the community during the 
growing season in the upper (R), middle (0), and lower (A) zones of slope. Symbols are means of 2 sampliig sites. Bars (I) are standard 
errors of the differences for comparison between slope positions. Where no error bars are visible, standard errors are smaller than the 
dieters of the symbol. The dotted line indicates critical values recommended for cattle nutrition. 
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Fii. 4. Mineral concentrations in the community during the growing season ia the upper (Q, middle (0), and lower (A) zones of slope. 
Symbols are means of 2 sampling sites. Bars (I) are standard errors of the differences for comparison between slope positions. The dotted 
line indicates critical values recommended for cattle nutrition. 

protein, cellulose and DMD levels at the same respective sam- 
pling. The middle zones stood out by virtue of their lower hemi- 
cellulose and higher cellular contents. Differences in nutritional 
quality between slope positions, as indicated by protein and 
DMD, were related to differences in phenology and botanical 
composition (Lyttleton 1973, Norton 1982, Perez Corona et al. 
1995). Due to their lower DMD and protein content, annuals, and 
other early maturing species tend to decrease grassland quality 
(Biddiscombe 1987). In our study, pasture matured earlier on the 
upper zones than on the lower zones and annual species were 
more frequent on the upper and middle parts of slopes (Perez 
Corona 1993). 

Plant Ca, Fe, Cu, and Zn contents in the community varied sig- 
nificantly (P c 0.05) with the sampling date (Table 1) and 
decreased with time (Fig. 4). The concentrations of P, K, Mg, and 
Mn in the community did not change significantly as the growing 
season progressed. This suggests that P, K, Mg, and Mn are not 
retranslocated to below ground structures as the season pro- 
gressed. Ca contents changed seasonally, contrary to the results 
of Georgiadis and McNaughton (1990) in Savannah grasslands. 
The absence of a fixed pattern in Na concentrations may be relat- 
ed to its non-essential nature for plants. 

The effect of the topographic gradient was different for each 
mineral element. Thus, Mg contents were higher on the upper 
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Table 2. Coeftkients associated with mineral elements and fibre proper- 
ties for significant variaace in a stepwisc multiple regression analysis 
of the production (as dependent variable). 

Regression equation 
Production = 267 + 1447 Na-622 Mg- 1.6 Fe 
Production = -449 + 25 Cellulose 
Level of significance P < 0.05. 

R* 
0.79 
0.68 

zones; P and Ca on the middle; Na and Fe on the lower zones of 
slope; and K, Mn, and Zn were not affected by slope position 
(Table 1; Fig. 4). These differences in mineral contents of the 
vegetation between slope zones reflect differences in the botani- 
cal composition between slope zones (Vbquez de Aldana et al. 
1993) since legumes and forbs usually have higher mineral con- 
tent than grasses. The higher Na concentrations on the lower zone 
pastures than on the upper and middle zones may be related to 
subterranean lateral movement of the highly soluble Na which 
accumulated in the soil of lower zones (this study; Vbquez de 
Aldana 1993). 

Relationships between Fibre, Mineral Elements, Protein 
and Biomass Production 

Stepwise multiple regression analyses were performed to quan- 
tify the interrelationships between grassland biomass production, 
the mineral elements and the fibre properties as independent vari- 
ables (Table 2). The concentrations of 3 mineral elements in pas- 
ture tops were associated with biomass production: Mg (negative- 
ly), Na (positively), and Fe (negatively). Cellulose was the only 
tibre property significantly related to production. This indicates 
that biomass production varied over the growing season at differ- 
ent topographic positions as cellulose content does it. 

Correlation coefficients between DMD, organic, and mineral 
contents are shown in Table 3. Protein and DMD were positively 
correlated with K, Fe, Cu, and Zn contents. DMD was also posi- 
tively correlated with P and Ca. CC was negatively correlated 
only with Na and positively with P, K, Ca, Cu, and Zn. The lignin 
content had significant negative correlation coefficients only. 
None of the organic variables had significant correlation coeffi- 
cients with Mg or Mn contents. 

In general, the mineral element contents were positively corre- 
lated to variables that increase with grassland quality (protein, 
CC, DMD) and negatively correlated to variables that decrease 
with forage quality (cellulose, hemicellulose, lignin). The results 
could support some physiological evidence. For example, Cu is 
an important enzyme co-factor located in the cytoplasm of plants 
(Spears 1994) and its concentration was expected to vary with 
crude protein. The negative correlation coefficients between min- 

eral elements and cell wall components and the positive correla- 
tion coefficients between mineral elements and cell content vari- 
ables suggest that mineral elements are located in the cytoplasm 
or vacuole and not in the cell walls. However, larger amounts of 
Ca, Mn, Zn, and Cu are present in the cell walls of different 
grassland species (Whitehead et al. 1985). Calcium is an impor- 
tant structural element of the cell wall and is present in the form 
of calcium pectate. This suggests that the results of the correla- 
tion analysis may be related to similar patterns of temporal 
change since protein, CC, DMD, and most of mineral element 
concentrations tended to decrease as the growing season pro- 
gressed while lignin, cellulose, and hemicellulose tended to 
increase. The positive relationship between Na and cellulose and 
hemicellulose could be related to the similar variation in their 
concentrations between slope positions: compared to the upper 
and middle, the lower zones have higher proportions of grasses, 
which have higher cellulose and hemicellulose contents than 
legumes and forbs (Perez Corona et al. 1994), and higher Na con- 
tents in the botanical groups (Vazquez de Aldana et al. 1993). 

Nutrient Status of Grassland in Relation to Animal 
Nutrition 

Figures 3 and 4 show (dotted line) the concentrations below 
which the samples were deficient for beef cattle. The critical 
digestibility is based on Rico Rodriguez and Garcia Criado 
(1985), and cattle mineral requirements are based on ARC 
(1980). Digestibility, intake and the energetic efficiency of rumi- 
nants have been used as an estimate of the nutritional value of 
grasslands (Gill et al. 1989). Milford and Minson (1966a) showed 
that 7% is the minimum protein concentration for maintaining 
intake and adequate digestion (Milford and Minson 1966b). 
Mineral deficiencies may depress feed intake (Provenza 1995). 
Pasture production also limits intake (Christian 1987). With less 
than 500-600 kg/ha of DM on offer (regardless of how high the 
nutritive value), cattle may not be able to obtain intake at a main- 
tenance level. Therefore, protein contents, digestibility, biomass 
production and mineral contents should all be included in guide- 
lines for efficient pasture management. 

In general, protein, K, Ca, Mg, Mn, and Zn in the 3 zones and 
over the season provided adequate nutrition for cattle (Figs. 3 and 
4). However, the upper and middle zones were deficient in Na 
and DMD, and P was deficient in the upper and lower zones. P 
deficiency is widespread due to low available P levels in soils 
(Underwood 198 1, Montalvo et al. 1982). Fe and DMD became 
deficient at the end of the season while Cu was below the critical 
value in samples from the 3 zones. Cu deficiency in grazing 
ruminants is also widespread in many areas, and is mainly 
induced by Cu antagonists such as MO, S, and Fe (Spears 1994). 

Table 3. Correlation coeffw5ents between organic parameters and mineral element contents. 

P 
K 
Ca 
Mg 

Protein 

0.42* 

cc Hemicellulose Cellulose Lignin DMD 
0.78** -0.74** JI).72** 0.39* 
0.7 1** -0.62** -0.69** 0.48** 
0.81** -0.78** -0.71** 0.39* 

Na -0.86** 0.89** 0.77** AI.38* 
Mn 
Fe o.ss** -0.48** -0.44* 0.46* 
cu 0.73** o-43** 4.54** -0.48** 0.63** 
zn O.S6** 0.65** -0.4s** -0.77** 0.44* 
Level of significance: **P-z O.Ol;*P < 0.0s: missing valuer wcfe not significant. 
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Fig. 5. Ordination of the samples in the factorial plane defmed by axis I and II of principal component analysis (PCA). Variables accounting 
for high weight in each axis are indicated (CC = cellular content; Ca = calcium; P = phosphorus; HEM = hemicelhdose; Na = sodium; 
PROT = protein; DMD = dry matter digestibilty; LIG = lignin). Zones of slope: upper (c3), middle (0), and lower (A). Numbers indicate 
harvest (1 = 10 April; 2 = 25 ApriL..). 

Dry matter production or accumulative total of annual pasture 
growth reached its maximum at the end of the season (Fig. 1) 
when the pasture quality was at its lowest. 

Ordination of Grassland Samples by Organic Content and 
Mineral Composition 

The ordination of the grassland samples on the factorial plane 
delimited by the first and second PCA axes is shown in Figure 5. 
Component I accounted for 45.5% of the total variance of the 
data. This first principal component is interpreted as representing 
the topographic gradient: samples from the upper and middle 
zones were positioned on the positive side and were correlated 
with cellular content, P, and Ca concentrations whereas samples 
from the lower zones were positioned on the negative side of the 
axis and were correlated with hemicellulose and Na contents. The 
second principal component accounted for 22.5% of the total 
variance. The variables with a high weight on this axis were pro- 
tein and DMD on the positive part, and lignin on the negative 
part. This second axis was related to phenological development. 
Earlier samples were located on the positive side of the axis (high 
protein content) whereas samples harvested at the end of the sea- 
son were generally on the negative side (high lignin content). 

The results indicate that grassland quality is mainly determined 
by the phenology of the pasture components and its effect on tem- 
poral evolution (component II) of the organic variables since earli- 
er samples have greater protein content and DMD which are posi- 
tively correlated with grassland quality. Samples of different zones 

positioned by the topographic gradient (component I) were not 
related to the main variables which determine forage quality. 
However, the fmt component would be a useful tool in determin- 
ing sample differentiation along the topographic gradient. The 
results showed that most of the variation in mineral content was 
related to the topographical gradient which means in turn that min- 
eral deficiencies for cattle (when they occur) are related to slope 
zones and not to the phenological development (e.g. P in the upper 
and lower zones, and Na in the upper and middle zones Fig. 4). 

Conclusions 

Nutritional value of feed-on-offer indicated by organic, miner- 
al, and DMD values, declined as the growing season progressed. 
There was a strong influence of slope position on these parame- 
ters. The upper and middle zones, which mature earlier than the 
lower zones, were lower in quality (low protein, DMD), higher in 
the proportion of cell wall compounds, and higher in P and Ca 
concentrations. 

The Dehesa system seems to fulfill the requirement of cattle for 
organic and most essential minerals, especially at the beginning 
of the growing season. Although there is spatial variation of bio- 
mass production, organic contents, and mineral contents, it seems 
that grassland quality is mainly determined by the temporal evo- 
lution of the organic variables (protein content, DMD and lignin). 
Temporal variation is also the factor most likely to cause critical 
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deficiency in DMD and Fe whereas the topographical gradient is 
more likely to explain deficiency for P and Na. Thus, both spatial 
and temporal dynamics of production and grassland nutritional 
quality should be taken into account in developing better manage- 
ment strategies. Based on our findings, we recommend fence con- 
struction to separate the upper and middle zones from the lower 
zone as a management procedure which could optimize livestock 
performance in these semiarid grasslands. Upper and middle 
zones, which mature earlier and have shorter cycles than the 
lower zones, should be grazed earlier in the season than the lower 
zones. This management procedure would ensure that cattle con- 
sume pasture on each zone when quality is at its peak. 
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Abstract Resumen 

Combustion products of burning vegetation can increase seed 
germination of many species of fire-prone plant communities. 
We tested the influence of beating sagebrush (Artemisiu tridentah 
Nutt,) subcanopy soil, aqueous extracts of artificially burned soil, 
and sagebrush smoke on the emergence of several range plant 
species of the sagebrush-steppe. In addition, test seeds were 
exposed to sagebrush smoke and aqueous slurries of artificially 
burned sagebrush subcanopy soil to determine their effect on 
plant growth. As compared to the control, substrates previously 
heated from 250 to 750 C significantly (P I 0.05) increased the 
emergence of Thurber’s needlegrass [Achnotherum thurberianum 
(Piper) Barkworth] and needle-and-thread [Hespero&u comuta 
(Trio. & Rupr.) Barkworth]. Sagebrush smoke and aqueous slur- 
ries of artificially burned soil significantly increased the emer- 
gence of Sierra Nevada needlegrass [Achnutherum occident&s 
(Thurber) Barkworth], Indian ricegrass [Achnatherum 
hymenoides (Roemer & Schultes) Barkworth], and antelope bit- 
terbrush [Purshiu tridentutu (Pursh) DC.]. Rates of new leaf pro- 
duction and leaf elongation following treatment of seeds with the 
smoke of burning sagebrush were significantly greater for cheat- 
grass (Bromus tectorum L.), basin wildrye [Leymus cinereus 
(Seribner & Merr.) A. Liive], Idaho fescue (Festuca iduhoensis 
Elmer ), Sierra Nevada needlegrass, and needle-and-thread as 
compared to the control. After 83 days of growth, smoke-treated 
seeds of basin wildrye and needle-and-thread produced signifi- 
cantly greater plant mass than their controls. Smoke treatment 
of certain seeds before sowing is potentially useful for range 
plant seedings. 

Key Words: burning, fire, grass, rangelands, sagebrush, seeds 

In fire-prone plant communities, particular seeds are cued to 
germinate/emerge as a consequence ,of wildfire. Persuasive evi- 
dence has accumulated that these fire cues are synthesized via 
combustion of vegetation and/or soil heating and are active in 
smoke, charred woody material, and aqueous extracts of smoke 
and burned soil (Keeley et al. 1985; Brown 1993a, 1993b; Baxter 
et al. 1994; Keeley and Fotheringham 1997). Fire cues encourage 
the recruitment of new plants when competition is at a minimum 
and there has been a release of nutrients. There has not been a 

Los productos de la combusti6n de la vegetaci6n en llamas 
pueden incrementar la germinacibn de muchas especies de plan- 
tas propensas al fuego. Hemos probado la influencia caloritica de 
la artemisia (Artemisia trident&z Nutt.) en el subfollaje, 10s 
extra&s acuosos de1 suelo artificialmente quemado ye el humo 
de la artemisia en la aparici6n de varias especies de plantas en 
las estepas de la artemisia (salvia). Ademh, muestras de semillas 
fueron expuestas al humo de la artemisia de lodes acuosos com- 
puestos de1 suelo de la artemisia para determinar el efecto en el 
crecimiento de plantas. Comparado con el estudio de control, 10s 
substrates previamente calentados a temperaturas de 250 a 750” 
C incrementaron (P < 0.05) significativamente la aparici6n de 
pasto aguja [Achnutherum thurberiunum (Piper) Barkworth] y 
[Hesperostipa comut~ (Trin. & Rupr.) Barkworth]. El humo de la 
artemisa y 10s acuosos del suelo artificialmente quemado, han 
incrementado signiticativamente la aparici6n de1 past0 aguja en 
la Sierra Nevada [Achnatherum occidentalis (Thurber) 
Barkworth], asi coma tambien la aparici6n de1 pasto de1 tipo 
‘arroz’ Hindli [Achnutherum hymenoides (Roemer & Schultes) 
Barkworth], y el pasto Purshio tridentatu (Pursch) DC.]. De 
acuerdo con las nuevas tazas en la producci6n y alargamiento de 
las hojas de.spuCs que las semillas fueron expuestas al humo de la 
artemisa artificiahuente puesta en combust%n, tal producci6n y 
alargamiento fueron signif’icativamente favorecedores en la 
aparici6n (Bromus tectorum L.) de1 centeno silvestre [Leymus 
cinereus (Scribner & Merr.) A. L&e], de la (Festuca idahoensis 
ELmer), de1 pa&o aguja de la Sierra Nevada y por liltimo esti la 
aparici6n de1 pa&o tipo “aguja” ‘hilo”. Todo esto comparado de 
acuerdo con el control anteriormente mencionado. Despub de 83 
dii de crecimiento, las semillas de1 centeno silvestre de la cuen- 
ca, y el past0 ‘aguja” e ‘hilo” que fueron tratadas con humo, 
produjeron significativamente una gran cantidad de plantas mas 
que sus grupos de control. Cuando ciertos tipos de semi&u son 
tratadas con humo antes de ser plantadas, el resultado es muy 
litil en el sembradio de plantas. 

Manuscript accepted 11 Oct. 1997. 

deep understanding of how fire cues stimulate germination/emer- 
gence (Baxter et al. 1995); but recently it has been demonstrated 
that smoke increases the permeability to solutes of a subdermal 
seed membrane for some species of the California chaparral 
(Keeley and Fotheringham 1997). Moreover, some dormant seeds 
of the California chaparral can be cued to germinate via exposure 
to nitrogen oxides (Keeley and Fotheringham 1997). Specific 
mechanisms of fire cue stimulation may be species dependent and 

JOURNAL OF RANGE MANAGEMENT 51(5), September 1998 577 



involve triggering via elevated nutrient content in the soil gorical variables of bum temperature (0, 250, 350, 550, and 750 
seedbed, the presence of stimulating gases in the smoke and/or “C) and substrate (granitic, mixed). Duncan’s test was performed 
triggering chemicals that permeate the embryo and induce enzy- on treatment-substrate combinations with significant (P I 0.05) 
matic changes which triggers germination (Baldwin and Morse F-tests. Correlations between percent emergence and concentra- 
1994; Baxter et al. 1994; Keeley and Fotheringham 1997). Fire tions of various solutes in the heated substrates were determined 
cues may also deactivate compounds in the soil or seed coat that to potentially explain significant treatment effects on maximum 
are inhibitory to seed germination (Keeley and Nitzberg 1984). emergence. 

This research was undertaken to determine if emergence of 
some common plant seeds of the sagebrush steppe are positively 
influenced by the products of vegetation fires and to isolate 
attributes in burning vegetation or heated soil which are responsi- 
ble for elevated germination/emergence. In addition, studies were 
conducted to determine if chemical compound(s), in the smoke 
from burning sagebrush and from extracts of heated soil, influ- 
ence plant growth. 

Experiment 2: Influence of Burned Soil and Smoke on 
Seedling Emergence 

We tested the effect of smoke on seedling emergence and iso- 
lated factors in burned substrates that influence seedling emer- 
gence. Tested seeds included: bluebunch wheatgrass, Thurber’s 
needlegrass, needle-and-thread, squirreltail, antelope bitterbrush, 
cheatgrass, Sierra Nevada needlegrass [Achnatherum occidentalis 
(Thurber) Barkworth], medusahead wildrye [Z’aeniatherum 
caput-medusae (L.) Nevski], Sandberg’s bluegrass [Poa secunab 
ssp. secunda J.S. Presl], Idaho fescue [Festuca idahoensis Elmer 
],‘Indian ricegrass [Achnatherum hymenoides (Roemer & 
Schultes) Barkworth] and basin wildrye [Leymus cinereus 
(Scribner & Merr.) A. Love]. Treatments were control, smoke, 
liquid extract, and direct contact. Dried sagebrush leaves and 
stems were used for the smoke treatment. A small portion of 
sagebrush was placed in a 136 liter metal garbage can and ignit- 
ed. A wire mesh was placed over the can to reduce oxygen flow 
to the burning sagebrush thereby creating smoke. Seeds of indi- 
vidual species were placed atop a sieve screen and placed about 
l-m above the smoking sagebrush and shaken for 1 min. At the 
height seeds were placed, there was no appreciable elevation in 
temperature. Liquid extract and direct contact treatments were 
conducted by heating (lots of 150 g) sagebrush subcanopy soil 
from a mixed source rock area at 450” C for 10 min. An approxi- 
mately equal weight of deionized water was added to this heated 
substrate and the slurry mixed. For the liquid treatment, seeds 
were placed between sheets of germination paper, sealed and 
placed in the slurry for 4 hours, then removed. The contact treat- 
ment was conducted by placing seeds between a nylon mesh 
which was also placed in the slurry for 4 hours. After treatment, 
seeds were planted in plastic pots, 25 seeds per pot X 4 replicates 
using a coarse loamy sand commercial landscaping substrate. 
Seeds were covered with 100 cm3 of the same substrate to a depth 
of approximately 1 cm. Pots were kept moist with deionized 
water, incubated at 20 “C and illuminated with florescent lighting 
(light output = 420 pmoles m-2 sect at 15 cm). Emergence was 
recorded periodically for 3 weeks. 

Materials and Methods 

Experiment 1: Emergence From Eeated Substrates 
We measured rates and maximum emergence of several lots of 

test seeds in heated substrates. Tested seeds included: ‘Secar’ 
bluebunch wheatgrass [Pseudoroegneria spicata (Pursh) A. 
Love], Thurber’s needlegrass [Achnatherum thurberianum 
(Piper) Barkworth], needle-and-thread [Hesperostipa comata 
(Trin. & Rupr.) Barkworth], squirreltail [Elymus elymoides (Raf.) 
Sweazey], antelope bitterbmsh [Purshia tridentata (Pursh) DC.], 
and cheatgrass [Bromus tectorum L.]. Seeds in this and following 
experiments were from the same lot, collected at the same time 
and place. Bitterbrush seeds were pretreated with a 5% hydrogen 
peroxide solution for 2 hours to reduce dormancy (Everett and 
Meeuwig 1978). 

Substrates were a coarse sandy loam derived from granite par- 
ent material and a loam to clay loam derived from mixed extru- 
sive volcanic parent material. Soil was collected beneath sage- 
brush canopies, O-10 cm. Each substrate was homogenized and 
coarse woody debris removed. In increments of 120 g, substrates 
were artificially burned in a preheated muffle furnace in the labo- 
ratory for 10 min at temperatures of 250, 350, 550, and 750” C. 
The control was unheated substrate. A portion of the control or 
heated substrates was analyzed for soluble solute content by 
extracting with water (10 g substrate, 30 ml deionized water, 
shaken for 1 hour and filtered). Cations and anions in the extracts 
were quantified using ion chromatography. 

Twenty-five seeds of each test species X 4 replicates were 
placed atop 250 cm3 of substrate in plastic pots. The seeds were 
covered with 100 cm3 of the same substrate, to a depth of approx- 
imately 1 cm. Pots were kept moist with deionized water, incu- 
bated at 20” C and illuminated with florescent lighting (light out- 
put = 420 pmoles m-2 sect at 15 cm). Emergence was recorded 
periodically for 4 weeks. 

Statistical analyses of emergence rates were facilitated by 
developing linearized regression equations (log transformation) 
of emergence as a function of species, substrate (granitic, mixed), 
and bum treatment (burn temperature = 0,250,350,550, and 750 
‘C). General Linear Model F-tests were run, for individual 
species, to determine differences among treatments within sub- 
strates. For significant (P < 0.10) F-tests, a metric (integral of the 
difference between 2 regression equations) was used to determine 
treatment differences (Palmquist et al. 1993). Maximum emer- 
gence data were analyzed by species using ANOVA with cate- 

Statistical analyses of emergence rates were conducted by 
developing linearized regression equations (log transformation) of 
emergence as a function of species and treatment (control, liquid, 
contact, and smoke). General Linear Model F-tests were run for 
individual species to determine differences among temperatures 
within substrates. For significant (P I 0.10) F-tests, a metric was 
used to determine treatment differences (Palmquist et al. 1993). 

Experiment 3: Influence of Aqueous Extracts of Heated 
Soil and Smoke on Plant Growth 

We determined if solution from heated soil or smoke from 
burning sagebrush influences plant growth for several species. 
Species evaluated included: Idaho fescue, Sierra Nevada needle- 
grass, bluebunch wheatgrass, Thurber’s needlegrass, needle-and- 
thread, squirreltail, antelope bitterbrush, cheatgrass, basin 
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wildrye, and Sandberg’s bluegrass. The treatments were control, 
soak, and smoke. Soak treatments involved soaking seeds for 2 
hours within a nylon mesh in an aqueous slurry of soil artificially 
heated in a muffle furnace at 350” C for 10 min. Soil was 
obtained from mixed sagebrush subcanopy sites used in experi- 
ments 1 and 2. For the smoke treatment, seeds were exposed to 
smoke of burning sagebrush leaves for 1 min. Five seeds X 6 
replicates of each treatment were planted in a loamy sand com- 
mercial landscaping substrate. Only 1 emerging seed per pot was 
allowed to grow. During the course of plant growth, maximum 
plant height and number of leaves were measured periodically. 
After 83 days (60 days for bluebunch wheatgrass), plants were 
harvested, and aboveground and belowground biomass dried at 
60” C and weighed. 

Statistical analyses of leaf elongation and rate of new leaf pro- 
duction were facilitated by developing linearized regression equa- 
tions (log transformation) of individual species growth as a func- 
tion of treatment (control, soak, and smoke). For individual 
species, General Linear Model F-tests were run to determine dif- 
ferences among treatments within substrates. For significant (P 5 
0.10) F-tests, a metric was used to determine treatment differ- 
ences (Palmquist et al. 1993). Three one-way ANOVA’s were 
conducted on post-harvest aboveground mass, belowground 
mass, and shoot to root mass ratios. Duncans’s new multiple 
range test was performed for significant (P 20.05) F-tests. 

Results 

Experiment 1 
The temperature to which a substrate is heated and the nature of 

the substrate significantly (P I 0.05) influenced the rate of and 
maximum seedling emergence (Figs. 1 and 2). Three findings are 
noteworthy. Seedlings for all species, except cheatgrass, emerged 
differently with variation among substrate bum temperatures. 
Emergence rate and maximum emergence for seedlings of 
Thurber’s needlegrass and needle-and-thread, were significantly 
greater in heated substrates than controls. Emergence of antelope 
bitterbrush decreased with increasing substrate bum temperature. 

Experiment 2 
Aqueous extracts of heated soil and smoke from burning sage- 

brush significantly influenced the rate of emergence and maxi- 
mum emergence of seedlings when compared to the control (Fig. 
3). Contact with aqueous slurries of heated soil significantly 
reduced the emergence of medusahead wildrye compared with 
control and liquid treatments. Smoke treatment significantly 
reduced the rate of and maximum emergence of needle-and- 
thread and Idaho fescue compared with the control. Smoke treat- 
ment significantly increased emergence of Sierra Nevada needle- 
grass and Indian ricegrass as compared to the control. Thurber’s 
needlegrass did not emerge in all treatments (data not presented). 
This lack of emergence was unexpected as the same lot of seed 
readily emerged from unheated and heated sagebrush subcanopy 
soil (experiment 1). 

100 GRANITIC MIXED 
Thurber’s neediegross 

P iii-=-d 

a Bluebunch wheatgrass 
a a’ o bc I Ii I 

40 
20 
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0 5 10 15 20 25 300 5 10 15 20 25 30 

Fig. 1. Cumulative seedling emergence for test seeds sown in granitic 
and mixed extrusive volcanic substrates obtained from sagebrush 
subcanopy positions. The substrates were either unheated (con- 
trol) or previously heated in a muffle furnace at temperatures of 
250, 350, and 750’ C and allowed to cool before sowing seeds. 
Significant differences among treatments are shown by letters 
adjacent to treatment lines or denoted by letters next to treatment 
symbols. 

immersing in an aqueous slurry of heated soil (Fig. 4). For the 
initial 30 days of growth, smoke-treated seeds of Basin wildrye, 
Sierra Nevada needlegrass, and needle-and-thread had signifi- 
cantly greater leaf elongation rates as compared to the soak or 
control treatments, afterwhich leaf elongation rates of the soak 
and control were greater. 

For individual measurement dates, the number of leaves for 
cheatgrass, Idaho fescue, Sierra Nevada needlegrass and needle- 
and-thread was significantly greater for the smoke treatment 
compared with the control or soak treatments (Fig. 5). Even after 
75 days of growth, rate of leaf formation was greater for most 
smoke treatments than the control or soak treatments. As com- 

Experiment 3 
pared to the control, only leaf production of cheatgrass was sig- 
nificantly reduced by the soak treatment. 

Rate of leaf elongation and maximum leaf length were signifi- 
cantly influenced when seeds were pre-treated with smoke or by 

After harvest of plants on day 83 (day 63 for bluebunch wheat- 
grass), significant treatment effects were noted for aboveground 
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Fig. 2. Maximum percent emergence for the test seeds sown in 
granitic and mixed substrates. Except for cheatgrass, all seeds test- 
ed have a significant (P 5 0.05) substrate x temperature interac- 
tion. The data for Thurber’s needlegrass at 550” C for the mixed 
substrate are not shown because germination trials were inadver- 
tently ended too soon. 

mass, belowground mass, and shoot to root mass ratios (Fig. 6). 
The smoke treatment significantly increased the aboveground 
biomass of Sierra Nevada needlegrass, basin wildrye, and needle- 
and-thread relative to the control. The soak treatment produced 
less aboveground mass than the control treatment except for blue- 
bunch wheatgrass. The smoke treatment significantly increased 
belowground mass of cheatgrass, basin wildrye, bluebunch 
wheatgrass, and needle-and-thread as compared to the control. As 
occurred in experiment 2, Thurber’s needlegrass did not emerge 
at greater than 2% in any treatment. 

100- 100 
80s 80 
60- 60 
40 40 d ob l a 

t AQ I 

Fig. 3. Cumulative percent seedling emergence for test seeds sown in 
commercial coarse loamy sand landscaping substrate, Treatments 
were control, liquid in which seeds were exposed only to the aque- 
ous extract of artificially burned soil through germination paper, 
contact in which seeds were in contact with an aqueous slurry of 
artit%iagy burned soil through a mesh, and smoke in which seeds 
were exposed to the smoke of burning sagebrush for 1 min. 
Because of lack of sufficient seed in the seed lot, liquid and contact 
treatments were not done on needle-and-thread nor contact treat- 
ment for Indian ricegrass. Significant differences among treat- 
ments are shown by letters adjacent to treatment fines or denoted 
by letters next to treatment symbols. 

Discussion 

Smoke from burning vegetation stimulates germination for a 
proportion of seeds in fire-prone plant communities (Keeley and 
Pizzorno 1986; De Lange and Boucher 1990; Brown 1993a, 
1993b; Baldwin and Morse 1994; Keeley and Fotheringham 
1997). Moreover, the agent(s) in smoke responsible for stimulat- 
ing germination are present in aqueous extracts of smoke (Brown 
1993b). The biochemically active compounds in smoke and aque- 
ous extracts of charred wood are widespread in burning vegeta- 
tion. There appears, however, to be a relationship between germi- 
nation enhancement of plant-derived smoke and the temperature 
to which the vegetation is heated (Baxter et al. 1994; Keeley and 
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Fig. 4. hhximnm leaf length for several test seeds sown in commercial 
landscape substrate. Treatments were contrul, soak in which seeds 
in a mesh were soaked for 2 hours in aqueous slurry of artificially 
burned sagebrush subcanopy soil, and smoke seeds exposed to 
smoke of burning sagebrush for 1 min. The deereases in maximum 
leaf length at approximately day 70 for the soak treatment of cheat- 
grass and Idaho fescue are due to death of the longest leaf. 
Sicant diierences among treatments ~fe shown by letters adja- 
cent to treatment lines or denoted by letters next to treatment sym- 
bols. The Y-axis scales are different to clarify treatment differences. 

Pizzomo 1986). Smoke pretreatment of seeds before sowing may 
enhance establishment success (Baxter and van Staden 1994). 

Our studies show that smoke and compound(s) present in aque- 
ous extracts of heated soils increases the emergence of common 
plant species of the sagebrush-steppe of the western United 
States. The exact nature of these germination cue(s) however, 
was not clarified. The expression of fire cues has been related to 
increased permeability of a seed membrane to solutes in some 
California chaparral species (Keeley and Fotheringham 1997). 
Variable emergence depending on the temperature to which a soil 
is heated and the nature of the substrate (experiment 1) suggests 
multiple cues. Acetate and formate occur in high levels in post- 
wildfire soil (Blank et al. 1994) and are known to influence seed 
germination (Gal 1938; Cohn et al. 1987). There was, however, 
no significant correlation between percent seedling emergence 
and soil content of acetate for those species which increased their 
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Fig. 5. Number of leaves for the test plants. Treatments are the same 
as explained in figure 4. The Y-axis scales are different to clarify 
treatment differences. 

emergence in heated substrates (Table 1, experiment 1) which 
suggests other triggering cues are involved. Using a highly eff% 
cient anion exchange liquid chromatography column, with gradi- 
ent separation, our lab has discerned over 30 organic anions in 
aqueous extracts of soil heated between 250 to 450” C, most of 
which have not yet been identified. These unknown compounds 
or combinations of compounds could be cuing agents. Baldwin et 
al. (1994) tested the effects of compounds in smoke on the germi- 
nation of Nicatiana attenuata, a species known to be stimulated by 
smoke. They determined that none of the compounds, including 
organic acids, phenols, aldehydes, ketones, and carbohydrates, 
stimulated germination. They were, however, able to stimulate 
germination via exposure of seeds to several unidentified gas 
chromatography fractions of smoke at estimated concentrations of 
less than 1 pg seed-l. Emergence-promotive effects may also be 
due to gases released from soil heating and in sagebrush smoke, 
such as CO, N,O, and NO, known to induce germination in some 
seeds (Hardy et al. 1996; Keeley and Fotheringham 1997). 

The emergence of Thurber’s needlegrass warrants separate dis- 
cussion. Seedlings of this species emerged at low rates from fresh- 
ly collected sagebrush subcanopy soil. When soil was heated to 
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Fii. 6. Aboveground mass, belowground mass, and shoot to root mass ratios following harvest after 83 day growth (day 63 for bluebunch 
wheatgrass) for the test species. Because of inadvertent early harvest, data are not included for soak treatment of basin wildrye and Indian 
ricegrass and for the smoke treatment of needleand-thread. 

temperatures between 250 and 750” C, emergence increased sig- 
nificantly. Such results suggest, as reported by Keeley and 
Nitzberg (19&t), that plant material in the soil has produced ger- 
mination cue(s) at elevated temperatures. Less than 1% of 
Thurber’s needlegrass seedlings emerged when seeds were 
exposed to sagebrush smoke and planted in the commercial land- 
scaping substrate similar in texture to the granitic substrate. These 
results suggest that the responsible cuing agent(s) are synthesized 
in heated soil, but not in sagebrush smoke. The biological nature 
of the substrate itself may influence the germination ecology of 

Thurber’s needlegrass; there may be a synergism between the soil 
substrate and the cuing agent(s) in sagebrush smoke. Smoke treat- 
ed seeds may also require sowing in a biologically active substrate 
to express germination cues present in smoke. 

Exposing particular seeds to smoke of burning sagebrush sig- 
nificantly increases seedling growth rate relative to controls. To 
our knowledge this is a new unreported aspect of fire ecology. 
The mechanism(s) responsible for enhanced growth is/are per- 
plexing. Smoke is known to be a fungicide and bactericide 
(Parmeter and Uhreholdt 1975). Pathogenic fungi or bacteria on 

Table 1. Solute concentration in aqueous extracts of the heated substrates. 

Substrate 

Granitic 

Mixed 

Temp NH4+ Na+ K+ Mg+* Ca+* Acetate NOg- HP04-* soa- 

(‘C) -------------------------------------(mgkg-lsoil)------------------------------------- 
0 0.6 9.3 31.7 1.8 11.0 dl 4.7 5.9 2.4 

250 0.7 1.0 32.4 2.1 11.0 2.0 4.4 7.2 1.5 
350 1.7 0.4 44.1 4.9 24.1 12.8 4.0 9.8 6.9 
550 5.1 3.3 47.2 7.5 44.6 33.8 1.3 7.6 20.1 
750 0.3 11.3 14.6 3.6 44.0 dl dl 1.8 37.0 

0 0.8 8.0 39.3 5.2 17.2 dl 5.6 5.2 4.8 
250 1.6 4.4 62.0 9.5 31.0 11.7 10.2 7.9 9.1 
350 7.3 6.3 97.2 25.8 79.9 63.2 8.0 14.1 35.8 
550 2.8 1.8 61.0 10.6 70.2 43.7 0.6 6.1 50.5 
750 0.3 2.7 51.0 15.4 64.7 dl 0.6 dt 70.5 

582 JOURNAL OF RANGE MANAGEMENT 51(5), September 1998 



the seedcoat may have been killed thereby allowing greater 
seedling growth rates. Moreover, exposure to smoke may deposit 
nutrients on seeds which then elevates seedling growth rates. This 
possibility seems unlikely, however, because seedlings from 
smoke-treated seeds displayed elevated growth rates relative to 
the controls when plants were of sufftcient size to have exhausted 
smoke-deposited nutrients. An intriguing possibility is that active 
compounds in smoke influence enzyme systems which control 
growth rate. 

Elevated leaf production and root mass induced by smoke treat- 
ment of seeds suggests potential utility in range seeding opera- 
tion. Although our research was conducted in the greenhouse, a 
plant which grows faster and taller with a more robust root sys- 
tem has competitive and survivorship value in natural environ- 
ments. These laboratory growth experiments need to be duplicat- 
ed in the field. 
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Abstract 

Squirreltail [Elymus elymoides (Raf.) Swezey] is a native cool- 
season grass that has been observed to invade rangelands domi- 
nated by the weedy annual grasses, cheatgrass (Bromus tectorum 
L.) and medusahead wildrye [Taeniatherum caput-medusae (L.) 
Nevski]. Our objective was to determine if growth characteristics 
could account for this squirreltail trait. We used growth analysis 
to examine differences in seedling growth and tissue allocation of 
5 squirreltail entries, 2 long-lived perennial grasses (‘Golda? 
bluebunch wheatgrass [Pseudoroegneria spicata (Pursh) A. Love] 
and ‘Hycrest’ crested wheatgrass [Agropyron desertorum (Fisch. 
ex Link) Schult. X A. cristatum (L.) Gaertn.]), cheatgrass, and 
medusahead wildrye. We monitored the 9 entries in a greenhouse 
for mean relative growth rate, net assimilation rate, leaf area 
ratio, specific leaf area, leaf weight ratio, root relative growth 
rate, specific root length, root-to-shoot dry-mass ratio, and root 
length-to-leaf area ratio beginning 10 days after sowing at 9 
destructive harvests at 3-day intervals. Cheatgrass had high rela- 
tive growth rate for both shoot and root. Only medusahead 
wildrye equalled the shoot relative growth rate of cheatgrass, and 
only Hycrest equalled its root relative growth rate. Cheatgrass 
seedlings were larger than squirreltail seedlings by 2 to 3 weeks 
after emergence. Few differences were detected among perenni- 
als and medusahead wildrye. Cheatgrass displayed the highest 
leaf area ratio and specific leaf area of the 9 entries but was simi- 
lar to medusahead wildrye and Red Deer River squirreltail for 
specific root length. Growth characteristics cannot account for 
squirreltail’s observed ability to invade annual grass stands. 
However, the combination of high specific leaf area and specific 
root length in squirreltail germplasm, as found in cheatgrass, 
may enhance squirreltail survival under competition with annual 
grasses, especially medusahead wildrye. 

Key Words: Agropyron desertorum, Bromus tectorum, Elymus ely- 
moides Pseudoroegneria spicata, relative growth rate, specific leaf 
area, specific root length, Taeniatherum caput-medusae 

Growth analysis is a useful tool to evaluate species or popula- 
tions for pattern of relative growth rate and biomass allocation. 
Monitoring of growth components has been broadly applied in 
comparative plant ecological studies (Higgs and James 1969, 
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Resumen 

Squirreltail [Etymus elymoides (Raf.) Swezey] es una graminea 
de invierno nativa, la cual se ha reportado que invade pastizales 
dominados por gramineas anuales indeseables cheatgrass 
(Bromus tectorum L.) y medusahead wildrye [Taeniatherum 
caput-medusae (L.) Nevski]. Nuestro objetivo fue determinar si 
las caracteristicas de crecimiento de squirreltail pudieran estar 
involucradas en su capacidad de invadir planteles de gramineas 
anuales. Su uso analisis de crecimiento y distribution de biomasa 
para examinar diferencias en crecimiento de plantulas de 5 
poblaciones de squirreltail, 2 gramineas perennes de vida larga 
(‘Goldar’ bluebunch wheatgrass [Pseudoroegneria spicata 
(Pursh) A. Love] y ‘Hycrest’crested wheatgrass [Agropyon deser- 
torum (Fisch. ex Link) Schult x A. cristatum (L.) Gaertn.]), cheat- 
grass y medusahead wildrye. En condiciones de invernadero, 
registramos en 9 ocaciones a intervalos de 3 dias, la tasa relativa 
de crecimiento, la tasa neta de asimilacion, la relation del area 
foliar, el Brea foliar especifka, la relacih de1 peso foliar, la tasa 
relativa de elongation de raices, la longitud espectifica radical, la 
relation entre raiz y vastago, y la relation entre longitud radical 
y area foliar. Cheatgrass mostro la m&s alta tasa relativa de crec- 
imento en ambos el vastago y la raiz, aunque medusahead 
wildrye fue similar en la tasa de crecimiento del vastago y 
Hycrest en la tasa de elongation de raiz. Las plantulas de cheat- 
grass fueron mayores que las de squirreltail despues de 2-3 sem- 
anas. Pocas diferencias se observaron entre las gramineas 
perennes y medusahead wildrye. Cheatgrass mostro la mayor 
relation de area foliar y area foliar especifica de las 9 pobla- 
ciones, aunque medusahead wildrye y Red Deer River squir- 
reltail exhibieron valores de la longitud especifica de raices simi- 
lares a cheatgrass. Las caracteristicas de crecimiento de squir- 
reltail aparentemente no son parte de Las caracteristicas que per- 
miten a esta especie invadir planteles de las gramineas annuales, 
sin embargo la combinacidn de una alta area foliar especifica y 
longitud radical especifica en squirreltail, tal coma se observa en 
cheatgrass, podria incrementar la sobrevivencia de squirreltail 
en competencia con gramineas anuales, particularmente con 
medusahead wildrye. 

Grime and Hunt 197.5, Roetman and Sterk 1986, Hunt et al. 1987, 
Poorter and Remkes 1990) and for screening genotypes of diverse 
crops (Namkoong and Matzinger 1975, Smeets and Garretsen 
1986). Growth analysis allows inferences to be made regarding 
the physiological performance of plants as a function of environ- 
ment. Genetic differences in relative growth rate may help 
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explain why particular species do well in certain environments 
(Grime and Hunt 1975, Poorter and Remkes 1990). Some 
researchers have proposed that the target of natural selection has 
not been relative growth rate, but rather one of its morphological 
or physiological components (Grime 1979, Chapin 1980, Lambers 
and Dijkstra 1987, Berendse and Elberse 1990, Lambers and 
Poorter 1992). For instance, Poorter and Remkes (1990) postulat- 
ed that natural selection in fertile environments favored species 
with high specific leaf area, the ratio of leaf area to leaf mass, high 
leaf weight ratio, ratio of leaf mass to total plant mass, and conse- 
quently, high leaf area ratio, ratio of leaf area to total plant mass. 
In contrast, species adapted to infertile environments have pur- 
portedly evolved low specific leaf area and low leaf area ratio. 

Extensive areas of rangelands in the sagebrush-steppe region of 
the Snake River Plain and northern Great Basin in the western 
U.S. are now occupied by 2 exotic annual grasses, cheatgrass and 
medusahead wildrye. Attempts to establish desirable perennial 
grasses in the presence of an annual seed bank have been largely 
unsuccessful. Although squirreltail has successfully colonized 
stands of annual grasses in southern Idaho (Hironaka and Tisdale 
1963, Tisdale et al. 1969, Hironaka and Sindelar 1973), the 
potential for reclaiming annual-dominated rangelands with squir- 
reltail has not been fully explored. Our objective was to deter- 
mine growth rate and biomass allocation (defined as the fraction 
of total plant biomass allocated to leaves, stems, and roots) in 
squirreltail, crested wheatgrass, bluebunch wheatgrass, cheat- 
grass, and medusahead wildrye. Our goal was to determine if 
growth characteristics could account for observed levels of squir- 
reltail establishment in annual-dominated rangelands. 

analysis of variance. Harvests and entries were considered fixed 
effects. 

Beginning 10 days after sowing, seedlings were harvested at 3- 
day intervals on 9 consecutive dates, and divided into shoots and 
roots. Leaf area (leaf area meter, LI-3000, LI-COR, Lincoln, 
Nebr., USA’) and total root length (‘Branching’ software version 
1.528; Berntson 1992) were determined from fresh tissue. Shoots 
and roots were then oven-dried at 70” C for 48 hours before 
weighing. Mean relative growth rate was calculated by linear 
regression of loge total plant (shoot + root) dry mass on time 
(Grime and Hunt 1975). Relative growth rate was subdivided into 
its physiological component, net assimilation rate, rate of increase 
in dry mass per unit leaf area, and its morphological component, 
leaf area ratio, leaf area per total plant dry mass. Leaf area ratio 
was subdivided into specific leaf area, leaf area per unit leaf dry 
mass, and leaf weight ratio, leaf dry mass divided by total plant 
dry mass. Root relative growth rate was calculated by linear 
regression of loge root dry mass on time. Total root length, specif- 
ic root length, root length per root dry mass, root-to-shoot dry- 
mass ratio, and root length-to-leaf area ratio were also determined. 

All data were tested for normality using normal probability 
plots of residuals, stem-and-leaf diagrams, and the Shapiro-Wilk 
test (Zar 1984). Non-normal data were normalized by loglo- 
transformation except total plant dry mass, which was normalized 
by loge-transformation. Entries were compared using the Waller- 
Duncan k-ratio t test (Bayes LSD) at k-ratio = 100 (Smith 1978). 
We partitioned the harvest effect and entry X harvest interaction 
into linear, quadratic, and residual lack-of-fit components 

Results and Discussion 
Materials and Methods 

The study was conducted in a greenhouse at Logan, Utah in 
March and April 1995. No artificial light was provided, and air 
temperatures averaged 27” C with high and low daily means of 
34 and 13” C. Five populations of squirreltail collected from 
native sites near Buford, Colo. (9040189); Pueblo, Colo. 
(9040187); Gardner, Colo. (Act: 1105); Emmett, Ida. (Sand 
Hollow germplasm), and Red Deer River, Alta, Ut. (T-926) were 
evaluated. In addition, our study included the long-lived perenni- 
als ‘Golda? bluebunch wheatgrass and ‘Hycrest’ crested wheat- 
grass, and 2 exotic weedy annual grasses, cheatgrass and medusa- 
head wildrye. Seeds of these entries were germinated in sand in 
either 3-liter (15~cm diameter) or IO-liter (22-cm diameter) pots 
for the first 5 and last 4 harvests, respectively. 

All 9 entries were planted on the same date, but number of seeds 
planted was adjusted from previously determined germination per- 
centage to obtain about 5 seedlings per pot. The third seedling to 
emerge was marked. When this seedling developed its second fully 
emerged leaf, all other seedlings were removed. Water was sup- 
plied daily with a 32% concentration Rorison nutrient solution con- 
taining N (as Nx-) = 56 mg liter’, P = 31 mg liter’, K+ = 78 mg 
liter’ CA++ = 80 mg literl, S = 32 mg liter’ Fe+++ = 3 mg liter’, 
Mn++ = 0.5 mg liter), Cu++ = 0.1 mg liter], Zn++ = 0.1 mg liter), 
B+++ = 0.5 mg liter-l, and Mo+~ = 0.1 mg liter1 (Hewitt 1966). 
This solution supplies nutrients for near-maximum growth rate of 
seedlings of long-lived perennials. Four replications of treatments 
were arranged in a split-plot design with 9 harvests as whole plots 
and 9 entries as split plots. Treatment effects were determined by 

Relative growth rate 
Log lO-transformed shoot and root dry mass and leaf area 

increased linearly with harvests (Table 1). While these variables 
had nonsignificant (P > 0.10) quadratic effects, this effect was 
significant (P < 0.01) for total dry mass and root length. Total dry 
mass, shoot and root dry mass, leaf area, and root length differed 
significantly (P < 0.01) among entries with cheatgrass generally 
having the highest values and Red Deer River squirreltail the 
lowest (Table 2). However, there were few differences for these 
variables among perennials. 

The entry X harvest (linear) interaction was significant (P < 
0.10 ) only for total dry mass, shoot and root dry mass, leaf area, 
and root length-to-leaf area ratio (Table 1). A significant entry X 
harvest (linear) interaction for total dry mass indicates differences 
among entries for relative growth rate. Relative growth rates 
ranged from 0.36 (Goldar) to 0.51 (cheatgrass) g g-l day-I 
(Tables 2, 3). Further analysis did not reveal differences within 
each of the 3 groups of entries, i.e., annuals (cheatgrass and 
medusahead wildrye), short-lived perennials (squirreltail), and 
long-lived perennials (Goldar bluebunch wheatgrass and Hycrest 
crested wheatgrass). We observed relative growth rate differences 
between cheatgrass and perennials, but not between medusahead 
wildrye and short- and long-lived perennials (Fig. la, Table 3). 
When entries were segregated into 2 groups, annuals and perenni- 

‘Mention of a trademark, proprietary product, or vendor does not constitute a 
guarantee or warranty of the product by the USDA and does not imply its approval 
to the exclusion of other products or vendors that might also be suitable. 
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Table 1. ANOVA, associated mean squares, and significance levels for total dry mass (total d.m.), shoot dry mass (shoot d.m.), root dry mass (root 
d.m.), leaf area, root length, leaf area ratio (LAR), specific leaf area (SLA), leaf weight ratio (LWR), specific root length (SRL), root-to-shoot dry- 
mass ratio (R:S), and root length-to-leaf area ratio (RL:LA). 

Source of 
variation 

Replication’ 
Harvest’ 

Linear 
Quadratic 
Lack-of-fit 

Error a 
Entry’ 
ExH’ 

Linear 
Quadratic 
Lack-of-fit 

Error b 

d.f. Total Shoot Root Leaf Root LAR SLA LWR SRL R:S RL:LA 
d.m. d.m. d.m. area length 

mg 
::3 

mg cm2 cm m2kg-’ m*kg-’ gg-’ mg-’ m me2 
3 0.07 0.03 0.05 0.09t 21 32t 0.002 0.0497 0.005 0.06t 
8 40.74”” 9.01** 11.60** 6.88** 13.47** 341** 418”* 0.074** 0.175** 0.325*” I .49** 
I 322.48** 70.92”’ 92.51** 53.55** 106.71** 2258** 2766”” 0.324”* 0.866** I .449** 10.55** 
1 1.08** 0.05 0.12 0.04 0.45** 94** 10 0.070** 0.159** 0.316** 1.02** 

6 0.40t 0.18”* 0.03 0.24** 0.1ot 62** 9.5** 0.034** 0.062** 0.139** 0.061 
24 0.13 0.03 0.04 0.03 0.03 9 13 0.003 0.012 0.014 0.02 

8 1.89** 0.46** 0.47** 0.66** 0.60** 116** 321** 0.007 0.152** 0.028 0.16** 
64 0.17 0.05 0.04 0.07 0.06 13 28 0.0061 0.0227 0.0241 0.05t 

8 0.50** 0.13** 0.1ot 0.17** 0.06 11 16 0.007 0.027 0.030 0.087 
8 0.14 0.04 0.02 0.13t 0.02 33t 59t 0.006 0.009 0.024 0.06t 

48 0.12 0.03 0.04 0.05 0.06 15 24 0.006t 0.0237 0.023 0.05 
216 0.14 0.04 0.04 0.06 0.05 16 29 0.004 0.016 0.018 0.04 

1% **Differences significant at P 5 0.10 and P < 0.01, respectively. ; Repkatmn and harvest terms tested with error a. Entry and entry X harvest terms tested wth error b 

als, variation between groups accounted for 34, 66, 52, and 27% 
of the variation for the entry X harvest (linear) interaction for 
total dry mass, leaf dry mass, leaf area, and root dry mass, respec- 
tively. Thus, the annuals’ superior growth rate relative to peren- 
nials was greater for above-ground biomass and photosynthetic 
leaf area than below-ground biomass. 

Differences in growth rates of cheatgrass and squirreltail sug- 
gest that the latter will be competitively disadvantaged because of 
its inferior plant size 2 to 3 weeks following germination. While 
we detected no significant differences (P < 0.05) between squir- 
reltail and medusahead wildrye for dry mass, leaf area, or root 
length at the final harvest (Fig. l), Hironaka and Sindelar (1975) 
reported that squirreltail was inhibited by medusahead wildrye 
competition after 5 weeks. Squirreltail’s ability to invade and per- 
sist in cheatgrass (Hironaka and Tisdale 1963) and medusahead 
wildrye (Hironaka and Sindelar 1973) stands may be attributed to 
factors other than growth rate under greenhouse conditions, e.g., 

fire tolerance (Wright (1971), high cool-temperature (5” C) root 
growth (Hironaka and Tisdale 1972), and rapid germination 
across a wide temperature range (Young and Evans 1977). 
Squirreltail is self-pollinated (Jensen et al. 1990), which permits 
seed propagation despite a sparse initial stand. This is unlike 
cross-pollinated species, which are typified by self-incompatibili- 
ty mechanisms. Squirreltail’s ecotypes encompass a broad ecolog- 
ical amplitude. Five infraspecific taxa (Wilson 1963) vary widely 
in maturity date, height, and seed shattering characteristics 
(unpublished data). 

Despite the faster germination of medusahead wildrye com- 
pared to cheatgrass observed in our study and by Harris (1977), 
we did not see a higher relative growth rate for medusahead 
wildrye at the seedling establishment stage. Root relative growth 
rate, root length, and root dry mass of medusahead wildrye were 
less than those of cheatgrass (Table 2). Although Hironaka 
(1961) observed that medusahead wildrye did not have greater 

Table 2. Mean values across 9 harvests of relative growth rate (RGR), RGR components including net assimilation rate (NAR) and leaf area ratio 
(LAR), LAR components including specific leaf area (SLA) and leaf weight ratio (LWR), specific root length (SRL), root-to-shoot dry-mass ratio 
(R:S), root length-to-leaf area ratio (RL:LA), root RGR (RRGR), leaf area, root length (root Igt.), shoot dry mass (shoot d.m.), root dry mass (root 
d.m.), and total dry mass total d.m.) for 9 entries.l 

Trait Cheatgrass Medusahead Long-lived nerennials 
wildrye Goldar Hycrest 

Bluebunch Crested 
Wheatgrass Wheagrass 

RGR (g g-‘d-‘) 0.51a2 0.43ab 0.36b 0.41b 
NAR (g me2d-‘) 3.53 4.12 3.25 3.60 
LAR (me2 kg-‘) 17.6a 13.0cd 14.4bc 15.0b 
SLA (mm2 kg-‘) 26.2a 18.5cd 20.6bc 21.9b 
LWR k 8-l) 0.66 0.69 0.68 0.67 
SRL (m g-‘) 426a 398a 315bc 293~ 
R:S 0.53 0.46 0.48 0.52 
RL:LA (km mm2) 9.lab 11.5a 8.9ab 7.6b 
RRGR (g g-Id-‘) 0.26a 0.21bc 0.2oc 0.24ab 
Leaf area (cm2) 6.7a 2.9b 2.3bc 2.2bc 
Root lgt. (cm) 612a 307b 21 lbc 188~ 
Shoot d.m. (mg) 29.9a l&lb 12.&d I0.5cd 
Root d.m. (mg) 13.8a 7.7b 6.4b 6.3b 
Total d.m. (mg) 43.6a 25.9b 19.0cd 16.8cd 

‘All traits significantly different (P < 0.10) among entries except NAR and R:S. 

Buford, Pueblo, 
Cola. Cola. 

0.41b 0.37b 
4.06 3.55 

12.3d 12.5d 
I7.0d 17.7d 

0.72 0.69 
346b 3 14bc 

0.41 0.45 
9.2ab 9.2ab 
0.22bc 0.2oc 
2.3bc 2.2bc 

249bc 249bc 
15.3bc 14.9bc 

6.9b 7.0b 
22.lbc 21.9bc 

Sauirreltail 
Gardner, 

Cola. 

0.37b 
3.83 

l1.7d 
16.6d 

0.69 
305bc 

0.45 
9.5ab 
0.2oc 
2.0bc 

236bc 
14.Ibc 

6.8b 
20.9bc 

Sand 
Hollow 

0.37b 
3.08 

14.4bc 
20.6bc 

0.68 
300bc 

0.48 
7.7b 
0.2oc 
2.7b 

25lbc 
15.3bc 

7.7b 
23.0bc 

Red Deer 
River, Alta. 

0.37b 
3.75 

12.7cd 
18.2d 

0.69 
406a 

0.46 
Il.la 

0.2oc 
1.4c 

168c 
8.8C 

3.9b 
12.8d 
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Fig. 1. Total dry mass (a), leaf area (b), and root length (c) for cheat- 
grass, medusahead wildrye, squirreltail populations, and long- 
lived perennial grasses at 9 harvests (non-transformed data). 
Harvests 1 to 9 at 3-day intervals from 10 to 34 days after sowing. 

depth of root penetration than cheatgrass, medusahead wildrye is 
able to invade cheatgrass stands (Hironaka 1994). Factors other 
than shoot or root growth must be responsible. Hironaka (1994) 
attributed medusahead wildrye’s competitive advantage over 
cheatgrass to greater winter survival. Medusahead wildrye accu- 
mulates silica, particularly in epidermal cell walls and barbs of 
awns (Swenson et al. 1964). High silica levels may explain the 
persistence of above-ground vegetative mass from year to year 
(Bovey et al. 1961). Persistence of litter on the soil surface may 
inhibit nutrient cycling (Hilken and Miller 1980) and reduce 
cheatgrass germination (Harris 1965). 
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Biomass allocation 
Biomass allocation was described by leaf area ratio, specific 

leaf area, leaf weight ratio, specific root length, root-to-shoot 
ratio, and root length-to-leaf area ratio. The linear component of 
harvest was significant for all biomass allocation variables, the 
quadratic component was significant for all variables except spe- 
cific leaf area and root length-to-leaf area ratio, and the lack-of-fit 
component was significant for all variables except root length-to- 
leaf area ratio (Table 1). Leaf area ratio, specific leaf area, and 
leaf weight ratio decreased with time, while specific root length, 
root-to-shoot ratio, and root length-to-leaf area ratio increased 
with time. As seedlings grew, biomass was increasingly allocated 
to roots in preference to shoots. Significant (P < 0.01) negative 
quadratic components of harvest for leaf area ratio and leaf 
weight ratio (data not shown) explain the slower relative growth 
rate for leaf area than for total dry-mass (Hunt and Evans 1980) 
(Fig. 1, Table 3). As stated earlier, leaf area production was much 
greater for annuals, particularly cheatgrass, than perennials. 

Leaf area ratio, specific leaf area, specific root length, and root 
length-to-leaf area ratio also differed significantly among entries 
(P I 0.01, Table 1). Cheatgrass had the highest leaf area ratio, 
specific leaf area, and specific root length (Table 2). Compared to 
other squirreltail entries, Sand Hollow had high specific leaf area 
and leaf area ratio. Red Deer River squirreltail had significantly 
higher specific root length than other squirreltail entries. Red 
Deer River squirreltail exhibited a significantly higher root 
length-to-leaf area ratio than Sand Hollow, with other squirreltail 
entries being intermediate. Few differences were observed 
between Hycrest and Goldar. Hycrest had the smallest specific 
root length of the perennial species, but was significantly lower 
(k-ratio = 100) than only Buford and Red Deer River squirreltails. 

Cheatgrass developed the most extensive and efficient shoot 
and root systems, as evidenced by its larger leaf area and greater 
root length per unit biomass, i.e., high leaf area ratio, specific leaf 
area, specific root length (Table 2). Efficiency in biomass invest- 
ment coupled with high mean relative growth rate help explain 
the competitive ability of cheatgrass. We found that Hycrest had 
46% of the root dry mass of cheatgrass, but because of inferior 

Table 3. Slopes and standard errors for the regressions of the log, trans- 
formed value of total dry mass, leaf area, and root length on time for 
cheatgrass, medusahead wildrye, squirreltail, and long-lived perennials. 

Species or Group Slope S.E. 

Total dry mass 
Cheatgrass 0.5 1 * 0.05 a’ 
Medusahead wildrye 0.43 2 0.05 ab 
Squirreltail 0.39 2 0.04 b 
Long-lived perennials 0.38 k 0.02 b 

Leaf area 
Cheatgrass 0.22 * 0.04 a 
Medusahead wildrye 0.18 k 0.04 ab 
Squirreltail 0.16 + 0.01 b 
Long-lived perennials 0.15 e 0.01 b 

Root length 
Cheatgrass 0.27 + 0.03 a 
Medusahead wildrye 0.25 2 0.03 a 
Squirreltail 0.24 + 0.01 a 
Long-lived perennials 0.23 kO.01 a 
‘Slopes followed by different letters exhibit non-overlapping confidence intervals (P 2 
0.05). 



specific root length, Hycrest had only 31% of its root length 
(Table 2). These results agree with Svejcar (1990) who showed 
that cheatgrass produces root length and leaf area more efficiently 
than crested wheatgrass. Under our noncompetitive conditions 
cheatgrass was able to produce leaf area at a higher rate than 
perennials without a concomitant higher rate for root length pro- 
duction (Table 3). Cheatgrass and medusahead wildrye had simi- 
lar specific root length, but were greater than all perennial entries 
except Red Deer River squirreltail. Medusahead wildrye matures 
2 to 3 weeks later than cheatgrass (Sharp et al.1957, Dakheel et 
al. 1993) but is successful in areas with high soil moisture con- 
tent, heavy soil types (Hironaka 1961, Young et al. 1970), or poor 
soil conditions (Dakheel et al. 1993). 

Among perennials, Hycrest crested wheatgrass, Goldar blue- 
bunch wheatgrass, and Sand Hollow squirreltail exhibited the 
greatest leaf area production per unit biomass invested, i.e., high- 
est leaf area ratio and specific leaf area (Table 2). These charac- 
teristics may be useful for enhancing seedling survival under 
annual grass competition or during drought. However, crested 
wheatgrass typically exhibits poor seedling recruitment into nat- 
ural vegetation (Anderson and Marlette 1983, Young and Evans 
1986). Thus, we do not argue that high leaf area ratio and specific 
leaf area alone may accomplish successful squirreltail seedling 
establishment into annual stands. 

Annual and perennial grasses differed in their root growth 
strategies. Annuals produced extensive roots (high specific root 
length), noted for economical carbon investment (Krner and 
Renhardt 1987). Perennials, with the exception of Red Deer River 
squirreltail, produced thicker roots (low specific root length) with 
greater carbon investment, presumably to support their greater 
longevity. Survival of squirreltail in the Intermountain Region of 
the western U.S. may depend on its ability to store root reserves 
under competition (Hironaka and Sindelar 1975). 

Relationship between relative growth rate and biomass 
allocation 

The annuals exceeded the perennials for mean relative growth 
rate (Table 2). Leaf area ratio, rather than net assimilation rate, 
was the component responsible for the high relative growth rate 
of cheatgrass. Specific leaf area, rather than leaf weight ratio, was 
the component responsible for the high leaf area ratio of cheat- 
grass. These results agree with previous studies (Poorter 1989, 
Poorter and Remkes 1990, van der Werf et al. 1993, Walters et 
al. 1993), which reported that leaf area ratio and its component, 
specific leaf area, are the main growth components explaining 
variation in relative growth rate. Medusahead wildrye did not 
exceed short- or long-lived perennials for relative growth rate, 
leaf area ratio, or specific leaf area. In fact, Hycrest exceeded 
medusahead wildrye for leaf area ratio and specific leaf area, 
though not relative growth rate. 

Relationships between relative growth rate and specific root 
length have been inconsistent. Poorter and Remkes (1990) report- 
ed no correlation between relative growth rate and specific root 
length for 24 non-woody species common to western Europe, but 
Boot (1989) found specific root length was higher in 2 slow- 
growing grasses (Corynephorus canescens Beauv. and Festuca 
ovina L.) compared to 2 fast-growing grasses (Dactylis glomerata 
L. and Holcus lanatus L.). In our study, slow-growing (low rela- 
tive growth rate) perennials generally produced leaves and roots 
with a higher investment in biomass (low leaf area ratio, specific 
leaf area, and specific root length) than cheatgrass. The difference 

between perennials and medusahead wildrye was primarily evi- 
dent in the latter’s high specific root length. 

Conclusions 

At the early seedling stage squirreltail and the long-lived peren- 
nials, Goldar bluebunch wheatgrass and Hycrest crested wheat- 
grass, grew as fast as medusahead wildrye, but slower than cheat- 
grass. Annuals and early successional species are often highly 
competitive. High growth rate, leaf area development, and root 
length density are traits typically found in highly competitive 
species (Grime 1979, Campbell et al. 1991, Lambers and Poorter 
1992). Because these traits and seedling vigor favor cheatgrass 
over squirreltail, they probably do not explain the success of 
squirreltail in colonizing cheatgrass-dominated stands. Fast- 
growing cheatgrass combines high specific leaf area and specific 
root length. Squirreltail germplasm combining high specific leaf 
area (as in Sand Hollow) and specific root length (as in Red Deer 
River) would likely exhibit increased competitiveness against 
annuals. Preferential biomass allocation to roots may improve 
seedling survival under conditions of intense below-ground com- 
petition or defoliation. Increased root relative growth rate may 
also improve competitiveness. 

Perennial life form, self-pollinating mode of reproduction, seed 
dispersal mechanisms, low-temperature growth, and rapid seed 
germination and seedling recruitment are factors that may con- 
tribute to squirreltail’s ability to colonize disturbed sites. Self-pol- 
lination, which permits seed reproduction despite sparse stands, 
and successful seedling recruitment under competition, a trait not 
exhibited by crested wheatgrass, are 2 features of squirreltail that 
may make it a better colonizer than crested wheatgrass. 

Although it is difficult to extrapolate the results of controlled 
greenhouse studies to plant dynamics in the field, our greenhouse 
experiments provide insights into the factors that are important in 
competitive field environments. Another point to be considered is 
timing of germination; cheatgrass and medusahead wildrye are 
winter annuals, while the perennials germinate in the spring. 
Additional studies that evaluate squirreltail growth rate in a variety 
of soil textures under competition from annual grasses are required 
to explain how squirreltail colonizes annual-dominated stands. 
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The Florida Panther. Life and Death of a Vanishing 
Carnivore. By David S. Maehr. 1997. Island Press, 
Washington, D.C. [www.islandpress.org.] 259 p. 
US$40.00 cloth, US$19.95 paper. ISBN 1-55963-506- 
1 cloth, ISBN 1-55963-507-X paper. 
Naturally I was thinking about cats. Not only was I nearly 

through The Florida Panther, a recent book on that endangered 
subspecies, but I was driving to a veterinarian’s office in 
Clarkston, Washington to pick up a vacationing friend’s ailing 
house cat. Prior to the owner’s departure, the Felis domestica 
had been committed, in some pain, to veterinary examination 
and treatment, having lost all but one of his rear claws through 
some physical and/or stress-induced reaction. I wondered if he 
had been “raised” by a marauding dog, like a treed Florida 
panther about to be radio-collared, and had left his claws in 
bark. It was a mystery, no doubt. The insightful observations 
and well-reasoned analyses of The Florida Panther were fresh 
in mind, and the similarities between the panther and this 
domesticated cat, even beyond the obvious, seemed striking. 

I recalled Dr. Maehr’s observations during an early 
encounter with a Florida panther kitten. “Melody [the team 
veterinarian] noted that Number 10 had pale gum tissue and a 
dull, rough coat, signs of anemia that could be caused by para- 
site infestation. Although I had little to compare him with 
other than a dead panther and old Female 8, Kitten 10 looked 
pretty good to me and so my field notes reflected the subtle 
contradiction between our two evaluations.” Although I had 
noted this passage with casual interest when I had read it, I 
had since come to think of this difference in perspective 
between veterinarian and ecologist as part of the essence of 
The Florida Panther. The book’s evaluation of the Florida 
panther population is, I think, on the proper (ecological) scale, 
correctly focusing on the condition of the population and its 
habitat. Specialized, technical scientists tend to take a more 
clinical approach, focusing on individual animals, symptoms, 
or processes, and these individual components, as Dr. Maehr 
points out, have often been the focus of media attention. The 
vision provided by the author’s perspective allows him to 
understand the Florida panther problem satisfactorily, and 
after reading his book, the reader will likely be convinced that 
he too understands it. 

The Florida Panther is organized like a chronological log of 
8 years of panther research in South Florida, except that its 
analytical annotations and discussions make it far more than 
just a log. And it isn’t even strictly chronological. The author 
begins with background on the history of the panther (cougar) 
in the southeastern United States, and its remnant population 
in South Florida. He describes tracking, darting, netting, and 
radio-collaring individual animals over the years of research, 
and expands on the role of each panther within the small 
(about 70 animal) Florida panther population. 

Along the way, the narrative touches on personnel manage- 
ment during his team’s research, the questionable role of fed- 
eral agencies in actual panther research, and frustrations of 
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dealing with politically acute but ecologically obtuse adminis- 
trators. Benefits of captive breeding research and introduc- 
tions of cougars from Texas are questioned, and the possible 
detrimental effects of these activities are discussed. The 
author describes encounters with venerable persons, such as 
the late Marjory Stoneman Douglas (author of Everglades- 
River of Grass), and bothersome ones who pursue cats with 
hunting dogs for sport. But most time is spent discussing the 
natality, mortality, home ranges, habitat requirements (spatial, 
reproductive and dietary), and other aspects of panther ecolo- 
gy, and how human activities affect the population. Parallels 
between the Florida panther and the Western cougar are con- 
sidered several times in the book. Inclusion of a map of 
important sites would have been helpful in understanding the 
geography of The Florida Panther for readers unfamiliar with 
the state, and without easy access to detailed maps of South 
FIOlida. 

Never boring, the author writes well in an easy, understated 
style projecting casual but unmistakable intellect. Even a few 
hammocks of dry humor turn up in the narrative, showing a 
wit that I’m sure served the author well during 8 years of tan- 
gles in a harsh landscape of palmetto thickets, Brazilian pep- 
pers, and administrators’ red tape. The loosely-structured, log- 
style format is effective, and allows the ecology of the panther 
to unfold naturally over time, as it must have to the author. So 
by the time he presents his conclusions based on 8 years of 
experience as research leader of the project, they seem redun- 
dant; the attentive reader will have already arrived at them. 

Analytically, Dr. Maehr surrounds Florida’s panther prob- 
lem well, and the major problem is that the panther is, well, 
surrounded. Poor habitat to the south and east, and sprawling 
suburban and agricultural growth to the north and west, along 
with the bordering Gulf of Mexico leave a limited amount of 
suitable habitat for Florida’s isolated panther population. It 
seems (as if this should be surprising to anyone with a house 
cat) that Florida panthers do not find the wet, insect-infested 
habitats of South Florida, including the Everglades, and to a 
lesser extent, the Big Cypress Swamp, hospitable habitats, and 
instead prefer well-wooded uplands with dry ground, more 
cover, and more prey. These upland areas are of considerable 
interest to citrus farmers, cattle ranchers, real estate develop- 
ers, retirees, and, for that matter, almost anyone else who 
doesn’t like cold winters. The author concludes that the pan- 
ther population is essentially stable, but that population stabil- 
ity will be threatened by further reductions in habitat. He fur- 
ther concludes that the population is biologically capable of 
increasing, but that any possibility of population increase 
depends on private ranches and some other private lands along 
the northern border of the panther’s range. He provides some 
economically reasonable proposals to encourage panther 
accommodation on these private lands. Also, he presents some 
case studies of individual panthers that suggest that human 
behavior can be regulated to accommodate panther needs, and 
allow both species productive coexistence. A brief section late 
in the book concerning parallels in individual behavior in 
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Florida panther society and human society is excellent read- 
ing, as, in fact, is the rest of the book. 

Several years ago. Dr. Melody RoeIke, the steff veterinarian 
of the project on which Dr. Maehr served as project leader, 
visited the Washington State University for a one-hour semi- 
nar. It was informative, well-presented, professional. But her 
assessment of the Florida panther was much different than Dr. 
Maehr’s. Her descriptions of genetic inbreeding, heavy metal 
toxicity, reproductive problems, intraspecific bloodshed, para- 
site problems, and numerous other clincal worries left me, and 
I presume, the rest of the audience the impression that no pop- 
ulation could overcome aN rhar, and that the Florida panther 
population was likely doomed. By examining the history of 
the Florida panther from an population-level perspective, 
focusing on genetic history, animal nutrition, historical distri- 
bution, home range behavior, social structure, and habitat 
requirements, Dr. Ma&r explains that many of these problems 
arc produced either by crowding the tenitorial cats, or by forc- 
ing them into poor or marginal habitats. 

Some problems such as parasites, roadkills, and intraspecitic 
aggression among males are relevant to individuals but are 
largely irrelevant to population srabi&y if space, food, and 
other aspects of habitat are met. By analogy, if a physician 
were to evaluate the health and viability of the human popula- 
tion out of ecological context based on the individual physical 
condition of most individuals I know, he might conclude that 
the human species, threatened by poor eyesight, and a variety 
of acute and chronic ailments, was in serious trouble. All 6 
billion of us. Dr. Ma&r’s assessment is essentially that, all 
things considered, the Florida panther is fine, if people will 
provide habitat for it. But time is short. 

After hearing the worrisome diagnosis and prognosis of the 
Clarkston veterinarian, I found my friend’s cat snarling and 
hissing in one of the clinic’s cramped holding cages. Like a 
Florida panther, he needed some space in a comfortable, 
bountiful, familiar habitat. I opened the cage; he recognized 
me and stopped snarling. He let me pick him up and carry him 
and his lo-day supply of antibiotics to the car, where I set him 
gingerly on the front seat. He had been born in a barn, into a 
family of barn cats part of a hardy, inbred population of east- 
ern Washington farm cats. He was missing a toe from a previ- 
ous injury, and to some, his barn-cat coat might have looked a 
little rough. Driving off, I remembered that the veterinarian 
had expressed serious concerns about his future. But as he 
placed his front paws on the dashboard, and alertly peered 
ahead, weasel-like, through the windshield, I couldn’t help 
thinking that the cat looked pretty good to me.-David L. 
Scarnecchia, Washington State University, Pullman, 
Washington. 
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Principles of Conservation Biology. Second edition. 
By Gary K. Meffe and C. Ronald Carroll, with text 
contributors. 1997. Sinauer Associates, Inc., 
Sunderland, Massachusetts. 729 p. US$59.95 hard 
hound. ISBN O-87893-521-5. 
My experience with the word “conservation” is varied. The 

attempt to identify it when I fast came into contact with the 
word and in what context it was used, was a struggle. I finally 
settled on conservation as in soil and water conserwtion and 
the Soil and Water Conservation Service. I didn’t come across 
the idea of conservation biology until quite late in life, well 
past my formal training. In my feeble attempts, as a wildlife 
biologist in a state agency, to keep up with new developments 
in the natural resource management literature, I kept bumping 
up against the term conservation biology. As conservation 
biology developed, I tried to read a few papers by its pioneers, 
and I even remember watching a video on biodiversity in 
which many of the principles of conservation biology were 
introduced. But it wasn’t until I had the opportunity to review 
the second edition of Principles of Conservation Biology by 
Meffe and Carroll that I received a complete introduction, and 
in-depth exposure to conservation biology. 

My formal education was in traditional resource conserva- 
tion. It is wise to understand that conservation biology differs 
from traditional resource conservation in being concerned 
with the conservation of entire systems and all their biological 
components and processes, whereas resource conservation is 
more directed toward utilitarian and single-species issues. 
Conservation biology has grown from Aldo Leopold’s evolu- 
tionary ecological land ethic. This land ethic recognizes the 
importance of ecological and evolutionary processes in pro- 
ducing and controlling the natural resources we use. 

There are 3 guiding principles in Leopold’s land ethic. First, 
ooe must believe evolution is the basis for understanding all 
biology and should be a central focus for conservation action. 
Second, one should recognize that ecological systems are 
dynamic: therefore change most be a part of conservation. 
Third, humans are part of the system and they should be 
included in conservation concerns. I know my training in 
range ecology and range management certainly involved the 
second and third principles. Much time was spent studying 
herbaceous species as they changed over the seawo, or how 
plant communities changed in the successional sense. The first 
principle, believing evolution is the basis for understanding a11 
biology, is foreign to me. I confess I’ve spent little time in 
studying evolution, and my range science training has placed 
little emphasis on evolutionary theory. 

The authors of Principles of Conservation Biology claim 
conservation biology has some unusual characteristics not pm- 
sent in other sciences. First, it requires multi-disciplinary 
approaches. I agree the complexity of hying to manage for bio- 
logical conservation is too great for one person to understand, 
and to avoid costly mistakes. a multidisciplinary approach is 
wise. However, range science has taught and applied a multi- 
disciplinary approach also. Wise range management is done in 
consultation with watershed scientists, wildlife biologists, agri- 
cultwalists, and more recently, social scientists. 
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Second, conservation biology is a value-laden science. I 
would argue that most natural resource management sciences, 
including range science, are value-laden. Like conservation 
biologists, modem range managers spend a great deal of time 
trying to mesh varied values together for the best mix of man- 
agement practices on a piece of land and its biological 
resources. 

Third, conservation biology requires long-term vigilance to 
succeed. Like conservation biology, natural resource manage- 
ment also requires long-term vigilance. Our culture is so tech- 
no-quick-fix oriented that it lacks the patience needed to expe- 
rience success in slower paced natural resources systems. 
Range science has always been concerned with long-term 
efforts, witness reference areas, photo points records, and the 
search for historical land descriptions and photographs. On the 
other hand, vigilance in application of range science may have 
sometimes been lacking. 

Finally, conservation biology practitioners are innovative, 
flexible, and multi-talented, with an understanding of the idio- 
syncrasies of ecological systems. These attributes are valuable 
in any natural resources management science, not just conser- 
vation biology. Although mentioned later in the book I would 
add a good dose of humility to this list. Managing natural 
resources systems, along with the people who use them, 
always has a way of humbling you. 

If you want to learn about conservation biology, or at least 
update your background knowledge, I don’t think you could 
find a better resource than Principles of Conservation Biology. 
If you are short on time and want a quick overview, start your 
study by thoroughly working over the chapter summaries; 
they are excellent. The summaries capture the main points 
succinctly. They effectively capture the highlights of each 
chapter-the take home messages. 

Yes, the book was designed as a textbook with the inclusion 
of essays by a variety of authors to stimulate students’ think- 
ing. These essays provide a greater array of ideas, opinions, 
and analyses than might come just from the authors alone. I 
like a well written essay as much as students. I like my think- 
ing stimulated. This multiple-author trend was also followed 
in most chapters. The approach has the advantage of drawing 
from a wide spectrum of expertise. 

If you invest in the book and want to make it your own, 
there is plenty of space on each page for note taking and opin- 
ion jotting. Text is in the middle and there is a neatly 3-inch 
margin on each page. Much of the time, these margins are 
filled with graphs, tables, pictures or annotations; but there is 
still enough room to record notes or ideas. 

At the end of most chapters, and to help provoke thinking, 
there are many stimulating questions which, in the right set- 
ting, will greatly enhance students learning as they roll the 
questions around in their minds and listen to others’ ideas. For 
example, at the end of Chapter 17, Conservation Biologists in 
the Policy Process, Question 3 of the students to design a con- 
servation biology curriculum to develop policy-oriented pro- 
fessionals. It asks further that you be problem-oriented your- 
self as you address this question, and remember that you will 
be a practitioner in a few short years and that you must be 
practical and effective. 

Although I never seem able to read all I would like to, I 
always like a list of suggestions for further reading. At their end, 
most chapters have such a list. The bonus in this case is that the 
authors have annotated their suggestions, which has allowed me 
to be more selective in what I may want to read next. 

Each branch of science has its own terminology. Think of 
range science and terms like animal-unit-month or carrying 
capacity. Conservation biology is no different. Therefore the 
authors include a 172 term, 4-page glossary, which is modest, 
but appears adequate. 

Case studies are another highlight of the book. There are 2 
sections with case studies, Conservation Management and 
Sustainable Development. I appreciated the way the principles 
were defined and debated, then analyzed and enhanced 
through the development of case studies. It was appropriate to 
have a world focus, not just North American. 

You may appreciate the discussions, which for me served as 
current updates on ecological restoration, ecosystem manage- 
ment, adaptive management, and ecological economics, which 
are all rapidly developing mini-sciences. 

Also, take time to understand Tim Clark’s analytical method 
for mapping policy processes (page 584). I have never studied 
policy science and am more familiar with Peter Checkland’s 
soft system analysis methodology, but found what I perceived 
as many similarities between the 2. Critical to Clark’s analyti- 
cal method is the observational standpoint of a group or indi- 
vidual. Observational standpoint is a group’s or individual’s 
perspective, values, biases and skills. If you expect to be 
effective in policy development, you’ll need to understand the 
various observational standpoints. 

What is conservation biology’s observational standpoint? An 
insight might be gained from the 5 major actions listed at the 
end of the book to conserve biodiversity. First, conservation 
biology believes human population needs stabilizing. Second, 
the tropical forests and other major centers of biodiversity need 
protecting. Third, we need to develop a more global perspec- 
tive of earth’s resources, while solving problems on a local 
scale. Fourth, steady-state or ecological economics need to 
replace growth economics. And fifth, the human value system 
needs modifying to reflect ecological reality. 

My view of conservation was greatly enhanced by reading 
Principles of Conservation Biology, and I think yours will be 
too.-David K. Mann, Salt Lake City, Utah. 
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