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ABSTRACT: Although plant secondary chemistryinfluencesshrubconsumptionbyfree-rangingruminants,
the effects of many specific compounds on herbivores
have not been examined. We conducted four experiments to examine effects of individual terpenes on alfa1fa pellet intake lambs.
lambs were individuall~fed alfalfa pellets sprayed with y-terpinene,
terpinolene, a-coPaene, or a-ter~ineneat one of five
concentrations in an ethanol carrier. Treatments (0,
0.5, 1, 2, and lox) were multiples of the concentration

(x) of a specific terpene on the leaf surface of Flourensia
cernua (a low-~reference~ h r u bfor domestic ruminants). Terpenes were applied to alfalfa el lets (0.64
kgelamb-'ad-', DM basis), and consumption was measured during a 20-min interval for 5 d. A day effect was
detected for y-terpinene on intake (P< 0.001 for both
linear and quadratic contrasts).
No effectof terpinolene,
,-copaene, or a-terpinene on intake was detected in
this study. None of the terpenes tested was strongly
related to intake of alfalfa pellets by lambs under the
conditions of this study.
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Introduction
Shrub encroachment and subsequent loss of grasslands is a serious problem for livestock producers and
land managers in the Chihuahuan Desert. Shrubs often
contain secondary chemicals that render them unpalatable andlor toxic, even though they may contain substantial nutrients. Tarbush (Flourensia cernua DC) is
an unpalatable shrub that contains 16 to 25% CP, but
it has high concentrations of terpenes and phenolics
(Estell et al., 1996b). Sheep consuming tarbush in
mixed diets (up to 30% of diet) for several weeks did
not have abnormal digesta kinetics or fermentation patterns or exhibit symptoms of toxicity (Fredrickson et
al., 1994; King et al., 1996). When forced to consume
tarbush in small paddocks, ruminants exhibited differential selectivity among plants that was related to the
quantity of epicuticular wax on the leaf surface (Estell
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et al., 1994b). Removal of surface compounds from tarbush by rinsing with organic solvents increased preference by sheep (Estell et al., 1994a), and specific monoand sesquiterpenes on the leaf surface were related to
tarbush consumption using multivariate analysis (Estell et al., 1998a); however, specific compounds must
be tested individually to prove cause and effect (Clausen
et al., 1992). We have previously examined effects of
15volatile compounds (camphor, borneol, limonene, cisjasmone, a-pinene, 0-caryophyllene, p-cymene, a-humulene, 1,8-cineole, 3-carene, sabinene, camphene,
myrcene, 0-pinene, and caryophyllene oxide) on intake
by lambs (Estell et al., 1998b; 2000; 2002). Only camphor, a-pinene, camphene, and caryophyllene oxide
were related to intake when tested individually.
The objective of the present experiments was to individually examine effects of four additional terpenes
present on the leaf surface of tarbush (7-terpinene, terpinolene, a-copaene, and a-terpinene) on consumption
of alfalfa pellets by lambs. Our hypothesis was that
alfalfa pellet intake would decrease as the concentration of a specific terpene increased.

Materials and Methods

Treatments, Animal Management,
and Experimental Protocol
Four experiments were conducted to examine effects
of three hydrocarbon monoterpenes (7-terpinene, terpi-
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nolene, and a-terpinene) and a hydrocarbon sesquiterpene (a-copaene) on alfalfa pellet intake by lambs.
Mean concentrations of these terpenes on the leaf surface of tarbush in previous studies (Tellez et al., 1997;
Estell et al., 1998a) were approximately 15, 5, 5, and
10 pglg of DM for y-terpinene, terpinolene, a-copaene,
and a-terpinene, respectively. These concentrations
represent the concentration of each compound to which
animals are exposed when browsing tarbush. One compound was examined in each experiment at five concentrations, and treatments were multiples (0,0.5,1,2, or
10x1 of the exposure concentration of that terpene.
Experiments were conducted according to USDA
guidelines and approved by the New Mexico State University Institutional Animal Care and Use Committee.
Forty-five Rambouillet ewe lambs (approximately 7 mo
of age, 40.3 f 1.5 kg initial BW, without previous browsing experience) were assigned randomly to one of 15
pens and three groups (constant across experiments).
Lambs were assigned randomly to one of five treatments (terpene concentrations) before each experiment (nine lambs per treatment, restricted to three
lambs-treatment-'.group-1) using a randomized complete block design.
Each morning, lambs were individually fed (1.22 x
2.44 m pens) treated pellets in an enclosed metabolism
unit for 20 min. Three groups (blocks)were fed at 0800,
0830, and 0900, respectively (15 lambs per group). All
experiments lasted 5 d, with two preliminary 5-d periods to familiarize lambs with handling and pen feeding
(first adaptation period) and to determine baseline intake of untreated alfalfa pellets during the 20-min interval (second adaptation period). y-Terpinene, terpinolene, a-copaene, and a-terpinene were tested in Exp. 1
through 4, respectively (order selected randomly; 2-d
interval between experiments). Alfalfa pellets (0.64 kg,
DM basis; 215% CP; 0.95 cm diameter) were offered to
lambs during the 20-min feeding, and orts were recorded each day. Alfalfa pellets were sampled throughout the study, composited, ground in a Wiley Mill (2mm screen), and analyzed for DM by drying at 100°C
for 24 h (DM = 92.3%). Lambs were weighed weekly
before the 0800 feeding on d 5.
Lambs were adapted to alfalfa pellets for 5 d in a
drylot pen before individual feeding began. Lambs were
maintained as one group with free access to water and
trace mineral salt (93 to 97% NaCl, 3 g k g of Mn, 2.5
g k g of Zn, 1.5 g k g of Fe, 0.15 g k g of Cu, 0.09 glkg of
I, 0.025 g k g of Co, and 0.01 g k g of Se), except during
the 20-min feeding period. Lambs were group-fed untreated alfalfa pellets at 3.9% of BW (DM basis, adjusted weekly) at 1000. On test days, the quantity of
untreated pellets offered was decreased by the total
amount of treated pellets consumed that day.
All compounds were purchased from Fluka (Buchs,
Switzerland) except y-terpinene (Acros Organics, Geel,
Belgium). Manufacturer-specified purities were 98, 90,
95, and 97% for y-terpinene, terpinolene, a-copaene,
and a-terpinene, respectively. Stock solutions con-

taining 3, 1, 1, or 2 mg/mL of the respective terpene in
100% ethanol were diluted 5-, lo-, and 20-fold in ethanol. When applied a t 0.05 m u g of DM, the stock and
5-, lo-, and 20-fold dilutions correspond to lox, 2x, lx,
and 0 . 5 treatments,
~
respectively. Control (Ox) pellets
were sprayed only with ethanol. Treatments were applied with polyethylene spray bottles in an adjacent
room. The protocol for application of treatments to alfalfa pellets has been described in detail previously (Estell et al., 1998b, 2000, 2002).
Chemical loss due to volatilization between application and feeding was measured using gas chromatographylmass spectrometry as described in Estell et al.
(2002). Mean recovery (corrected for extraction efficiency) at 10, 20, and 30 min, respectively, was 91.0,
89.7, and 83.9% for y-terpinene; 84.4, 73.6, and 70.1%
for terpinolene; 99.3, 99.1, and 97.3% for a-copaene;
and 74.3, 70.5, and 67.7% for a-terpinene. With a lag
time of approximately 10 min between application and
feeding, the lo-, 20-, and 30-min estimates equate to
the beginning, midpoint, and end of the 20-min period.
The sesquiterpene (a-copaene) exhibited low volatility
even after 30 min, and as expected, the three monoterpenes were more volatile. Untreated alfalfa pellets also
were extracted and analyzed as described by Estell et
al. (2002) to determine background terpene concentrations. None of the four terpenes was present above the
detection limits of gas chromatographylmass spectrometry in untreated alfalfa pellets.

Statistical Analyses
For each experiment, daily intake during the 20-min
interval was analyzed as repeated measures using the
MMED procedure of SAS (SAS Inst., Inc., Cary, NC).
The model included group as a fixed block effect, treatment (terpene concentration), day, and day x treatment
interaction. A first-order autoregressive, AR(l), 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 concentrations when no day x treatment interaction was
detected. Intake of control lambs across experiments
(including second adaptation period) also was analyzed
with the MMED procedure of SAS, with fixed effects
of group, experiment, day, and day x experiment interaction. In the case of an experiment effect (P < 0.05),
means were separated by pairwise approximate t-tests
within the MIXED procedure of SAS. Two lambs were
removed from the study, one at the beginning of Exp.
2 and one at the beginning of Exp. 3, for reasons unrelated to the study.

Results and Discussion
The control analysis revealed a day x experiment
interaction (P< 0.001) due to the extremely low intake
on d 1in Exp. 1(Figure 1).Averaged over days, intake
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Figure 1. Mean intake of treated alfalfa pellets by lambs during a 20-min interval for five consecutive days; n = 9
lambs/d for all terpene/concentration combinations except 0 . 5 ~terpinolene (n = 8), 2x a-copaene (n = 7), Ox aterpinene (n = 8), and 0 . 5 ~a-terpinene (n = 8); SEM = 0.032, 0.035, 0.029, and 0.030 for y-terpinene, terpinolene, acopaene, and a-terpinene, respectively, except 0 . 5 terpinolene
~
(0.037), 2x a-copaene (0.033),Ox a-terpinene (0.032),and
0 . 5 a-terpinene
~
(0.032).Treatments (multiples of the concentration of specific compounds in tarbush) are designated 0,
a, m, A, and V for 0,0.5, 1, 2, and 10%respectively. Linear and quadratic day effects (P < 0.001) were observed for
y-terpinene pooled across treatments.

by lambs during the second adaptation period differed
from controls in Exp. 1,3, and 4 (P < 0.05; Table 1).It is
unclear why control intake varied across experiments,
given that lambs were weighed weekly and feed was
adjusted accordingly to a constant percentage of BW.
Control lambs received the ethanol carrier in Exp. 1to
4, but not in the adaptation period; however, treatment
of alfalfa pellets with the same amount of ethanol did
not affect intake by lambs previously (Estell et al.,
2001, 2002).
A day effect on intake was detected for y-terpinene
(P < 0.001 for both linear and quadratic contrasts),
which was due to the low intake on d 1 for lambs a t
all concentrations (Figure 1).Although consumption of
alfalfa pellets by lambs was not affected by the ethanol

carrier in previous studies (Estell et al., 2001; 2002), a
neophobic reaction to the carrier on d 1of Exp. 1may
have occurred given the low intake of alfalfa pellets for
all lambs (including controls). No day effect on intake
was observed for terpinolene, a-copaene, or a-terpinene, and no treatment effect was detected for any of the
four terpenes examined (Table 1). Results for different
terpenes are not directly comparable because treatment
levels varied based on the concentration in tarbush
leaves. In addition, volatility (based on recovery values)
of a-copaene was lower than for the three monoterpenes; thus, actual exposure level was less affected by
time after application.
Individual terpenes have been shown to be related to
plant use for a number of mammalian species. Specific
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Table 1. Mean (SEM) consumption of alfalfa pellets treated with terpenes by lambs
during a 20-min interval
Concentrationa

~ d a ~ t a t i o n ~ y-Terpinene

Terpinolene

a-Copaene

a-Terpinene

kg.lamb-'ad-', DM basis

pp

p

p

"Concentrationsof compounds applied to alfalfa pellets were multiples (0,0.5,1,2,or 10) of the concentration of that compound in tarbush (x);n = 9 lambs per concentration for all terpendtreatment combinations
except 0 . 5 terpinolene
~
(n = 8), 2x a-copaene (n = 7), Ox a-terpinene (n = 8), and 0 . 5 a-terpinene
~
(n = 8).
'NO ethanol was applied during the adaptation period (second adaptation period to establish baseline
intake of alfalfa pellets without terpenes).
c , d ~ othe
r control treatment (Ox), within a row, means without a common superscript differ, P < 0.05; n =
45 for adaptation;n = 9 for y-terpinene, terpinolene, and a-copaene; and n = 8 for a-terpinene; SEM = 0.012
for adaptation; 0.028 for y-terpinene, terpinolene and a-copaene; and 0.029 for a-terpinene.

monoterpenes have been related to sagebrush intake
by mule deer (Personius et al., 19871,juniper intake by
goats (Riddle et al., 1996), tarbush intake by sheep
(Estellet al., 1998b; 2002), and western red cedar intake
by deer (Vourc'h et al., 2002); however, little information exists about the specific compounds examined in
our study. Zhang and States (1991) reported a negative
relationship between inner bark concentration of three
monoterpenes (including terpinolene) and feeding on
ponderosa pines by Abert squirrels. Elliott and Loudon
(1987) reported that red deer rejected a pelleted diet
when exposed to the odor of five monoterpenes (including terpinolene). When cattle, sheep, and goats were
forced to use tarbush, they exhibited differential use of
tarbush plants, and a-copaene was in the subset of
important variables for distinguishing between high,
moderate, and low use plants when subjected to multivariate analysis (Estell et al., 1996a). In contrast, acopaene and terpinolene were not related to intake in
the present study. We are not aware of data regarding
the relationship of y- or a-terpinene with herbivory
in mammals.
In contrast to our hypothesis, none of the chemicals
tested in these four experiments was strongly related
to intake of alfalfa pellets by lambs under the conditions
of this study. Discrepancies between this study and
previous research may be due in part to the fact that
studies reporting relationships of volatiles with herbivory were correlative and did not examine the application of specific compounds. Moreover, compounds could
be synergistic or have a cumulative effect because total
terpene concentration has been related to intake by
ruminants in other studies (Schwartz et al., 1980; Riddle et al., 1996). The total essential oil yield from tarbush (0.84 to 1.01% ofDM; Tellez et al., 1997)is approximately two orders of magnitude greater than the lox
treatment concentrations used in this study. Furthermore, volatile compounds may serve as cues for detection of other compounds. For example, 1,s-cineole was
reported to be negatively related to intake for certain
marsupials consuming eucalyptus, but i t was subse-

quently found to be correlated with the concentration
of other aversive compounds and to serve as a cue for
detecting these toxins (Lawler et al., 1998; 1999). In
addition, many studies suggesting terpenes are related
to dietary preferences involved animals on a low plane
of nutrition, whereas the lambs in this study were fed
a high-quality diet a t 3.9% of BW. Animals on a high
plane of nutrition may be capable of consuming more
aversive phytochemicals without negative consequences (Illius and Jessop, 1996; Wang and Provenza,
1996), which might explain the lack of effects of terpenes in this study.
Lambs in our study had no opportunity to exhibit
preference. Initial eating rate during a short interval
a t the beginning of the feeding period is a good criterion
to measure palatability and minimizes the confounding
of palatability and postingestive effects (Baumont,
1996). Nonetheless, there was no evidence of postingestive aversion to terpenes in this study. The only
significant day effect on intake was due to low intake
a t all concentrations of y-terpinene on d 1(Figure 1).
In summary, none of the four terpenes examined in
this study greatly affected alfalfa pellet consumption
by lambs when fed individually. Perhaps other terpenes
or compounds from other chemical classes may be responsible for the low preference of livestock for tarbush.
Alternatively, the lack of response of individual compounds may be due to a cumulative or synergistic effect
of several compounds. Understanding how plant chemicals interact with herbivores is critical for development
of mechanisms to alter foraging behavior and selectivity
of livestock.
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