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ABSTRACT: The transition of grasslands to shrubdominated scrubland reduces livestock productivity
and contributes to impoverished conditions for humans
in arid and semiarid regions worldwide. Many shrubs
that are increasing in dominance contain secondary
compounds that deter browsing by herbivores. Knowledge concerning the effects of specific compounds in
herbivore diets is limited but may provide useful insights into desertification. Flourensia cernua is a dominant shrub in the northern Chihuahuan Desert that
contains an abundance of terpenes. Four experiments
were conducted to determine the effects of terpenes
on intake of alfalfa pellets by lambs. Two individual
monoterpenes (cis-β-ocimene and cis-sabinene hydrate)
were examined in Exp. 1 and 2, and mixtures of monoterpenes (borneol, camphene, camphor, 1,8-cineole, limonene, myrcene, and α-pinene) and sesquiterpenes (βcaryophyllene, caryophyllene oxide, α-copaene, and αhumulene) were examined in Exp. 3 and 4, respectively.
Forty-five lambs (9 lambs/treatment) were individually
fed treated alfalfa pellets for 20 min each morning for
5 d. Five treatments (0×, 0.5×, 1×, 2×, and 10×; multiples

of the concentrations of the same terpenes in F. cernua)
were applied to alfalfa pellets (637 g, DM basis) in an
ethanol carrier. The experiments were preceded by a 10d adaptation period of the lambs to untreated pellets.
Except during the 20-min test, the lambs were maintained outdoors and fed untreated alfalfa pellets (total
mean intake = 4.7% of BW, DM basis). Day × treatment
interactions were detected (P < 0.04) in Exp. 1 and 4
because of a greater intake for 0× than for the other
treatments on d 1 (Exp. 1) and a lower intake for the
10× treatment on d 1 and 2 (Exp. 4). A trend for decreased intake (g/kg of BW) as the concentration of the
sesquiterpene mixture increased was observed in Exp.
3 (P = 0.093 for the linear contrast). Although there was
a tendency for the sesquiterpene mixture to decrease
intake, cis-β-ocimene, cis-sabinene hydrate, and the
monoterpene mixture did not appear to affect intake by
lambs. Thus, sesquiterpenes may exert antiherbivory
properties under certain conditions that may contribute
to shrub dominance with extended periods of livestock foraging.
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INTRODUCTION
Replacement of grasslands with shrub-dominated
scrublands is a major concern for livestock producers
in the western United States and in arid and semiarid regions worldwide. Shrubs that are increasing in
dominance typically contain secondary chemicals and
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are often avoided by livestock even though they can
be high in protein and other nutrients. Avoiding plants
containing aversive chemicals is the first line of defense by herbivores against toxins and antinutritional
compounds (Marsh et al., 2006), and diet selection is
affected by both pre- and postingestive processes
(Provenza, 1995; Pass and Foley, 2000). Preingestive
(sensory) chemical cues that affect feeding behavior
include both smell and taste (Elliott and Loudon, 1987;
Provenza, 1995; Narjisse et al., 1997; Pass and Foley,
2000). Thus, perception of the aroma, taste, or both of
secondary chemicals may affect intake independently
of (or in concert with) postingestive feedbacks and
learned responses.
Our initial studies with sheep and goats forced to
browse tarbush (Flourensia cernua DC) in small paddocks revealed that animals exhibited differential se-
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lectivity that was related to leaf surface epicuticular
wax and individual mono- and sesquiterpene concentrations (Estell et al., 1994; 1998a). When crude tarbush extracts were applied to alfalfa pellets at concentrations representing those in tarbush, all 3 (hexane,
ether, and ethanol) extracts significantly reduced intake of alfalfa pellets (by approximately 42 to 48%)
compared with controls receiving only the ethanol carrier (Estell et al., 2001). In an attempt to understand
the role of volatile phytochemicals in consumption of
shrubs by livestock, we used tarbush as a shrub model
and conducted a series of experiments designed to systematically evaluate the effects of individual compounds on intake of alfalfa pellets by sheep. Of the
23 volatile compounds examined (Estell et al., 1998b,
2000, 2002, 2005, 2007), only 4 compounds (camphor,
α-pinene, camphene, and caryophyllene oxide) were
related to intake when tested individually.
Our objectives were to determine the effects of 1) 2
untested monoterpenes and 2) mixtures of mono- and
sesquiterpenes on intake by lambs. Our hypothesis
was that intake would decrease as concentration of
individual terpenes or mixtures applied to alfalfa pellets increased.

MATERIALS AND METHODS
All experiments were conducted according to USDA
guidelines and were approved by the New Mexico State
University Institutional Animal Care and Use Committee. Four experiments were conducted to examine
the effects of 2 individual monoterpenes (cis-β-ocimene
and cis-sabinene hydrate; Exp. 1 and 2) and a mixture
of monoterpenes (borneol, camphene, camphor, 1,8cineole, limonene, myrcene, and α-pinene; Exp. 3) and
sesquiterpenes (β-caryophyllene, caryophyllene oxide,
α-copaene, and α-humulene; Exp. 4) on intake of alfalfa pellets by lambs. Mean concentrations of terpenes
on the leaf surface of tarbush in previous studies (Estell et al., 1994, 1998a; Tellez et al., 1997; R. E. Estell,
unpublished data) were approximately 10, 10, 300,
100, 5, 50, 100, 100, 100, 100, 30, 5, and 25 g/g of
DM for cis-β-ocimene, cis-sabinene hydrate, borneol,
camphene, camphor, 1,8-cineole, limonene, myrcene,
α-pinene, β-caryophyllene, caryophyllene oxide, α-copaene, and α-humulene, respectively. These concentrations approximate the levels to which animals
would be exposed when browsing tarbush. In each experiment, a terpene or terpene mixture was applied at
5 concentrations (treatments), with treatments being
multiples (0×, 0.5×, 1×, 2×, or 10×) of the exposure
concentration of that chemical or mixture. The rationale for selection of compounds for inclusion in each
mixture was based on 2 criteria. Those related to tarbush intake (Estell et al., 1994, 1996a, 1998a), to alfalfa pellet intake when applied individually (Estell
et al., 1998b, 2002), or both were included. Myrcene
and 1,8-cineole were also included in the monoterpene
mixture because they are present in large concentra-
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tions on the leaf surface of tarbush and have been
related to intake in other mammals (Reichardt et al.,
1985; Bray et al., 1991; Riddle et al., 1996; Vourc’h
et al., 2002). A few terpenes present in substantial
concentrations in tarbush were not included because
they were not commercially available (e.g., artemisia
alcohol, flourensadiol) or were prohibitively expensive
(e.g., β-eudesmol).
Forty-five Rambouillet ewe lambs (approximately 6
mo of age, mean initial BW = 32.5 ± 1.2 kg) without
previous browsing experience were randomly assigned
to pen (n = 15) and group (n = 3). Pen and group
assignment were constant across experiments. Before
each experiment, the lambs were randomly assigned
to 1 of 5 treatments (9 lambs per treatment, restricted
to 3 lambsⴢtreatment−1ⴢgroup−1) using a randomized
complete block design.
Experiments were 5 d in length, with a 2-d interval
between experiments. Lambs were individually fed
treated alfalfa pellets for 20 min each morning in an
enclosed metabolism unit (1.22 × 2.44 m pens). Groups
(blocks) were fed at 0800, 0830, and 0900 h, respectively. Two preliminary 5-d adaptation periods were
conducted 1) to familiarize the lambs with the handling procedures and pen feeding, and 2) to determine
the baseline intake of untreated alfalfa pellets during
the 20-min interval. Before the adaptation periods, the
lambs were adapted to alfalfa pellets for 5 d in a drylot
pen. Cis-β-ocimene, cis-sabinene hydrate, the sesquiterpene mixture, and the monoterpene mixture were
examined in Exp. 1 through 4, respectively. The order
of individual terpenes was selected randomly in Exp.
1 and 2, and the order of mixtures was selected randomly in Exp. 3 and 4.
Alfalfa pellets (637 g, DM basis; ≥15% CP; 0.95 cm
in diameter) were fed during the 20-min interval, and
orts were recorded daily. Alfalfa pellet samples composited across experiments were ground in a Wiley
mill (2-mm screen; Thomas Scientific, Swedesboro, NJ)
and analyzed for DM (100°C for 24 h, DM = 93.72%).
Lambs were weighed before the 0800-h feeding on d
5 each week (mean ADG = 203 ± 6.4 g/d) and maintained as 1 group, with free access to water and tracemineralized salt (93 to 97% NaCl, 3 g/kg of Mn, 2.5 g/
kg of Zn, 1.5 g/kg of Fe, 0.15 g/kg of Cu, 0.09 g/kg of
I, 0.025 g/kg of Co, and 0.01 g/kg of Se) except during
the 20-min feeding periods. Lambs were group-fed untreated alfalfa pellets at 1000 h (4.67% of BW, DM
basis, adjusted weekly). The amount of untreated pellets fed at 1000 h on the test days was decreased by
the total amount of treated pellets consumed during
the 20-min period. The nutrient content of tarbush
was similar to alfalfa, ranging across season from 60
to 65, 15 to 25, and 18 to 22% (DM basis) for IVDMD,
CP, and NDF, respectively (Estell et al., 1996b).
Borneol (98%), camphene (95%), camphor (96%), 1,8cineole (98%), limonene (97%), myrcene (90%), α-pinene (98%), β-caryophyllene (90%), and caryophyllene
oxide (95%) were purchased from Aldrich (Milwaukee,
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WI), and cis-β-ocimene (70%), cis-sabinene hydrate
(98%), α-humulene (98%), and α-copaene (90%) were
obtained from Fluka (Milwaukee, WI). We were unable
to obtain cis-β-ocimene with a high degree of purity
(ours contained 25% limonene). Although not ideal,
limonene was unrelated to intake by lambs in an earlier study (Estell et al., 1998b); thus, it was assumed
that if an effect was observed it would be related to
cis-β-ocimene.
Stock solutions in 100% ethanol (adjusted for the
manufacturer’s specified purity) were formulated to
contain the appropriate amount of chemical(s) when
applied to alfalfa pellets at 0.05 mL/g of DM. The stock
solution and 5-, 10-, and 20-fold dilutions equated to
the 10×, 2×, 1×, and 0.5× treatments, respectively, for
each experiment. Control diets were sprayed with ethanol (0× treatment). Treatments were applied in an
adjacent room and placed in the pens immediately
before the 20-min test. The treatment application protocol and the rationale for various aspects of the design
and conduct of the experiments (e.g., the amount of
feed offered, the 20-min feeding interval, alfalfa pellets
as treatment carrier, the volume of treatment applied,
etc.) were based on pilot studies that have been described in detail previously (Estell et al., 1998b, 2000).
Volatile loss in the interval between application and
feeding was estimated as described by Estell et al.
(2002), except that recoveries were determined by using gas chromatography (Hewlett-Packard 5890 Series
II) with a flame-ionization detector and a DB-5 capillary column (30 m, 0.25-mm i.d., 0.25 m d.f., Agilent
Technologies, Wilmington, DE). Conditions were injector temperature, 220°C; detector temperature, 260°C;
carrier gas, helium (1 mL/min); split flow, 8 mL/min;
and injection volume, 1 L. Oven temperature varied
with analyte: 75°C for cis-β-ocimene; 80°C for cis-sabinene hydrate; 150°C for the sesquiterpene mixture;
and programmed [70°C isocratic (9 min), 2 min increase to 170°C (50°C/min), and 170°C isocratic (1
min)] for the monoterpene mixture. Concentrations of
all terpenes were determined by using external standard curves.
Mean recovery (corrected for extraction efficiency)
and CV (in parentheses) at 10, 20, and 30 min, respectively, were 82.1 (3.7), 78.9 (8.4), and 74.2 (7.0) for cisβ-ocimene; 93.9 (4.2), 93.3 (4.2), and 93.4 (9.2) for cissabinene hydrate; 99.7 (5.4), 99.4 (5.6), and 99.4 (4.8)
for borneol; 78.6 (8.0), 57.4 (7.2), and 45.4 (7.5) for
camphene; 92.6 (11.0), 92.6 (3.4), and 86.7 (5.6) for
camphor; 98.2 (5.7), 84.6 (4.8), and 77.0 (3.1) for 1,8cineole; 97.1 (9.8), 80.1 (4.6), and 71.9 (3.4) for limonene; 94.3 (9.8), 76.2 (5.9), and 67.6 (4.7) for myrcene;
82.9 (10.1), 62.7 (6.5), and 51.2 (6.8) for α-pinene; 101.3
(3.7), 100.4 (8.2), and 99.8 (4.5) for α-copaene, 100.1
(6.2), 99.9 (7.9), and 100.1 (7.8) for β-caryophyllene;
100.4 (5.0), 100.3 (7.6), and 100.4 (5.2) for caryophyllene oxide; and 99.4 (5.0), 99.6 (8.0), and 99.2 (5.3) for
α-humulene.

Because the interval between treatment application
and feeding was approximately 10 min, the 10-, 20-,
and 30-min estimates approximated the beginning,
midpoint, and end of the 20-min test period. In addition, untreated alfalfa pellets were analyzed to determine the background terpene concentrations. None of
the compounds examined was present above the detection limits in the untreated alfalfa pellets.
For each experiment, daily intake during the 20-min
interval was analyzed as a repeated measure using the
MIXED procedure (SAS Institute Inc., Cary, NC). The
model included group as a fixed block effect, treatment
(terpene concentration), day, and day × treatment interaction. A first-order autoregressive, AR(1), covariance structure was used for the repeated measurements on individual animals across days. Linear and
quadratic models were fit to intake across concentrations averaged over days, and across days averaged
over concentration when the main effect of treatment
or day was significant. Data from d 1 of Exp. 2 (cissabinene hydrate) were removed from the analysis because the lambs were inadvertently fed before the 20min tests.

RESULTS AND DISCUSSION
Day × treatment interactions were detected for Exp.
1 (P < 0.003) and Exp. 4 (P < 0.04). Interactions were
due to greater intake on d 1 for 0× than for the other
treatments in Exp. 1 (cis-β-ocimene) and to lower intake for the 10× than for the other treatments on d 1
and 2 in Exp. 4 (monoterpene mixture; Figure 1). This
pattern suggests the possibility of an initial adaptation
to the taste of terpenes in these 2 experiments, although adaptation to odor cannot be ruled out, given
that odor and taste both affect the preference of sheep
and their effects are difficult to separate (Arnold et
al., 1980). A day effect on intake (P < 0.05; both linear
and quadratic contrasts) was detected in all 4 experiments, apparently because of the generally low intake
at all concentrations (including controls; Figure 1) on
d 1. This pattern of lower intake during the first day
or 2 (regardless of treatment concentration) has been
observed in 15 of 23 previous studies (Estell et al.,
1998b, 2000, 2002, 2005, 2007). Neither individual nor
mixtures of terpenes appeared to exert postingestive
feedback effects, given the lack of day × treatment
interactions in Exp. 2 and 3 and the nature of those
interactions in Exp. 1 and 4 (treatment differences
occurred on d 1). Intake of lambs consuming terpenetreated alfalfa pellets did not decrease over time in
any experiment (Figure 1), in contrast to expectations
if negative feedback was observed.
Neither cis-β-ocimene nor cis-sabinene hydrate
(Exp. 1 and 2, respectively) affected intake of alfalfa
pellets in this study (Table 1). Both compounds occur
in low concentrations in tarbush; consequently, treatment levels used were low. Individual terpenes have
been negatively related to intake of sagebrush (Bray
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Figure 1. Mean DMI (g/kg of BW) of alfalfa pellets
treated with individual or mixtures of terpenes by lambs
during a 20-min interval for 5 consecutive days; n = 9
lambs/d for each concentration; SEM = 0.75, 0.60, 0.49,
and 0.56 for cis-β-ocimene, cis-sabinene hydrate, sesquiterpene mixture (β-caryophyllene, caryophyllene oxide,
α-copaene, and α-humulene), and monoterpene mixture
(borneol, camphene, camphor, 1,8-cineole, limonene,
myrcene, and α-pinene), respectively. Treatments (0×,
0.5×, 1×, 2×, and 10×) are multiples of the concentration
of the specific compounds in tarbush. Linear and quadratic day effects (P < 0.05) pooled across treatments were
observed for all 4 compounds. Day × treatment interactions (P < 0.04) were detected in Exp. 1 and 4.
et al., 1991), juniper (Riddle et al., 1996), tarbush (Estell et al., 1998a), and western red cedar (Vourc’h et
al., 2002) by ruminants, but to our knowledge, neither
cis-β-ocimene nor cis-sabinene hydrate have been examined previously with respect to mammalian herbivory.
Only 4 of the 25 individual volatile compounds examined (including cis-β-ocimene and cis-sabinene hy-
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drate) affected intake of alfalfa pellets by sheep at
levels present in tarbush. We hypothesized that the
lack of intake response to specific compounds may be
due to their cumulative or synergistic effects, or both.
Total terpene concentration has been reported to be
negatively related to intake by ruminants in other
studies (Schwartz et al., 1980; Riddle et al., 1996).
Ruminants browsing tarbush exhibited differential selectivity among plants that was related to the quantity
of epicuticular wax on the leaf surface (Estell et al.,
1994), and subgroups of terpenes on the leaf surface
were identified that could distinguish among plants
in high-, moderate-, and low-use categories as determined by livestock use (Estell et al., 1996a, 1998a).
Moreover, the total essential oil yield from tarbush
(approximately 1% of DM; Tellez et al., 1997) was substantially greater than the 10× treatment concentration for any chemical examined previously.
Effects of terpene mixtures on intake were examined
in Exp. 3 and 4. A trend for a treatment effect on
intake (g/kg of BW) was observed for the sesquiterpene
mixture (Exp. 3; linear contrast; P = 0.0926), but no
treatment effect was detected for the monoterpene
mixture (Exp. 4; Table 1). This finding is particularly
interesting because the sesquiterpene mixture contained fewer compounds in substantially lower concentrations than the monoterpene mixture. As mentioned
earlier, the mixtures contained compounds present in
tarbush that were related to intake in earlier studies
or that are present in the greatest amounts on the leaf
surface of tarbush, or both. Because multiple criteria
were used to construct the mixtures, compounds were
added that were not important in the subsets based
on multivariate analysis (myrcene, camphene, and 1,8cineole), or that did not produce an effect on intake
when applied individually to alfalfa pellets (borneol,
limonene, 1,8-cineole, and myrcene). The subset of
variables that best distinguished among high-, moderate-, and low-defoliated plants contained limonene,
camphor, borneol, α-copaene, β-caryophyllene, α-pinene, and caryophyllene oxide (Estell et al., 1996a),
whereas the set that best distinguished between highand low-use categories contained α-pinene, limonene,
camphor, borneol, β-caryophyllene, and α-humulene
(Estell et al., 1998a). Some of the compounds present
in the largest amounts in tarbush are not commercially
available or are prohibitively expensive and unfortunately could not be examined (e.g., artemisia alcohol,
flourensadiol, β-eudesmol). In particular, flourensadiol concentration was greater on leaves of low-use than
high-use plants (Estell et al., 1998a). With the exception of artemisia alcohol in the ethanol fraction, all 3
of these compounds were present in crude extracts
(hexane, ether, and ethanol) that averted intake when
applied to sheep diets (Estell et al., 2001; Tellez et
al., 2001).
Although we hypothesized the sesquiterpene mixture would exhibit the strongest antiherbivory response, it is somewhat surprising that the monoter-

Downloaded from jas.fass.org at New Mexico State University on June 10, 2008.
Copyright © 2008 American Society of Animal Science. All rights reserved. For personal use only. No other uses without permission.

1482

Estell et al.

Table 1. Mean daily consumption (g/kg BW, DM basis, ± SEM) of alfalfa pellets treated
with individual or mixtures of terpenes by lambs during a 20-min interval
Concentration1
0×
0.5×
1×
2×
10×

Exp. 12
11.7
11.7
11.5
11.3
10.6

(0.75)
(0.75)
(0.75)
(0.75)
(0.75)

Exp. 22
11.6
11.6
12.3
10.7
11.8

(0.60)
(0.60)
(0.60)
(0.60)
(0.60)

Exp. 32,3
11.8
11.7
12.5
10.6
11.1

(0.49)
(0.49)
(0.49)
(0.49)
(0.49)

Exp. 42
10.2
9.4
9.9
9.0
8.5

(0.56)
(0.56)
(0.56)
(0.56)
(0.56)

1
Concentrations of volatile chemicals applied to alfalfa pellets were multiples (0×, 0.5×, 1×, 2×, or 10×) of
the concentration of that compound in tarbush (1×); n = 9 lambs/concentration. Cis-β-ocimene, cis-sabinene
hydrate, a mixture of sesquiterpenes (containing β-caryophyllene, caryophyllene oxide, α-copaene, and αhumulene), and a mixture of monoterpenes (containing borneol, camphene, camphor, 1,8-cineole, limonene,
myrcene, and α-pinene) were examined in Exp. 1, 2, 3, and 4, respectively.
2
Day × treatment interactions (P < 0.04) occurred in Exp. 1 and 4. A linear and quadratic day effect was
observed in all 4 experiments (P < 0.05).
3
A concentration effect (P = 0.093) was detected for Exp. 3.

pene mixture did not affect intake, given that 3 of the
components of the mixture affected intake in previous
studies when applied individually at the same concentrations (Estell et al., 1998b, 2002). Although no significant treatment effect was detected, it is noteworthy
that intake decreased numerically in a linear fashion
as treatment concentration increased for the monoterpene mixture (Exp. 4; Table 1). Even though a decrease
of nearly 20% was observed, the high variability associated with the treatment means overshadowed any statistically detectable reduction in intake. Schwartz et
al. (1980) fed mule deer pelleted diets containing various volatile oil fractions from juniper and found the
lowest preference for pellets containing the oxygenated monoterpene fraction, intermediate for the hydrocarbon monoterpene fraction, and highest for the sesquiterpene fraction. However, concentrations applied
were greater and the profiles for each fraction were
more complex in that study. Although we did not differentiate between oxygenated and hydrocarbon monoterpenes, there were 3 oxygenated compounds (borneol,
camphor, and 1,8-cineole) in the mixture.
Very few other data using terpene mixtures are
available for comparison, and no other data on sesquiterpene mixtures exist to our knowledge. A few studies
have examined the role of terpenes in diet selection
by using plant fractions or mixtures of individual monoterpenes to simulate a partial profile of the volatile
fraction of a particular shrub based on the predominant components at concentrations comparable to
those found in the plant. Narjisse et al. (1997) examined the effects of the taste and odor of a monoterpene
mixture similar to that of sagebrush (7 monoterpenes,
including α-pinene, camphene, 1,8-cineole, and camphor) on preference for alfalfa pellets and found that
sheep and goats appeared to discriminate against the
mixture’s odor and taste, respectively. Villalba et al.
(2002) showed that a mixture of 6 monoterpenes at
concentrations found in sagebrush (including 1,8-cineole, α-pinene, camphor, and camphene) depressed intake of high-energy diets by lambs. Similarly, Villalba
and Provenza (2005) reported adverse effects on intake

by lambs when fed a mixture of 4 terpenes at concentrations found in sagebrush (including 1,8-cineole
and camphor).
Given the lack of a consistent response to the monoterpene mixture, cumulative or synergistic effects do
not appear to explain the lack of effect of most individual compounds observed in previous studies. When
applied individually, only 1 sesquiterpene (caryophyllene oxide) in the sesquiterpene mixture was related
to intake previously (Estell et al., 2002). It is possible
the trend for a treatment effect noted for the sesquiterpene treatment was due entirely to the presence of
caryophyllene oxide in the mixture. For the compounds
related to intake in previous studies with multivariate
analyses (Estell et al., 1996a, 1998a), other explanations for inconsistencies are possible. For example, 1,8cineole and limonene are both correlated strongly with
various formylated phloroglucinol compounds in eucalyptus (Moore et al., 2004). Thus, these compounds
may not be driving intake, but rather may simply be
correlated with other compounds or classes of compounds that affect intake. In cases in which individual
compounds have been applied to alfalfa pellets, the
lack of effect is probably not related to content of other
secondary compounds. Some of the compounds used
in each mixture were unrelated to intake of alfalfa
pellets by lambs when applied individually (1,8-cineole, borneol, myrcene, limonene, β-caryophyllene, αcopaene, and α-humulene) at concentrations present
in tarbush.
Many of the individual components of the mixtures
have been associated with intake or preference of various mammalian species (primarily those in the monoterpene mixture; very little work with sesquiterpenes
is available). For example, cineole (Reichardt et al.,
1985) and camphor (Sinclair et al., 1988) were negatively related to feeding by hares, and Bucyanayandi
et al. (1990) observed less bark damage by voles on
conifer species containing myrcene and limonene.
Asaro et al. (2003) reported that fox squirrels avoided
pine cones containing higher concentrations of myrcene, β-caryophyllene, and α-humulene, and Epple et
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