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Abstract

Materials and Methods

The infiuence of crude terpenoid content on in vitro organic
matter digestibility (IVOMD) was determined for basin big sagebrush (ArteMia trident& Nutt. ssp. tridentata), Wyoming big
sagebrush (A.t. ssp. wyomingensis Beetle and Young), mountain
big sagebrush (A.t. ssp. vaseyana [Rydb.] Beetle), and black sagebrush (A. nova Nels.). IVOMD was determined using mule deer
(OdocoiIeus hemionus hemionus), sheep (Ovis ammon a&s), and
steer (Bos taurus) rumen inocula with current year’s growth collected from the 4 taxa at a common site on 1 Jan., 15 Feb., and 1
Apr. 1981. All inocuia had similar digestive efficiency. Extracting
crude terpenoids from foliage increased IVOMD by an average of
12.3% overall. Few differences in IVOMD among taxa and dates
were evident in foliage after crude terpenoids had been extracted.
Order of increasing digestibility among taxa without crude terpenoids extracted was black sagebrush, mountain, Wyoming, and
basin big sagebrushes, respectively. IVOMD generally Increased
from January to April as crude terpenoids decreased. Crude terpenoid concentrations were lowest in mountain big sagebrush,
intermediate in black sagebrush and Wyoming big sagebrush, and
greatest in basin big sagebrush.
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The forage utilization of sagebrush (Artemisia) by livestock and
big game varies from none to heavy on winter ranges (Hansen and
Reid 1975, Carpenter et al. 1979, Peek et al. 1979, Urness 1979,
Willms et al. 1979, Krysl et al. 1984). Sagebrush is relatively high in
crude protein, phosphorus, and carotene when compared to alternate forage species, especially during the winter (Cook et al. 1954,
Hickman 1975, Welch and McArthur 1979a, Welch 1983). However, secondary metabolic products are suspected of influencing
sagebrush palatability, digestibility, and intake by browsing animals (Nagy 1979, Welch and McArthur 198 1, Welch and Pederson
1981, Kelsey et al. 1983, Personius et al. 1987).
Basin big sagebrush (Artemisia tridentata Nutt. ssp. tridentata),
mountain big sagebrush (A.t. ssp. vaseyana [Rydb.] Beetle),
Wyoming big sagebrush (A.t. ssp. wyomingensis Beetle and
Young), and black sagebrush (A. nova Nels.) are widely distributed
on western rangelands. Together they comprise over 70% of the
total sagebrush acreage in the 11western states (Beetle 1960, Beetle
and Young 1965).
The objective was to evaluate the relative winter forage qualities
of these 4 sagebrush taxa on the basis of in vitro organic matter
digestibility (IVOMD) as it related to crude terpenoid concentrations. We tested the hypothesis that the winter IVOMD of the 4
taxa, growing naturally on a common site, was infhrenced by the
presence of crude terpenoids in their foliage.
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Study Site
The study site was at the base of the Absaroka Mountains, 3 km
north of Yellowstone National Park near Gardiner, Mont. The
area was composed of several basalt benches with average elevation of 1,950 m. Most slopes had a southwest aspect. Annual
precipitation has averaged 400 mm, half of which has been snow
(USDA 1981). Thermal springs, glacial drift, and natural erosion
have influenced the topography and soils, creating a mosaic of
microsites and vegetation. The 4 highly interspersed sagebrush
taxa dominated with bluebunch wheatgrass (Agropyron spicatum
[Rydb.] Scribn.) and Idaho fescue (Festuca idahoensis Elmer) as
subdominants. Local habitat types have been described by Mueggler
and Stewart (1980) and McNeal(l984). The study site was part of
the northern Yellowstone elk (Cervus elaphus nelsoni) and mule
deer (Odocoileus hemionus hemionus) winter range. Moderate to
heavy foraging use of sagebrush on the winter range by both elk
and deer has been reported (Houston 1982, McNeal 1984).
Sample Collection
Foliage was collected from each of the 4 sagebrush taxa at the
study site on 1 Jan., 15 Feb., and 1 Apr. 1981. Samples were taken
from 120 mature plants (20 lightly browsed and 20 heavily browsed
plants of both mountain and Wyoming big sagebrush and 20 each
of light to moderately browsed basin big sagebrush and black
sagebrush) available for browsing and of ample size to allow 3
collections. Because light and heavy browse form classes of mountain and Wyoming big sagebrush were easy to distinguish, differences in IVOMD and crude terpenoid concentrations between the
form classes were tested. Basin big sagebrush and black sagebrush
plants that had been heavily browsed were not common so only
plants representing the population majority (light to moderate
browsing) were sampled. Ten grams of live, current year leaf and
stem growth were clipped from each plant and combined with a
like amount from 4 other plants in a plastic bag to provide 4
composite samples of each taxa and the 2 levels of browsing. The
composite samples were transported in ice for about 1.5 hours
before storing in a freezer at -. 23” C.
Crude Terpenoid and In Vitro Analysis
Crude terpenoid compounds in glandular trichomes of leaves
(Kelsey and Shafizadeh 1980, Kelsey et al. 1982, Kelsey 1986) were
removed and quantified in duplicate from overall composite samples of the 6 taxa-use groups using a rapid extraction with chloroform (Kelsey et al. 1982). After extraction residual chloroform was
removed by oven-drying (65’ C) overnight. The samples were then
frozen for in vitro digestion.
Sample preparation
for determining
IVOMD was in a refrigerated room (3O C) to minimize the escape of volatile compounds.
Foliage was super-frozen in liquid nitrogen, then ground using a
motorized mortar and pestle (Welch and McArthur 1981, Welch
and Pederson 1981). The ground samples were sealed in air-tight
plastic bottles and stored in a freezer at -23” C. The same procedures were used for samples with crude terpenoids extracted. A
total of 90 samples were prepared (24 intact and 6 extracted per
date). Dry matter and organic matter were determined in duplicate
for each sample.
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Before weighing samples for in vitro digestion, the sample bottles were removed from the freezer and allowed to equilibrate with
the refrigerated room temperature. Weighed aliquots, to the nearest 0.1 mg, were adjusted so that 0.5 g of organic matter was placed
in each digestion tube. Tubes were sealed with rubber stoppers
fitted with Bunsen valves then returned to the freezer. Thus, samples were not exposed to room temperature until initiation of in
vitro digestion. Prior to inoculation, tubes and samples were prewarmed in a water bath to 39” C.
The Moore modification (Harris 1970) of the Tilley and Terry
(1963) in vitro digestion technique was used. Three in vitro digestion trials of each of the 90 samples were conducted with rumen
fluid inocula from a wild mule deer, a domestic sheep (Ovis ammon
aries), and a steer (Bos taurus). On 18 Apr. 1981, a healthy 2-year
old buck mule deer was shot on the study site. The entire rumen
and contents were removed and transported in a prewarmed container to a nearby laboratory. Approximately 30 minutes elapsed
between removal of the rumen and initiation of the in vitro trial.
A fistulated sheep and steer provided rumen inocula for the
other 2 digestion trials conducted during late April, 1981, at the
Montana State University Animal Nutrition Center. Both animals
were maintained on mixed grass hay (Bromus inermis Leyss and
Phleum pratense L.) at least 2 weeks prior to collecting inocula.
A completely random design was employed. The 3 collection
dates and 3 animal species were nested within the main-plot factor
(taxa with form class) (Snedecor and Cochran 1980). Differences
in IVOMD for whole and terpenoid-extracted
sagebrush and
crude terpenoid concentrations among taxa and collection dates
were tested at (Y= 0.05. The least significant difference method
(Snedecor and Cochran 1980) protected by a prior F-test, was used
for comparing treatment means. There was nonhomogenity of
variances among animals, thus the analysis was separated on the
basis of animal. A test of IVOMD differences among animal
species was not desired as Welch et al. (1983) found little difference
in IVOMD among our species. For the analysis of the terpenoidextracted samples, variance component estimates from the duplicate terpenoid-extracted samples and the whole plant samples were
used to derive an error mean square for date for each animal
(Striby 1985). A paired t-test (a=0.05) was used to detect significant
differences between IVOMD means of whole and terpenoidextracted samples of common taxon and date classes.
Results
In Vitro Organic Matter Digestibility
Analysis of variance showed no significant differences (KO.05)
in IVOMD and crude terpenoid concentrations between light and
heavily browsed mountain or Wyoming big sagebrush. Thus, their
values were averaged in further data analysis. General trends in
IVOMD among sagebrush taxa and collection dates and between
whole and terpenoid-extracted
sagebrush were the same for all
inocula sources (Table 1) as expected (Welch et al. 1983).
The average IVOMD for all taxa and collection dates for the
wild mule deer, sheep, and steer inocula sources with whole sagebrush was 50.2%, 5 1. l%, and 5 1.5%, respectively. With terpenoidextracted sagebrush the average IVOMD was 63.5%, 66.070, and
60.1%, respectively. These differences resulted in an overall
increase of 12.3% after extraction of crude terpenoids. Terpenoidextracted sagebrush that was statistically compared (KO.05) to
whole sagebrush for common taxon and collection dates with each
inoculum source had significantly greater IVOMD in all but 1 trial.
The mountain big sagebrush in the steer trial was the exception.
Considering all inocula sources and collection dates, the order of
decreasing digestibility among whole sagebrush taxa was: basin big
sagebrush, Wyoming big sagebrush, mountain big sagebrush, and
black sagebrush (Table 1). However, on any particular date, differences among taxa were not always significant (KO.05). This was
most evident for the mule deer inoculum. But, when IVOMD was
averaged for each taxon over all dates, all taxa differences for
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Table 1. In vitro organic matter digestibility (percentage) of 4 sagebrush
taxa (whole and terpenoid-extracted) on 3 dates using wild mule deer,
sheep, and steer inoculum.
Terpenoid+xtracted
sagebrush

Whole sagebrush
Taxon

1 Jan.

15 Feb. 1 Apr. 1 Jan.

15 Feb. I Apr.

Mule Deer
black sagebrush
mountain big sagebrush
Wyoming big sagebrush
basin big sagebrush

45.gb
46.0b
47.2r-

47.9”’ 53.5” 59.8”” 56.4” 58.5”
49.5” 57.4M 63.9” 62.9”b” 67.5”
63.4bf 62.4d 59.5” 65.6b 75.7d

black sagebrush
mountain big sagebrush
Wyoming big sagebrush
basin big sagebrush

41.5”
45.4”
50.3”’
54.0d”

44.7”
48.5bf
52.5&
55.3d’

black sagebrush
mountain big sagebrush
Wyoming big sagebrush
basin big sagebrush

42.4”” 42.8”

37.6’” 45.3” 46.2” 60.4” 66.3k 65.8’&

50.4.’
52 7’g
5811”
59.6”

Sheet
64.9
57.6”
69.1”
71.gd’

63.4b
53.8””
68.6”
72.3dd

64.7b
58.1”
72.3&
75.2df

Steer
47.0nf 56.2b” 53.9& 55.3”

48.3b” 52.0bf 53.0M

46.7”

50.5’” 53.7bf 57.855.gd” 56.6- 58.4”

69.3” 68.468.7O” 69.1”

43.7”’ 47.4”

70.372.3”

‘Means among taxa differ (KO.05) within date and inoculum source when followed
by a different letter (a,b,c,d). Means among dates differ (IKO.05) within taxon and
moculum source when followed by a different letter(e,f,g). Comparisons do not apply
across whole and terpenoid-extracted
data.

whole sagebrush were significant (KO.05) except between mountain and Wyoming big sagebrush for mule deer inoculum.
Order of increasing IVOMD among terpenoid-extracted
sagebrush taxa differed from whole sagebrush (Table 1). Generally,
there were fewer significant differences (KO.05) among taxa for
all inocula sources. With IVOMD for terpenoidextracted
material
averaged over the 3 collection dates, mountain big sagebrush had
significantly lower IVOMD than the other taxa for each inoculum
source.
For whole sagebrush taxa there were consistent increases in
IVOMD over collection dates in all trials (Table 1). However,
successive increases were not always significant. In all but 1 trial,
basin big sagebrush-steer inoculum (Table l), IVOMD on 1 April
was significantly greater than on 1 January. When IVOMD’s were
averaged by collection date, there were significant (KO.05)
increases in digestibility from 1 January to 15 February to 1 April
for all 3 inocula sources.
For terpenoid-extracted sagebrush taxa, trends in IVOMD over
collection dates were inconsistent (Table 1). For a given taxon
there were few significant changes in digestibility over time for all
inocula sources. This resulted from removing the influence of
changing crude terpenoid levels over time.
Crude Terpenoid Concentration
Differences (X0.05) in crude terpenoid concentrations (Fig. 1)
averaged over all 3 dates found mountain big sagebrush with the
least, black sagebrush and Wyoming big sagebrush with intermediate levels, and basin big sagebrush with the most. For individual taxa, crude terpenoid concentration generally decreased over
time. When taxa concentrations were averaged for each collection
date, the concentration on 1 April was less (KO.05) than the
concentrations on 15 February and 1 January, which were similar.
Within each taxon, there was a general negative relationship
between crude terpenoid concentration and digestibility over the 3
sampling dates. However, this relationship did not exist among
taxa. Basin big sagebrush had the highest crude terpenoid concentration but also had the highest digestibility in all trials. Mountain
big sagebrush, which had the lowest crude terpenoid concentration
was intermediate in digestibility between black sagebrush and
Wyoming big sagebrush.
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Unlike the monoterpenes, the nonvolatile crude terpenoids
remain in oven-dried materials. Consequently, the nonvolatile
compounds would be represented in the dry forage, or organic
matter placed in fermentation tubes. Since they possess a variety of
biological activities (Kelsey et al. 1985, Personius et al. 1987), they
may not be digested or may actively inhibit the rumen microorganisms. Some of these compounds are also resistant to the hot water
washes employed during the filtration of the undigested forage
residue (Kelsey et al. 1982). Therefore, any nonvolatile crude ter24
penoids contained in the undigested forage residue after ovendrying would be subtracted from the quantity of dry forage or
organic matter placed in fermentation tubes. This should lower the
IVOMD of whole sagebrush compared to that with crude terpenoids extracted (Van Soest 1967, Kelsey et al. 1982).
If the observed variations in IVOMD of whole sagebrush were
caused by seasonal nutrient fluctuations, it follows that trends in
IVOMD of whole and terpenoidextracted
sagebrush would be
similar, but this was not the case (Table I). The terpenoidextracted sagebrush values characterize the influence that concentrated nutrient fractions have on increasing digestibility.
The biological activities of the sesquiterpene lactones found in
basin big sagebrush and black sagebrush are consistent with their
relative IVOMD. The black sagebrush samples contained cumambrins A and B (Personius et al. 1987), whose structures have an
o-methylene-‘I-lactone functional group that is usually associated
with biological activity (Dupuis et al. 1980, Hall et al. 1980a,
1980b, Spring et al. 1982, Picman and Picman 1984). The cumambrins cause allergenic contact dermatitis in some humans (Mitchell
and Dupuis 1971). Both are phytotoxic (McCahon et al. 1973,
Amo and Anaya 1978) and weakly antifungal (Picman 1984).
Cumambrin B and its derivatives strongly inhibited the growth of
some bacteria and weakly inhibited others (Picman and Towers
1983). Basin big sagebrush contained matricarin, deacetlymatriFig. 1. Percent dry weight crude terpenoid concentrations @ercentfoliage
dry weight) of 4 sagebrush taxa on 3 dates. Taxa: nov blacksagebrush; carin, and deacetoxymatricarin (Personius et al. 1987). Their structures suggest limited activity, because they have the less reactive
vas, wyo, tri = mountain, Wyoming, and basin big sagebrush, respeca-methylene-‘I-lactone
and a substituted a&cyclopentenone
(Lee
tively. Values among taxa on a given date with unlike capital letters are
et al. 1977). Experimental data confirm this (Mitchell and Dupuis
significantly different (pCO.05). Values among dates for a given taxon
with unlike lower case letters are sign$cantly dtfferent (X0.05).
1971, McCahon et al. 1973, Lee et al. 1977, Picman and Towers
1983, Picman 1984). Based on these observations black sagebrush
Discussion
would be expected to inhibit digestion to a greater extent than
There are 2 possible explanations for the increase in IVOMD
basin big sagebrush. Of the 4 sagebrush taxa, black sagebrush had
after extraction of crude terpenoids. The crude terpenoid comthe greatest concentration of nonvolatile crude terpenoids and
pounds might independently or synergistically play an active role
sesquiterpene lactones (Personius et al. 1987).
in microbial inhibition, or the crude terpenoids may play a passive
Most likley when animals browse sagebrush the highly volatile
role by merely being inert substances that are impervious to
and some of the volatile compounds are lost with minimal influmicrobial digestion.
ence on digestion (Cluff et al. 1982, White et al. 1982). Nonvolatile
The highly volatile epidermal compounds of sagebrush foliage
constituents have fewer routes of escape, and therefore, seem more
include monoterpenes and nonterpenoid organics such as methalikely to influence digestion if active. They could be absorbed with
crolein, acetone, and ethanol. Most of these are lost during the
or without being digested, to be metabolized or excreted in the
isolation and concentration of the crude terpenoid extract (Persourine. Undigested and unabsorbed materials are eliminated in the
nius et al. 1987). The less volatile compounds are monoterpenes of feces. The digestive fate of sesquiterpene lactones is largely
lower volatility, a portion of which makes up the final concentrated
unknown. Metabolites of the toxic hymenoxon from bitterweed
crude terpenoid extract. These monoterpenes can be separated
(Hymenoxys odoruta DC.) have been isolated from the urine of
from the nonvolatile components in the extract by steam distillasheep, but in minor quantities (Terry et al. 1983). ar-methylene-‘I’tion. The nonvolatile fraction of epidermal foliage contains seslactones, as in the cumambrins, can bind easily, and nonreversibly,
quiterpene lactones, cuticular waxes, some phenolics, and possibly
to free -SH groups in amino acids and protein (Rodriguez et al.
other miscellaneous compounds (Kelsey et al. 1982, Personius et
1976, Lee et al. 1977, Dupuis et al. 1980, Spring and Hager 1982).
al. 1987). These differences in volatility are important when conBinding with enzymes can destroy enzyme activity (Hall et al.
sidering the influence that these substances might have on IVOMD.
198Oa, 1980b), resulting in reduced digestion.
Welch and Pederson (1981) demonstrated that oven-drying
Hobbs et al. (1986) reported that the volatile compounds in big
sagebrush at 100” C resulted in a total loss of the volatile monotersagebrush inhibit the digestion of grass cell walls. They contend
penes. Consequently, monoterpenes, like water, would not be
that mule deer prefer sagebrush taxa that have no inhibitory subrepresented in the quantity of dry, or organic matter, in either the
stances and have therefore demonstrated a nutritional basis for
forage or the residue and therefore, would not enter into the
divergence in herbivore preference for big sagebrush. We believe
calculation of IVOMD. They would, however, still be present in that inhibition of digestion is too slow and complex a mechanism
the fresh tissues used for analysis and could influence in vitro
to adequately explain the selection and preference on small cafetedigestion if they were active and did not evaporate from the tubes
ria areas where there is a mixture of sagebrush species (Sheehy and
(Welch and Pederson 1981, Hobbs et al. 1986).
Winward 1981, Welch et al. 1981, Personius et al. 1987). In order
q
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for digestion inhibition to work the animals must eat some of the
inhibitory plants, with a lag period before the inhibition occurs and
the animals respond. Consequently, during the lag period an
animal could continue to eat the less preferred plant with inhibitory substances. The more eaten the faster the response. If every
animal had to eat some of the inhibitory plant, then over time these
plants should show substantial browsing, which they do not
(Sheehy and Winward 1981, Welch et al. 1981, Personius et al.
1987). If the animals rapidly browsed 3 different species during the
lag period, it would be difficult to associate inhibition with a
particular plant or taxa. It is more likely that, in preference selection, the animals are responding to chemical stimuli that adversely
affect their sensory organs. The biological activity of a compound
is the consequence of a particular structure, or functional group(s),
that can cause a variety of responses in different biological systems.
Compounds that stimulate sensory organs are likely to also influence digestion. Sensory responses by mule deer to sagebrush chemicals would be a simple and rapid mechanism for sorting the taxa.
Inhibition of fiber digestion is probably a quantitative regulator,
rather than a qualitative regulator of sagebrush ingestion.
Disregarding the possible effect that sagebrush chemicals have
on the digestion of other forages such as grass cell walls, there
appears no nutritional basis for mule deer selection of big sagebrush. When given a choice of the 3 subspecies, they select mountain big sagebrush over basin big sagebrush (Sheehy and Winward
1981, Welch et al. 1981, Personius et al. 1987), although the latter
maintains a higher crude protein level (Welch and McArthur
1979b) and is more digestible (Welch and Pederson 1981).
This investigation concluded that crude terpenoids contained in
the folige of the 4 sagebrush taxa studied did inhibit the IVOMD of
each taxon. Although digestibility is only 1 aspect to a taxon’s
merit as a forage source, it is of interest, particularly in plant
materials programs as it relates to the possible influences of secondary metabolites (Welch and Pederson 1981). When considered
with relationships of crude terpenoids to animal preference for the
same 4 taxa (Personius et al. 1987) our findings should provide
resource managers information for determining management
opportunities.
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