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Abstract

Our objective is to develop explanations for why herbivores
ingest poisonous plants by first discussing how herbivores learn to
select diets, by then considering mechanisms that enable herbi-
vores to ingest phytotoxins, and by finally developing hypotheses
about why herbivores overingest phytotoxins. Animals learn
about foods through 2 interrelated systems: affective and cogni-
tive. The affective system integrates the taste of food and its postin-
gestive feedback; this system causes changes in the intake of food
items, depending on whether the postingestive feedback is aversive
or positive. The cognitive system integrates the odor and sight of
food and its taste; animals use the senses of smell and sight to select
or avoid specific food items. We further divide cognitive experien-
ces into 3 categories: learning from mother, learning from conspe-
cifics, and learning through trial and error. Physiological and
conditional responses enhance the ability of animals to ingest
phytotoxins. Physiological mechanisms include binding the com-
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pound before it can exert its action, metabolizing the compound so
it cannot exert its action, and tolerating the compound. Condi-
tional responses complement physiological responses and further
decrease herbivore susceptibility to toxins by preparing the animal
for the effects of the toxin. Herbivores are likely to overingest
poisonous plants when any of the aforementioned systems fail. For
example, the affective system is likely to fail when phytotoxins
circumvent the emetic system, when aversive postingestive conse-
quences are delayed temporally and positive consequences during
the delay are pronounced, and when toxicosis is accompanied by a
change in environmental context. Likewise, cognitive systems are
likely to fail when animals are unable to distinguish subtle molecu-
lar changes that render nontoxic plants toxic, when toxins in 2 or
more plants interact, and when herbivores are unable to differen-
tiate nutritious from toxic plants as a result of being placed in an
unfamiliar environment. We conclude that a thorough understand-
ing of affective and cognitive systems, and the specific conditions
under which these systems fail, will be necessary in order to under-
stand why herbivores ingest foods that do them harm.

Key Words: taste, odor, sight, postingestive feedback, in utero,
mother’s milk, social learning, trial and error learning, preingestive
experiences, detoxification, plant toxins, toxic plants, classical
conditioning
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Assuming that herbivores have no desire to commit suicide, it is
indeed curious that they overingest toxic plants (e.g., Fowler 1983,
Cheeke and Shull 1985). To discover why herbivores ingest plants
that do them harm, it is necessary to understand the challenges they
face while foraging and the variables that control diet selection.
Foraging environments present challenges to herbivores because
nutrients and toxins vary temporally and spatially, not only among
plant species, but within individual plants as well. Herbivores meet
the challenge of selecting nutritious foods and avoiding toxic ones
through learning (Provenza and Balph 1990). Our objective is to
develop explanations for why herbivores fail to learn about phyto-
toxins under certain conditions. To do so, we first discuss how
herbivores learn to select diets; we then consider mechanisms that
enable herbivores to ingest toxins; and we conclude by developing
hypotheses about why herbivores overingest phytotoxins.

How Herbivores Learn to Select Diets

Animals process information about foods through 2 interrelated
systems: affective and cognitive (Garcia 1989). Taste plays a prom-
inent role in both systems (Fig. 1). The affective system integrates
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Fig. 1. Schematic representation of affective and cognitive processes in
diet selection. The affective system begins with and integrates the taste of
food with postingestive feedback. This system causes changes in the
intake of food items that depend on whether the postingestive feedback is
aversive or positive. The net result is incentive modification. The cogni-
tive system integrates the odor and sight of food and its faste. Animals
use the senses of smell and sight to detect subtle differences in foods and
to select or avoid specific food items. The net result is behavior
modification.

the taste of food with postingéstive feedback. This system causes

changes in the intake of food items that depend on whether the

postingestive feedback is aversive or positive. The net result is
incentive modification. On the other hand, the cognitive system
integrates the odor and sight of food with its taste. Animals use the
senses of smell and sight to differentiate among foods, and to select
or avoid foods whose postingestive feedback is either positive or
aversive. The net result is behavior modification. Cognitive expe-
riences can be further divided to include use of the senses of sight
and smell to learn from mother, learn from conspecifics, and learn
through trial and error. Together, affective and cognitive processes
provide flexibility for animals to maintain homeostasis as their
nutritional needs and environmental conditions change (Provenza

and Balph 1990).

The anatomical and physiological mechanisms underlying affec-
tive and cognitive systems have been fairly well established (Garcia
et al. 1982, 1985; Castellucci 1985; Kupfermann 1985a,b). Taste
afferents converge with visceral afferents in the solitary nucleus of
the brain stem. The solitary nucleus has bidirectional connections
with the area postrema which is thought to monitor nutrients and
toxins directly in the blood stream and indirectly through visceral
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afferents (Garcia y Robertson and Garcia 1987). Taste and visceral
afferents from these structures proceed to the limbic system, where
the hypothalamus and related structures maintain homeostasis in
the internal environment through the endocrine system, the auto-
nomic nervous system, and the neural system concerned with
motivation and drive (i.e., incentive modification). Higher cortical
centers interact with the hypothalamus through the limbic system,
and regulate the internal environment primarily by indirect action
on the external environment (i.e., behavior modification). These
alternative means of regulating the internal environment generally
function in parallel. For example, the taste of food is adjusted
according to that food’s effect on the internal environment; on the
basis, animals use thalamic and cortical mechanisms to select foods
that are nutritious and avoid those that are toxic. In what follows,
we review what is known or suspected about the abilities of herbi-
vores to relate food flavors (taste plus odor) with postingestive
feedback, and to differentiate among foods based on preingestive
experiences.

Affective Processes: Relating Foods with Postingestive Feedback
Conditioned Food Aversions

There are well supported theoretical arguments, and there is
growing empirical evidence, that learned aversions are an impor-
tant aspect of food selection in animals (Lindroth 1988, Provenza
and Balph 1990). Indeed, learned food aversions have been demon-
strated using a diverse array of compounds (Riley and Tuck 1985),
in species as phylogenetically and ecologically diverse as garter
snakes and tiger salamanders; quail, blackbirds, bluejays, and
crows; rats, opossums, and mongooses; coyotes and timber wolves;
goats, sheep, and cattle; olive baboons and humans (see reviews by
Barker et al. 1977; Zahorik and Houpt 1977, 1981; Braveman and
Bronstein 1985; Provenza and Balph 1988, 1990). Such observa-
tions suggest that learning is important in preventing fatal phyto-
toxicosis in nature.

Herbivores have physiological mechanisms to counter phyto-
toxins (see next section), and if the capacity of these detoxification
systems is exceeded, mammals become ill and may die. However,
mammals usually adjust intake to avoid intoxication. To do so,
they must sample foods to determine when the concentrations of
toxins change as a result of growth processes and previous herbi-
vory (Bryant et al. 1983; Freeland and Janzen 1974; Westoby 1974,
1978). Sheep (Thorhallsdottir et al. 1987, Burritt and Provenza
1989a, du Toit et al. 1991b), goats (Provenza et al. 1990, Distel and
Provenza 1991), and cattle (Pfister et al. 1990) sample foods and
regulate their intake of nutritious plants that contain toxins. If
toxicity decreases, the taste of the plant is no longer paired with
aversive postingestive feedback. Any nutritional value the plant
provides will cause intake of the plant to increase. In contrast,
intake decreases as the toxicity of the plant increases.

Animals may regulate their intake of potentially toxic foods
through aversive feedback from the emetic system of the midbrain
and brainstem (i.e., area postrema), which is the same system
responsible for nausea and vomiting in humans. The emetic system
can be stimulated through many means, which include the cardio-
vascular system, cerebrospinal fluid, and visceral afferent nerves
(Borison 1986, Davis et al. 1986, Grahame-Smith 1986, Kosten and
Contreras 1989). Feedback from the emetic system need not
involve any cognitive association or memory of aversive postinges-
tive consequences. Thus, aversive feedback can occur even while
the animal is anesthetized (Roll and Smith 1972, Bermudez-
Rattoni et al. 1988), deeply tranquilized (Forthman Quick 1984),
or when its electrocortical activity is depressed (Buresova and
Bures 1973, Davis and Bures 1972). It is imperative that the emetic
system function with long temporal delays between food ingestion
and postingestive feedback, and while animals sleep, because digestion
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and absorption can be slow processes and prolonged rest often
follows a meal.

The senses of taste and smell play important, but somewhat
different, roles in preventing toxicosis (Garcia and Holder 1985,
Garcia et al. 1985, Garcia 1989). Animals must relate the taste of a
food with aversive postingestive feedback before smell becomes
important (Fig. 1). Once animals relate taste with internal malaise,
the odor of the food can provide an indication of whether or not its
chemical characteristics have changed. The different roles of odor
and taste are further illustrated by the fact that a novel odor must
be followed immediately by aversive feedback to produce strong
odor aversion learning, but strong aversions to novel tastes can be
conditioned even when aversive feedback is delayed up to 12 hours
(Rozin 1976, Zahorik and Houpt 1981, Burritt and Provenza
1991a). When odor is combined with a distinctive taste, however,
the conditioning associated with the odor is enhanced markedly.
This effect, called potentiation, reflects the fact that a previously
weak odor cue becomes a strong associative cue when it is pre-
sented in conjunction with taste (Rusiniak et al. 1979, 1982, Holder
and Garcia).

Conditioned Food Preferences

Learned preferences based on positive postingestive feedback
are undoubtedly important for herbivores, but there is little
information concerning this hypothesis (Provenza and Balph 1987,
1990). Research concerning conditioned food preferences has
involved primarily rats, and the results clearly indicate that rats eat
more foods of nonnutritive flavors that are paired with: (1) calories
(Messier and White 1984, Booth 1985, Mehiel and Bolles 1984,
1988, Simbayi et al. 1986); (2) recovery from nutritional defic-
iencies (Garcia et al. 1967, Zahorik et al. 1974); and (3) recovery
from postingestive distress (Green and Garcia 1971, Shermanet al.
1983). Sheep develop a strong preference for nonnutritive flavors
that are paired with glucose over nonnutritive flavors that are
paired with the nonnutritive sweetener saccharine (Burritt and
Provenza 1991b). This preference can best be attributed to positive
postingestive feedback for 2 reasons. First, lambs exhibit equal
preference for the glucose and the saccharin solutions on initial
exposure; and second, lambs do not develop an aversion to the
saccharine solution during conditioning. Lambs also develop
strong preferences for poor quality foods (e.g., straw) paired with
recovery from amino acid deficiency, and they develop aversions to
diets deficient in various amino acids (Rogers and Egan 1975, Egan
and Rogers 1978). Cattle also apparently develop a preference for
supplemental protein blocks when ingesting forages low in protein
(Provenza et al. 1983). Mechanisms such as those described below
may enable herbivores to quickly associate specific foods with their
postingestive feedback, and to form preferences for those that
produce positive consequences.

In ruminants, byproducts of microbial fermentation such as
volatile fatty acids and ammonia probably affect conditioned food
preferences, as do pancreatic hormones such as insulin. Levels of
portal and jugular blood metabolites, such as volatile fatty acids,
B-hydroxybutyrate, and insulin, increase within 15 min after rumi-
nants start eating (Thye et al. 1970, Evans et al. 1975, Chase et al.
1977, deJong 1981). Blood flow through the ruminal artery
increases within 30 to 60 sec after feeding begins, and peaks about
15 min later (Barnes et al. 1986). Although the onset and termina-
tion of meals do not appear to be controlled by volatile fatty acids
(deJong 1985, Baile and McLaughlin 1987), receptors in the liver
that respond to propionate may affect feeding behavior through
afferent fibers between the hepatic plexus and the brain (Anil and
Forbes 1980). The viscera of ruminants are richly supplied with
sensory receptors and afferents to the brain (see review papers in
Milligan et al. 1986), and neurally mediated signals from the liver
affect conditioned flavor preferences and food intake in rats (Tor-
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doff and Friedman 1989). In addition, brain-gut hormones such as
cholecystokinin, which affects food intake in rats (Dourish et al.
1989) and ruminants (deJong 1985, Baile and McLaughlin 1987),
may also influence preference in rats (Mehile and Bolles 1988) and
ruminants.

A single nutrient, compound, hormone, or organ is not likely to
have a dominant role in producing conditioned food preferences,
considering the variety of nutrients needed by animals. Rather,
many mechanisms are likely to be involved, as with the control of
food intake (deJong 1985) and conditioned food aversions (Grahame-
Smith 1986). Nor is there any reason to believe that herbivores
should maximize the intake of any particular nutrient on a daily
basis throughout life, given that animals can withstand wide depar-
tures from the normal average intake of energy-rich substances,
nitrogen, various minerals, and vitamins (Booth 1985). Thus, it is
not realistic to expect to consistently find correlations between
various nutrients in plants and diet selection by herbivores (Wes-
toby 1974, Arnold and Dudzinski 1978). Rather, homeostatic regu-
lation needs only some increasing tendency, as a result of a deficit
of some nutrient, to generate behavior to correct the disorder.
Extreme states should cause herbivores to search for foods that
rectify nutrient deficiencies and to form preferences for such foods.

Cognitive Processes: Differentiating Among Foods Based on
Preingestive Experiences

Cognitive (preingestive) experiences involve the use of the senses
of sight and smell to differentiate among foods (Fig. 1). Such
experiences alone can influence the development of dietary habits
when they involve use of the senses of sight and smell to: (1) learn
from mother, (2) learn from conspecifics, and (3) learn through
trial and error. Cognitive experiences interact with affective (post-
ingestive) experiences to further determine diet selection in
herbivores.

Learning from Mother

The inefficiency and risk of error associated with learning about
foods solely through trial and error based on postingestive feed-
back could provide selective pressure for herbivores that feed in
mixed-generation groups to rely on social learning. Through social
learning, foraging information can be passed from experienced to
inexperienced foragers, initially from mother to offspring. The
effect of a mother on her offspring’s dietary habits apparently
begins in utero and may continue long after weaning.

Many compounds in plants quickly cross the placenta from
mother to fetus (e.g., Smotherman and Robinson 1987, Keeler
1988), and animals may associate food flavors and gastrointestinal
consequences while in utero (Hepper 1989). Thus, what is learned
in utero and from mother’s milk about flavors undoubtedly has
both affective and cognitive elements. Rats form preferences for
(Hepper 1988) and aversions to (Stickrod et al. 1982, Smotherman
1982) food flavors based on experiences in utero, and there are
sensitive periods for learning in utero (Hill and Przekop 1988). The
fetal taste system of lambs is functional during the last trimester of
gestation (Bradley and Mistretta 1973), and fetal taste experiences
may affect adult food preferences in herbivores such as goats,
sheep, and cattle (Bradley and Mistretta 1973, Hill and Mistretta
1990, Nolte et al. 1991). Foods ingested by mother also influence
the flavor of her milk (Bassette et al. 1986), which subsequently
affects preferences for solid foods in rats (Galef and Sherry 1973,
Capretta and Rawls 1974) and ruminants (Morrill and Dayton
1978, Nolte and Provenza 1992). Thus, the food preferences of
young livestock are being conditioned before they ever begin to eat
solid food.

As young herbivores begin to forage, learning efficiency is
increased when they learn which foods to eat and which foods to
avoid from their mothers. For example, lambs whose mothers have
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learned to avoid a food that causes postingestive distress learn to
avoid that food more quickly than lambs reared without their
mothers (Burritt and Provenza 1989a; Mirza and Provenza 1990,
1991a,b, see also Galef 1985a). Likewise, lambs learn to ingest
foods preferred by their mothers more rapidly than lambs reared
without their mothers (Mirza and Provenza 1990, 1991a,b; Thor-
hallsdottir et al. 1990a; Nolte et al. 1990). Such socially mediated
feeding behavior fosters foraging traditions in social animals
(Hunter and Milner 1963, Lynch 1987, Key and Maclver 1980,
Roath and Krueger 1982).

Learning from Conspecifics

Social learning theory predicts that the most important models
for a young animal are its mother and young companions (Ban-
dura 1977). Clearly, mother has a marked effect on the establish-
ment and persistence of her offspring’s dietary habits (e.g., Key and
Maclver 1980; Lynch et al. 1983; Green et al. 1984; Lynch 1987;
Thorhallsdottir et al. 1990a,b; Nolte et al. 1990; Mirza and Pro-
venza 1990, 1991a,b). As a young animal ages, however, it depends
less on its mother for milk, and a mother apparently has less
influence on her offspring’s dietary habits (Hinch et al. 1987; Mirza
and Provenza 1990, 1991a). Thus, as its mother’s influence
decreases, the influence of a young animal’s young companions
probably increases.

Young lambs markedly influenced one another’s intake of food.
For instance, averted lambs increase ingestion of C. montanus
when foraging with nonaverted conspecifics on pastures (10% of
time spent ingesting C. montanus for averted lambs versus 19% of
time for nonaverted lambs), even though ingestion of C. montanus
was previously associated with the toxin lithium chloride in the
averted lambs (Provenza and Burritt 1991). The results of Pro-
venza and Burritt (1991) contrast sharply with results of Burritt
and Provenza (1989b, 1990), where averted and nonaverted lambs
grazed on separate pastures. In those studies, averted lambs spent
much less time browsing C. montanus than nonaverted lambs
(summer of 1987, 0.2% to 0.4% versus 15% to 35% for averted and
nonaverted lambs, respectively; summer of 1988, 0% to 0.2% ver-
sus 3% to 26% for averted and nonaverted lambs, respectively).
Social influences have also ameliorated aversions in sheep fed a
pelleted diet in pens (Thorhallsdottir et al. 1990c), in cattle grazing
on pastures (Lane et al. 1990, Ralphs and Olsen 1990), and in rats
(Galef 1985b, 1986). The capacity of such interactions to amelio-
rate food aversions suggests that social influences are a major
determinant of diet selection in social animals.

The effects of group composition (heterogeneous versus homo-
geneous for treatments) during conditioning also affected the use
of C. montanus by lambs in the studies of Provenza and Burritt
(1991). During conditioning, lambs in the heterogeneous groups
were averted to C. montanus in the presence of lambs that were
eating C. montanus. In the homogeneous groups, however, all
lambs were averted to C. montanus during conditioning. After
conditioning, when the lambs were foraging on pastures, lambs in
the heterogeneous groups spent significantly more time browsing
C. montanus than lambs in the homogeneous groups (e.g., trial 2,
119% versus 4%; trial 3, 179% versus 3%; trial 4, 43% versus 28%).

Learning through Trial and Error

Learning from social models decreases the risk inherent in learn-
ing through trial and error if young animals remember foods and
sample novel foods cautiously. Young herbivores can remember
foods with either aversive (Distel and Provenza 1991, Lane et al.
1990, Burritt and Provenza 1990) or positive (Distel and Provenza
1990, Green et al. 1984, Squibb et al. 1990) postingestive conse-
quences for at least 1 to 3 yr. To avoid overingesting potentially
toxic foods, young animals should also be able to identify novel
foods and they should sample them cautiously, which is character-
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istic of sheep and goats (Chapple and Lynch 1986; Chapple et al.
1987a,b; Thorhallsdottir et al. 1987, 1990a; Burritt and Provenza
1989a; Provenza et al. 1990). Animals that experience either
unpleasant or pronounced positive postingestive consequences
should attribute those consequences to novel rather than familiar
foods, which is how sheep and goats behave after they receive as
many as 4 familiar foods and 1 novel food, and a delay between
ingestion and consequences of up to 6 hours (Burritt and Provenza
1989a, 1991a; Provenza et al. 1990). Herbivores must also sample
foods, even familiar foods in familiar environments, because the
nutrient content and toxicity of plants change frequently. When
the toxicity of a plant diminishes, its flavor is no longer paired with
aversive postingestive feedback, and any nutritional value the
plant provides will cause intake of the plant to increase.

How Herbivores Are Able to Ingest Phytotoxins

Several mechanisms enhance the ability of animals to ingest
phytotoxins. Physiological mechanisms include: (1) binding the
compound before it can exert its action, (2) metabolizing the
compound so it cannot exert its action, and (3) tolerating the
compound (see reviews in this proceedings, Lindroth 1988). In
addition, Siegel (1975) argues that conditioning is important.
According to Siegel (1975), some ability to safely ingest phytotox-
ins results from an association of the effects of the compound with
those environmental cues that reliably precede the effects. Thus,
conditional responses complement physiological responses and
further decrease herbivore susceptibility to toxins.

Physiological Responses
Binding

The ability to ingest potentially harmful phytochemicals could
result from a systemic change within the animal which causes the
compound to be bound before it exerts its action. For example, the
size of parotid salivary glands, and their production of proline-rich
proteins, increases in response to diets high in tannins in rats
(Mehansho et al. 1983). Proline-rich salivary proteins apparently
are a primary defense of rats against the adverse effects of tannins.
They may serve the same function in some herbivores by forming
tannin-protein complexes that pass inactively through the gas-
trointestinal tract (Robbins et al. 1987, Austin et al. 1989).

Metabolizing

Exposure to toxins may increase an animal’s ability to metabol-
ize the compound. In ruminants, the response involves organs such
as the liver and rumen, as well as rumen microbes (Allison and
Rasmussen 1991, Smith 1992). The liver can decrease the toxicity
of compounds absorbed from the gastrointestinal tract by increas-
ing or decreasing enzyme production, multiplication of specific
organelles, or by increasing growth of the entire organ (Schulte-
Hermann 1979). Phytochemicals such as terpenes and oxidized
sterols induce enzymatic activity and liver growth (Wade et al.
1968, Wattenburg et al. 1976, Shulte-Hermann 1979). Pyrrolizi-
dine alkaloids can be detoxified via ester hydrolysis, or activated
via dehydrogenation to toxic pyrrolic metabolities (Mattock
1985). Ruminal metabolism may be the primary defense against
some toxins, and the ability of rumen papillae and wall tissue to
detoxify many compounds may exceed that of the liver (Smith
1986). In addition, microbial species change rapidly to enable
ruminants to ingest various phytotoxins (Allison 1978, Allison and
Rasmussen 1991). Rumen microbes reduce the toxicity of oxalates,
cyanide, and pyrrolizidine alkaloids (Allison 1978, Smith 1986).
Work with Leucaena leucocephalain Australia also illustrates that
new microbial species can enhance detoxification by ruminants
(Jones and Megarrity 1983, 1986), and genetic engineering may
produce microorganisms capable of degrading specific plant tox-
ins (C. Orpin, pers. comm.).
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Tolerating

The role of tolerance in diet selection by herbivores is unknown,
but it may be important. Tolerance is defined operationally as
either the reduced effect of the same dose of a toxin on subsequent
ingestion, or a need to increase the dosage to maintain the same
level of effect (Adler and Geller 1984). Research on tolerance
emphasizes drugs like morphine, hieroin, and alcohol, and involves
the closely related phenomenon of dependence. Dependence is
defined operationally as the series of events associated with chronic
abuse of a drug, including the potential for abuse and the potential
for behavioral and physical signs of abstinence. Tolerance and
dependence are not inextricably linked (Adler and Geller 1984),
thus an animal could develop a tolerance for a toxin without also
developing a dependence on the toxin. Despite the lack of a clear
understanding of the mechanisms responsible for tolerance and
dependence, they are qualitatively different from those involving
binding and metabolism.

Variability in Physiological Responses

Animals within a species vary in their ability to ingest phytotox-
ins. Variation exists among individuals in herbivores (Dove 1935,
Arnold and Dudzinski 1978) and in humans (Weiss 1986), where a
significant proportion of the population is generally hypersuscept-
ible to a toxin. For example, some sheep fed a high (2.5X) level of
Galega officinalis failed to show any clinical symptoms of toxico-
sis, while others were killed by a low (1.0X) dose (Keeler et al.
1988). Sheep show comparable variation in susceptibility to Ver-
besina encelioides (Keeler et al. 1992), and goats show similar
variation in susceptibility to condensed tannins in Coleogyne
ramosissima (Provenza et al. 1990). Differences in ability to bind,
metabolize, and tolerate phytotoxins may help to explain variation
in diet selection among individuals. Such variation forms the basis
for natural selection, which can result in subpopulations of herbi-
vores who differ in their abilities to ingest phytotoxins that occur in
different environments within the range of species (Provenza and
Balph 1990).

Conditional Responses
Classical Conditioning

Learning facilitates changes in behavior in response to changes
in environmental conditions. One learning mechanism, that of
classical conditioning elaborated by Pavlov (1927), involves re-
sponses that are generated reflexively. For example, a metronome
elicits salivation in dogs when it is reliably followed by food. Such
responses involve both unconditional and condition reflexes. An
unconditional reflex consists of an unconditional stimulus (e.g.,
food) and the unconditional response (e.g., salivation) it evokes. A
conditional reflex consists of a conditional stimulus (e.g., metro-
nome) and the conditional response (e.g., salivation) it evokes.
Such stimulus-response relationships pair previously neutral sti-
muli with the unconditional stimulus.

Some argue that the purpose of such conditioning is to prepare
animals for the unconditional stimulus (Chance 1988). For exam-
ple, when a dog responds to a metronome by salivating, the dog
prepares to digest the food. The pairing of objects or events,
whether accidental or intended, can lead to conditional responses
that involve organs, glands, smooth muscles, and even immune
processes (Ader and Cohen 1985). Odors, sights, and sounds asso-
ciated with food play a similar role in daily life. Such conditional
responses are influenced by at least 5 different factors including: (1)
animal morphology, (2) animal physiology/biochemistry, (3)
animal developmental history, (4) stimulating objects, and (5)
environmental context (Kuo 1967).

Classical Conditioning and Toxicosis
Environmental stimuli associated with foraging could prepare
herbivores to ingest phytotoxins. Pavlov (1927) viewed the admin-
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istration of a drug as a conditioning trial; the pharmacological
assault constitutes the unconditional stimulus and the antecedent
environmental cues serve as the conditional stimuli. The direction
of conditional response to drugs is commonly opposite to that of
the unconditional response, which serves to decrease the net effect
of the drug over time. For example, the unconditional response to
morphine decreases sensitivity to pain, while the conditional
response to stimuli associated with morphine injection increases
sensitivity to pain. Repeatedly presenting stimula associated with
morphine administration effectively reverses morphine tolerance,
which suggests the response is conditional (Siegel 1975). Likewise,
conditioning moderates the normal effects of alcohol (Lightfoot
1980).

Why Herbivores Ingest Phytotoxins

We believe herbivores overingest toxic plants because affective
and (or) cognitive systems fail. The following section concerns
situations in which the affective system is likely to fail as a result of:
(1) phytotoxins evading the emetic system, (2) interactions between
aversive and positive postingestive consequences, or (3) changes in
environmental context. In addition, we discuss how cognitive sys-
tems may fail when herbivores are unable to distinguish: (1) subtle
molecular changes that render nontoxic plants toxic, (2) toxinsin 2
or more plants, or (3) nutritious versus toxic plants in familiar or
unfamiliar environments.

The division between affective and cognitive processes is some-
what artificial because they are so tightly coupled in foraging: when
the affective system fails, the cognitive system is likely to play some
role in the deficiency, and when the cognitive system fails, the
affective system is likely to be responsible in part. Thus, our intent
is not necessarily to draw a clear distinction between the 2 pro-
cesses, but to focus attention on the system that appears to be most
responsible for the inability of herbivores to learn to avoid phyto-
toxins. The examples illustrate how herbivores may inadvertently
overingest phototoxins and are presented as working hypotheses.

Affective Processes: Relating Foods with Postingestive Feedback
Circumventing the Emetic System

Herbivores may readily ingest some toxic plants and avoid some
nontoxic plants, because not all toxic compounds cause aversive
postingestive feedback and some nontoxic compounds produce
aversive feedback (Garcia et al. 1985, Gamzu et al. 1985, Riley and
Tuck 1985, Provenza et al. 1988). Any physiological, emotional, or
perceptual event, or any chemical agent that affects the emetic
system of the midbrain and brainstem presumably causes aversive
feedback (Garcia 1989). Drugs such as lithium chloride, which
affect the emetic system (Coil et al. 1978), cause strong food
aversions but only weak place aversions in rats (Lett 1985). Con-
versely, compounds like gallamine, which causes neuromuscular
blockage, or naloxone, which blocks the action of endogenous
opiates on pain, cause strong place aversions but only weak food
aversions in rats (Lett 1985). Likewise, drugs such as nembutal,
strychnine, and cyanide affect the nervous system and metabolic
processes, but not the emetic system, and thus do not cause condi-
tioned food aversions (Garcia et al. 1985). Nor do animals neces-
sarily learn to avoid foods that cause allergies, bloating, or lower
intestinal discomfort, again because stimulation of the emetic sys-
tem apparently is essential for producing conditioned food aver-
sions (Pelchat et al. 1983, Garcia et al. 1985, Garcia 1989).

Aversive versus Positive Consequences

Research on conditioned preferences and aversions clearly sug-
gests that the intake of food depends on postingestive feedback.
Thus, the question arises: What happens when there are immediate
positive but delayed aversive postingestive feedback, as when live-
stock ingest nutritious poisonous plants such as Delphinium bar-

JOURNAL OF RANGE MANAGEMENT 45(1), January 1992



beyi? Small amounts of D. barbeyi enhance ruminal fermentation,
forage intake, and digestion (Pfister et al. 1989), and consumption
of D. barbeyi by cattle generally increases over a 2- to 4-day period
before declining dramatically (Pfister et al. 1990). Alkaloids from
D. barbeyi apparently accumulate in vivo and have maximum
aversive effects in 2 to 4 day (J.D. Olsen, personal communication).

Such findings lead to the following hypothesis: the longer the
delay between food ingestion and aversive postingestive feedback,
and the higher the proportion of positive to aversive postingestive
feedback during that time, the more likely livestock will sample
and continue to ingest the food. This is consistent with the fact that
an aversion to a food increases with severity of the illness, and
decreases the longer the delay between food ingestion and illness
(Garcia et al. 1974, Burritt and Provenza 1991a, duToit et al. 1991).
Undoubtedly, any positive feedback during that time increases the
preference and weakens the aversion for the food.

Changing Environmental Context

Environmental stimuli can elicit conditional responses to toxins
in rats, and survival following heroin overdose improves if expo-
sure to heroin occurs in the same environment (Siegel et al. 1982).
Rats, with or without previous experience with heroin, were given
a strong dose of heroin either in a familiar or a novel setting. The
dose was lethal for 32% of the experienced rats in a familiar
environment, 64% of the experienced rats in a unfamiliar environ-
ment, and 96% of the inexperienced rats in an unfamiliar environ-
ment. Siegel and Ellsworth (1986) cite a cancer patient who died
when injected with morphine in a different room; the patient had
tolerated the same dose when injected every 6 hours for 4 weeksina
familiar room. Likewise, social drinkers are more impaired when
they drink ethanol at unusual times or in different settings (Dafters
and Anderson 1982, Jones 1974, Shapiro and Nathan 1986, Siegel
and Sdao-Jarvie 1986).

Given these findings, it is possible that herbivores may die from
ingesting otherwise harmless amounts of plant toxins when envi-
ronmental context changes. The relevant contextual cues in the
case of herbivores may include anything from specific plants, to
grazing cohorts, to foraging environments. Unfortunately, little is
known about the role of context in toxicosis of herbivores because
research most often focuses on specific independent variables, and
neglects the larger and more diffuse but very relevant contextual
aspects of treatment settings.

Cognitive Processes: Differentiating Among Nutritious and Toxic
Foods
Molecular Changes that Render Nontoxic Plants Toxic

Herbivores have well-developed visual, olfactory, and gustatory
faculties (Goatcher and Church 1970a,b; Arnold and Hill 1972;
Arnold et al. 1980; Grovum and Chapman 1988), but in some cases
they may not detect or respond to changes in plant chemistry
associated with toxicity. For example, Burritt and Provenza
(1989a) determined whether lambs would avoid a novel food (milo)
even though the toxin lithium chloride (LiCl) was administered to
them through a familiar food (barley). Lambs first received barley
treated with sodium chloride (NaCl) for 3 weeks. In daily trials
following the barley-NaCl exposure, lambs first received milo and
then received barley treated with LiCl. Lambs stopped consuming
milo, but did not reduce barley consumption, even though the
barley contained the LiCl. Thus, the lambs either did not detect or
did not respond to the differences between the LiCl- and NaCl-
treated barley. The ability of herbivores to detect subtle molecular
changes that affect toxicity could be ascertained by using operant
techniques in discrimination trials (Pfister et al. 1992).

Subtle changes in plant chemistry can render nontoxic plants,
toxic, and in some instances herbivores may not detect or respond
to such changes. Slight stereochemical differences in condensed
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tannins render shrubs such as Purshia tridentata less aversive than
shrubs such as Coleogyne ramosissima (Clausen et al. 1990, Pro-
venza et al. 1990). Teratogenicity of steroidal alkaloids is deter-
mined by the position of the nitrogen (« vs. ) in the ring structure
(Keeler 1984). The toxic alkaloid methyllycaconitine in Delphinium
brownii becomes inactive when the aromatic ester group is
removed (Aiyar et al. 1979). Centaurea spp., implicated in equine
neurotoxicity, contain sesquiterpene lactones of which repinis 3 to
4 times more toxic than its C-17 isomer subluteolide (Riopelle et al.
1991). The toxicity of Stypandra imbricata varies by region in
Australia; toxic populations contain binaphtalene-tetrol named
stypandrol, while nontoxic populations contain stypandrone, the
oxidative form of the stypandrol precursor dianelliden (Colegate et
al. 1991).

Concentrations of phytotoxins can change dramatically within
hours as a result of diurnal fluctuations (Fairbain and Suwal 1961),
or within minutes due to environmental changes such as rainfall
(O’Dowd and Edgar 1989). Moreover, toxicity can change rapidly
even though the concentration of a class of compounds like alka-
loids does not. When individual diterpenoid alkaloids of Delphi-
nium barbeyi change, apparently in response to rainfall, cattle
consume more of the plant and mortality increases, although rain-
fall has not yet been linked directly with larkspur ingestion (Pfister
etal. 1988a,b). Further, the proportions of individual pyrrolizidine
alkaloids shift rapidly, and also vacillate between the nontoxic
N-oxide form and the toxic free-base forms (Mattock 1985,
O'Dowd and Edgar 1989). Pyrrolizidine alkaloids change rapidly
from the tertiary to the N-oxide form as the seeds of Crotalaria
scassellatii develop (Toppel et al. 1988).

Toxins in 2 or More Plant Species

It may be difficult for herbivores to associate toxicity with a
specific food when the same toxin exists in more than 1 food, or
when 2 or more compounds in different foods interact to cause
toxicity. For instance, goats and deer ingest many plant species
that are high in tannins (e.g., Provenza and Malechek 1984, Rob-
bins et al. 1987, Provenza et al. 1990); how they limit intake of
tannins under such conditions is unknown. Herbivores also
encounter synergistic effects. Research is needed to determine the
specific conditions under which toxicosis is likely to occur when
the same toxin exists in more than 1 food, or 2 or more compounds
in different foods interact to cause toxicity. For instance, sheep
that consume Cicuta spp. may then be more susceptible to the
compounds in Verbesina encelioides (Keeler et al. 1992). Various
Astragalus and Oxytropis species contain toxic nitro compounds
(miserotoxins) and selenium, which have synergistic effects on
toxicity (Williams 1989). Sheep that consume Artemisia nova
before Tetradymia glabrata are predisposed to photosensitization
(Johnson 1974a,b). Photosensitization is not likely to cause a food
aversion because the consequences do not involve the emetic sys-
tem, but the hepatic dysfunction associated with ingesting these 2
plant species might cause a conditioned food aversion.

Under some circumstances, animals can learn to ingest plants
that will minimize the effects of 1 or more toxins. To do so,
herbivores need only associate aversive consequences with 1 of the
plants containing toxic compounds. For instance, goats can detect
differences in condensed tannin concentrations in different plant
parts, and reduce intake of either or both plant parts to limit
overall intake of condensed tannins (Provenza and Malechek 1984,
Provenza et al. 1990, Distel and Provenza 1991). In addition, mice
allowed to chose between a tannin-containing and a saponin-
containing food ingest an amount of each such that toxic effects are
minimized (Freeland et al. 1985). Toxicity occurs when mice are
forced to consume a diet containing predetermined proportions of
both compounds.
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Nutritious versus Toxic Plants in Familiar or Unfamiliar
Environments

Experience early in life may affect consumption of poisonous
plants during aduithood. A mother that avoids poisonous plants
during gestation, lactation, and when her offspring are learning to
forage, may teach the young to avoid the plants (Thorhalisdottir et
al. 1990b; Mirza and Provenza 1990, 1991a,b). The opposite
behavior by the mother may predispose her offspring to ingest the
plants. Rats prenatally exposed to alcohol voluntarily consume
more alcohol as adults (Molina et al. 1987). Livestock exposed
during gestation to putative addicting plants, such as Astragalus
and Oxytropis, may respond similarly. Young livestock also prefer
solid foods whose flavors were in mother’s milk (Morrill and
Dayton 1978; Nolte and Provenza 1972), and may be predisposed
to eat poisonous plants whose flavors are transferred through her
milk (Panter and James 1990). Social models influence food inges-
tion by young livestock (Chapple et al. 1987b; Thorhallsdottir et al.
1990a,b,c; Nolte et al. 1990; Mirza and Provenza 1990, 1991a,b),
and young animals are probably predisposed to ingest toxic plants
preferred by the mothers. Conspecifics can cause animals to ingest
foods that have been paired with toxicity (Lane et al. 1990, Thor-
hallsdottir et al. 1990c, Provenza and Burritt 1991). Young animals
are apparently more susceptible to social influences than older
animals, and the fewer alternative forages available, the more
likely herbivores will ingest harmful foods ingested by conspecifics
(Thorhallsdottir et al. 1990c).

Herbivores moved to an unfamiliar environment are apparently
more prone to suffer from malnutrition and to ingest poisonous
plants than those feeding in a familiar environment (Provenza et al.
1988, Provenza and Balph 1990). This could be due to enhanced
effect of a toxin caused by a change in context, and (or) inability of
herbivores to detoxify compounds in the new environment. In
addition, it may be difficu]t for herbivores moved to a new envir-
onment to differentiate nutritious from toxic foods because all
foods are novel (Burritt and Provenza 1989a). Animals moved to
unfamiliar environments often develop aversions to toxic plants,
but many die in the process. Ninety percent of the naive goats
introduced into pastures containing Eupatorium rugosum died
during the first 2 weeks of grazing, but survivors learned to avoid
the plant (J. Reagor pers. comm.). Sheep in South Africa eat
Senecio spp. for the first 3 days in an unfamiliar pasture, but then
refuse to eat Senecio spp. even if starving (Kellerman 1987).
Ranchersin South Africa give cattle, by gavage, a sublethal prepa-
ration of Homeria pallida to prevent deaths (Strydom and Joubert
1983), and report that only naive or extremely hungry animals eat
the plant. Naive animals given a preparation of H. pallida, or
untreated animals that survive beyond 4 days of grazing pastures
containing H. pallida, learn to avoid the plant (Strydom and
Joubert 1983). Many cattle deaths caused by Delphinium barbeyi
occur within 10 to 14 days after cattle enter a new pasture; survi-
vors may learn to avoid ingesting a lethal dose (Olsen and Ralphs
1986).

Conclusions

Our hypothesis is that herbivores overingest toxic plants because
affective and cognitive systems fail under certain conditions. Our
understanding of affective and cognitive systems in herbivores is
limited, as is our understanding of the specific conditions under
which these systems fail. Thus, we believe that researchers face 2
challenges. First, we need to thoroughly understand how affective
and cognitive processes affect diet selection. This paper offers a
conceptual framework in which to study these processes. Second,
we must use our understanding of affective and cognitive processes
to investigate why herbivores ingest specific poisonous plants.
Careful experimental analysis will clarify the nature, and lead to
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the prevention, of intake of poisonous plants by herbivores.
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