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Abstract The detoxification limitation hypothesis is firmly entrenched in the
literature to explain various aspects of the interaction between herbivores and
plant toxins. These include explanations for the existence of specialist and generalist
herbivores and for the prevalence of each of these. The hypothesis suggests that the
ability of mammalian herbivores to eliminate plant secondary metabolites (PSMs)
largely determines which plants, and how much, they can eat. The value of the
hypothesis is that it provides a clear framework for understanding how plant toxins
might limit diet breadth. Thus, it is surprising, given its popularity, that there are few
studies that provide experimental support either for or against the detoxification
limitation hypothesis. There are two likely reasons for this. First, Freeland and
Janzen did not formally propose the hypothesis, although it is implicit in their paper.
Second, it is a difficult hypothesis to test, requiring an understanding of the
metabolic pathways that lead to toxin elimination. Recent attempts to test the
hypothesis appear promising. Results suggest that herbivores can recognize
mounting saturation of a detoxification pathway and adjust their feeding accordingly
to avoid intoxication. One strategy they use is to ingest a food containing a toxin
that is metabolized by a different pathway. This demonstrates that careful selection
of food plants is a key to existing in a chemically complex environment. As more
studies characterize the detoxification products of PSMs, we will better understand
how widespread this phenomenon is.
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Introduction
Free-ranging mammalian herbivores can usually feed from a wide variety of plants,
but most do not forage at random. Rather, they make careful choices about what
they eat. Ultimately, these choices need to provide the animal with its nutritional
requirements for maintenance, growth, and reproduction, without causing harm. It
is well known that captive herbivores can select a balanced diet if given a variety of
foods containing different individual nutrients (Wang and Provenza, 1997; Aranda
et al., 2000; Scott and Provenza, 2000) or different concentrations of a given nutrient
(Shariatmadari and Forbes, 1993; Gous and Swatson, 2000). No doubt, free-ranging
herbivores can do the same. There is an important difference, however, between
captive and wild animals: the latter must obtain their nutrients from plants that
often have potentially toxic chemicals. Put simply, herbivores need to eat plants, but
plants have developed many chemicals, known as plant secondary metabolites
(PSMs), that act as defensive agents. Not surprisingly, given the diversity of plants,
PSMs are extremely diverse and widespread and often occur in sufficient quantities
to harm, or even kill, any animal that might eat it. As Freeland and Janzen (1974)
point out, however, it is much easier to find animals that eat plants known to contain
toxins than to find animals that can avoid them entirely. It seems that herbivores
cannot reliably avoid ingesting PSMs, and instead have evolved a suite of
mechanisms to counter their effects (Fig. 1).
There is no doubt that PSMs can influence feeding by mammalian herbivores,
reducing food intake, altering dietary preferences, and sometimes even killing the
animal (Foley et al., 1999). However, because of the difficulties in studying these
interactions with wild animals, most of the evidence comes from domestic or captive
animals. For example, cattle ingesting large amounts of alkaloids from rangeland
plants or cardiac glycosides from oleander can die (Galey et al., 1998; Pfister et al.,
2001). A less extreme example is of lambs that choose to eat less of a diet containing
terpenes than one free of terpenes (Villalba and Provenza, 2005). Another scenario
is of researchers feeding natural diets, but with only a partial understanding of the
PSMs that the animal faces. Eucalyptus foliage, which is well known as a rich source
of tannins, phenolics, and terpenes (Moore et al., 2004), to list just a few PSMs, is a
prime example. Increasing concentrations of formylated phloroglucinol compounds
(FPCs) in eucalypt foliage restrict feeding by marsupial folivores, but at any
concentration of FPCs, there is typically wide variation in food intake (Wallis et al.,
2002; Marsh et al., 2003; Moore et al., 2005). This implies that compounds other than
FPCs also influence feeding.
The depression of food intake by PSMs is not uniform. There are other instances
where animals have shown almost no response to extremely high dietary PSM
concentrations. For example, common brushtail possums (Trichosurus vulpecula)
maintained their food intake when the dietary concentration of rutin (a glycoside of
quercetin) increased from 0 to 27% of dry matter (Marsh et al., 2006). Perhaps even
more bizarre is the decline in feeding when brushtail possums are given a diet
containing small amounts of free amino acids (DeGabriel et al., 2002; Marsh et al.,
2005). In this case, the nutrients (amino acids) appear to be behaving as toxins.
The seemingly impossible complexity of plant–animal interactions may explain
why the detoxification limitation hypothesis, emanating from a review by Freeland
and Janzen (1974) some 30 years ago, has become so popular with so little
conclusive testing. The hypothesis seems reasonable on an intuitive level, but
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Fig. 1 Schematic of the possible fates of PSMs encountered by herbivores. Availability of
alternative foods and the current detoxification capacity of the herbivore are some examples of
factors that may influence whether a herbivore chooses to ingest a particular PSM. Because these
factors can change, it may choose differently at different times. However, once a PSM has been
ingested, its fate will depend on the particular PSM–herbivore combination

further understanding of the processes involved, as well as more specific testing, will
further strengthen and refine it.

The Fate of Plant Secondary Metabolites
Animals have many defenses against PSMs (Fig. 1), the first being avoidance of
plants that contain them. This may be a learned response (Provenza, 1996) or an
initial reaction to the aversive sensory properties of the PSM (Foley et al., 1999).
The second line of defense is to retain the PSM in the gastrointestinal tract and
perhaps modify it there. This strategy might be a physiological response of the
animal, or it might occur through a synergistic association with microbes. The
responses of animals that ingest tannins provide examples of both mechanisms.
Mule deer (Odocoileus hemionus) respond to tannins by producing proline-rich
salivary proteins that bind them (Robbins et al., 1991), whereas koalas (Phascolarctos cinereus) have a symbiotic relationship with tannin-degrading bacteria
(Osawa et al., 1993).
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However, a great many PSMs have features that enable ready absorption from
the gut—they are lipid-soluble, nonpolar, and nonionic at physiological pH
(McLean and Duncan, 2006). Unless detoxified and eliminated from the body,
these compounds will eventually reach harmful concentrations, although there are
instances where metabolites are more toxic than the original compound (Tamási et
al., 2003). For excretion in the urine—the typical mode of removal for metabolites
with a molecular weight less than 500—detoxification processes convert the
molecule to one that is water-soluble, contains polar groups, and is ionic at
physiological pH (McLean and Duncan, 2006). Larger molecules are usually
excreted in the bile and may even be reactivated to the original compound in the
gut (Dearing et al., 2005).
Biotransformation (usually leading to detoxification) of PSMs occurs mainly in
the liver in two phases that may occur independently or simultaneously and involve
many enzymes. Phase I enzymes typically catalyze reactions such as oxidation,
reduction, or hydrolysis, whereas those in phase II conjugate PSMs to polar
molecules, known as conjugates. In the context of the detoxification limitation
hypothesis, it is important to realize that any herbivore will potentially have many
metabolic pathways in both phases to cope with the chemical diversity it might
encounter (Dearing et al., 2005; McLean and Duncan, 2006). For example, there are
more than 17 families of cytochrome P450 enzymes involved in oxidation reactions
(Lin and Lu, 2001) and a similarly diverse range of enzymes that conjugate
compounds to glucuronic acid (Radominska-Pandaya et al., 1999).
The particular sequence of reactions leading to the elimination of a compound is
called the detoxification pathway. As with any chemical reaction, a pathway may
become saturated for various reasons, including a depletion of enzyme or
cosubstrate, resulting in the accumulation of the PSM. Thus, the time required for
detoxification depends on the rate of detoxification, the concentration of PSM in the
plant, the amount ingested, the proportion absorbed, and the interactions between
PSMs and the physiological state of the animal, to name just a few (McLean and
Duncan, 2006).

What is the Detoxification Limitation Hypothesis?
The detoxification limitation hypothesis has its origins in the seminal paper by
Freeland and Janzen (1974). The paper emphasizes the complexity of the
interactions between animals and PSMs, but, interestingly, the authors do not
propose a hypothesis that they specifically call Bthe detoxification limitation
hypothesis.^ Instead, they finish their review with a section entitled BHypothetical
feeding behavior^ in which they summarize their expectations as follows:
Generalist herbivores should: (1) treat new foods with extreme caution; (2) be
able to learn quickly to eat or reject particular foods; (3) have the capacity to
seek out and eat plants containing highly specific classes of nutrients; (4) have to
ingest a number of different staple foods over a short period of time; (5)
preferentially feed on the foods with which they are familiar, and continue to
feed on them for as long as possible; (6) prefer to feed on foods that contain only
minor amounts of toxic plant secondary compounds; and (7) have searching
strategies and a body size that neither maximize the number of types of foods
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that are potentially available nor maximize the total amount of food eaten, but
rather compromise between these two functions.
The hypothesis as we know it was more formally delivered in a later review.
Freeland (1991) suggested that:
Feeding behavior of herbivorous mammals is thus dependent on the individual
mammal’s capacity to detoxify and/or tolerate the biological effects of particular
individual or combinations of plant secondary metabolites. Metabolites that
cannot be detoxified/tolerated are likely to be avoided, while those that can be
successfully detoxified are likely to be consumed. The rate at which a particular
plant metabolite is detoxified is of obvious importance in determining how much
a mammal eats per unit time.
The hypothesis itself has been given different names by different researchers.
Some mention its predictions without giving it a name (Provenza, 1995; Foley et al.,
1999; Burritt and Provenza, 2000), whereas others call it BFreeland and Janzen’s
hypothesis^ (Iason, 2005), the Btoxin dilution hypothesis^ (Behmer et al., 2002; Singer
et al., 2002; Duncan et al., 2003; Miura and Ohsaki, 2004), the Btoxin avoidance
hypothesis^ (Dearing and Schall, 1992; Cassini, 1994), or the Bdetoxification
limitation hypothesis^ (Dearing and Cork, 1999; Sorensen and Dearing, 2003;
Wiggins et al., 2006). It appears that the first study to propose the name
Bdetoxification limitation hypothesis^ was Dearing and Cork (1999).
Although it is more than 30 years and more than 500 citations since Freeland and
Janzen, few studies have provided conclusive experimental support either for or
against the hypothesis. Many researchers acknowledge that the detoxification
limitation hypothesis can potentially explain aspects of the feeding behavior of
herbivores (e.g., Freeland and Winter, 1975; Freeland et al., 1985; Freeland and
Saladin, 1989; Dearing and Cork, 1999; Foley et al., 1999; Hagele and RowellRahier, 1999; Burritt and Provenza, 2000; Behmer et al., 2002; Singer et al., 2002;
Wiggins et al., 2003; Miura and Ohsaki, 2004; Rogosic et al., 2006). None of these
studies, however, had the information required to rigorously test the hypothesis.
This aside, if we are to understand the influence of PSMs on animal feeding, and
thus their ecology, there is need for a hypothesis, and by far the most popular is the
detoxification limitation hypothesis.

What Does the Detoxification Limitation Hypothesis Predict
about Animal Feeding?
There appear to be three main ways that detoxification limitations might influence
an animal’s feeding behavior. The first suggests that feeding rates depend on the
rates at which herbivores can detoxify PSMs. If rates of ingestion exceed rates of
detoxification, then PSMs will accumulate. The consequences of a link between
feeding and detoxification rates are twofold. First, the herbivore will need to alter its
rate of feeding with changing concentrations of a PSM in the food to keep the rate
of ingestion of the PSM stable (Fig. 3). Second, because detoxification systems are
dynamic, an animal must adjust its rate of feeding to suit its current detoxification
state, which depends on a myriad of factors discussed by Freeland and Janzen (1974)
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and elsewhere (e.g., Foley et al., 1999; Dearing et al., 2005). For example, exposure
to a PSM often induces the production of specific enzymes involved in detoxification
(Pass et al., 1999; Boyle and McLean, 2004). An animal should alter its feeding
behavior whenever the rate of detoxification changes (Fig. 2).
The second prediction of the detoxification limitation hypothesis is that specialist
herbivores should be better at detoxifying the PSMs they encounter than should
generalists. Specialist herbivores rely on few plants for most of their food, whereas
generalist herbivores tend to eat many different plants, even when one is abundant.
Generalist herbivores are much more common than specialists, probably because
they do not have to rely on a limited food source for all of their lives (Freeland and
Janzen, 1974). Where specialist and generalist herbivores occur sympatrically,
however, such as koalas and possums in the eucalypt forests of southeastern
Australia, the dietary niches of each may indicate their differing abilities to detoxify
the PSMs in their food.
Finally, the detoxification limitation hypothesis suggests that because generalist
herbivores are less efficient than specialists at detoxifying the PSMs that are found
in a group of related plants, they must obtain their nutrients from a wider variety of
plants (Sorensen and Dearing, 2003). This variety of foods, which we will refer to as
Bdiet mixing,^ is thought to increase the amount that a generalist herbivore can eat.
For diet mixing to succeed, the detoxification limitation hypothesis assumes that the
PSMs ingested from different plants are metabolized by separate pathways.
However, even the detoxification of an individual PSM is complex, with many
using several pathways for detoxification. This is illustrated in Table 1, showing the
detoxification pathways that brushtail possums use for six PSMs. It shows that some
PSMs share pathways, and so, when ingested simultaneously, may interact. For
example, two PSMs partially overlap when they are both absorbed into the
bloodstream, transformed by different processes during phase I, but then conjugated
with the same molecule, such as glucuronic acid, in phase II. In contrast, an animal
may ingest a food rich in benzoic acid, which is rapidly absorbed and detoxified by
conjugation with glycine. It might simultaneously ingest a food rich in tannins, which
combine with salivary proteins and remain in the gut pending excretion (Robbins et
al., 1991). Discounting any interaction in the gut, there appears little competition
between the two PSMs for detoxification. The response in feeding should

Feeding rate

Feeding rate

Rate of PSM intake

Rate of PSM intake

PSM concentration

Increase detoxification
capacity/rate

PSM concentration

Fig. 2 The hypothetical rate of feeding and of PSM ingestion by a herbivore, for which food intake
is limited by the rate of PSM detoxification. If the detoxification rate increases, we would expect that
the rate of PSM ingestion would also be able to increase, allowing food intake (or the rate of
feeding) to be maintained at the maximum to a higher PSM concentration. The dashed lines show
changing feeding rates as PSM concentrations increase, and the solid lines show how this is linked to
rates of PSM intake
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Table 1 The percentage of PSMs ingested by brushtail possums that were metabolized by a given
pathway in 24 hr

Hydrolysis (I)
Oxidation (I)
Glycine conj. (II)
GA conj.a (II)

1,8-Cineole

p-Cymene

33

51
trace
28

16

Benzoic acid

Salicin

90
5

80
22
10
63

Orcinol

Rutin
71
71

66

69

Most of the tested PSMs were metabolized by multiple mechanisms, and in some cases, both phase I
and II reactions occurred (reaction type indicated in parentheses). Some columns add to more than
100% because the same molecule underwent multiple modifications. Adapted from Marsh et al.,
(2006).
a

GA = glucuronic acid.

presumably correlate with the degree of competition for detoxification between the
PSMs.

Can Detoxification Limitations Influence Feeding Rates?
There is little evidence either supporting or refuting any of the predictions of the
detoxification limitation hypothesis. This does not discount the importance of PSMs
and detoxification limitations in the interactions between herbivores and plants, but

PSM in blood

a

PSM threshold

Time

PSM in blood

b

PSM threshold

Time
Fig. 3 (a) The detoxification limitation hypothesis suggests that the feeding behavior of a herbivore
should aim to keep the amount of unmetabolized PSM in the blood below a threshold amount
(dashed line). (b) If a herbivore ingests a PSM faster than it can detoxify it, then the concentration
in the blood will exceed the threshold and poisoning could occur. The amount of unmetabolized
PSM present at any time is a result of a combination of the rate of ingestion, the degree and rate of
absorption, and the rate of detoxification. The black bars indicate times at which the herbivore is
feeding, and the solid line tracks the hypothetical amount of unmetabolized PSM in its blood as it
ingests a PSM with its food, and subsequently detoxifies it
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rather demonstrates that it is difficult to elucidate their contribution to feeding. For
example, slow rates of detoxification may explain why many mammalian herbivores
ingest threshold amounts of PSMs (e.g., Pfister et al., 1997; Wang and Provenza,
1997; Lawler et al., 2000; Mangione et al., 2000; Stapley et al., 2000). In order to
show that the feeding decisions of herbivores depend on the rate of detoxification,
however, it is necessary to know how the herbivore of interest, in a certain
physiological state, detoxifies a particular compound.
The Bdrink-driving^ laws in many countries illustrate clearly the idea that the rate
of ingestion of a substance determines toxicity (Fig. 3). It is possible to imbibe
alcoholic drinks and drive a motor vehicle as long as the rate of metabolism of the
alcohol equals the rate of ingestion. Ingesting alcohol at a faster rate, so that the
blood alcohol concentration exceeds 50–80 mg per 100 ml, makes one unfit to drive,
whereas raising the blood alcohol content to 300–400 mg per 100 ml may be lethal.
This system appears simple because it involves a single toxin for which the pathway
of detoxification is well known. However, recommended alcohol intakes differ for
males and females, and tolerance to alcohol can differ widely among individuals in a
population and among populations (Norberg et al., 2003). Other enzymes for drug
metabolism show similar interindividual variability (Mulder, 1995; Lin and Lu,
2001), and different mammalian species may metabolize a particular drug at
different rates and sometimes in differing ways (Walton et al., 2001), illustrating the
complexity of detoxification. It is apparent that a defined experimental system is
necessary to test the detoxification limitation hypothesis. Only then can we answer
simple questions about interactions between herbivores and toxins, before tackling
ones that are more complex. These might include questions about how toxins
interact with each other and with other systems, such as the gut microbes.
Study Systems for Testing the Detoxification Limitation Hypothesis
A system for testing an animal’s feeding response to any toxin has several
requirements. First, it requires a species that is easy to keep in captivity, usually in
a metabolism cage, and is easy to maintain on an artificial diet. The diet should
provide all of the animal’s nutrient requirements, be free of plant toxins, and be
easily manipulated to provide, for example, different concentrations of nutrients or
plant cell walls. Finally, the toxin should be a substance that the species typically
encounters in the wild. It is necessary to know its mode of detoxification in the
animals in question, and it must be possible to obtain enough toxin for wellreplicated feeding experiments. The factor that usually prevents researchers from
proving the detoxification limitation hypothesis is not knowing detoxification
pathways.
Proof of the Detoxification Limitation Hypothesis
There appears to be only one study of mammalian herbivores that satisfies the
requirements for a study system and shows that the rate of detoxification influences
the rate of feeding. In this study, Marsh et al., (2005) fed common brushtail possums
a basal diet consisting mainly of fruit and cereals, and they manipulated the
concentrations of both benzoate and glycine. Benzoate is eaten by wild brushtail
possums, and it is also known that a variety of animals, including brushtail possums,
detoxify it by conjugation with glycine (Bridges et al., 1970; Awaluddin and
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McLean, 1985). Furthermore, the rate of conjugation of benzoate depends on the
supply of glycine (Griffith and Lewis, 1923; Amsel and Levy, 1969; Gregus et al.,
1993). The key finding of Marsh et al., (2005) was that possums eating a diet
containing both benzoate and glycine detoxified the benzoate faster and ate more
than when eating a similar diet without the glycine. In other words, the rate of
detoxification determined the rate of feeding. Thus, plant toxins do not have a fixed
effect on feeding, but rather, their effect will depend on the animal’s current
detoxification state.
There is also at least one study in invertebrates showing that feeding depends on
the rate of detoxification. In this study with tobacco hornworms (Snyder and
Glendinning, 1996), piperonyl butoxide slowed the detoxification process by
inhibiting cytochrome P450 enzymes, which are important in phase I reactions. The
hornworms responded by eating less of a diet containing the plant toxin nicotine.
Both of the previous examples illustrate extremely simple cases that show a link
between rates of detoxification and feeding rates. There is a need for more
manipulative studies to examine a wide range of apparently simple interactions, but
also to delve into complexities, such as interactions among plant toxins, and to
separate effects that are not attributable to the rates of detoxification. By this, we
mean that rates of feeding may depend on the concentrations of PSMs in plants but
be independent of the rates of detoxification. One example is of plants that contain
bitter or spicy compounds, for which the main consequence of ingestion is the
stimulation of capsaicin receptors that cause a burning sensation (Jakubas and
Mason, 1991; Pass and Foley, 2000). Another is of plants containing compounds that
stimulate nausea or satiety receptors causing feeding to stop. For example, McLean
et al., (2004) propose that some of the compounds found in eucalypt foliage are not
absorbed from the gut, but cause the enterochromaffin cells to release serotonin,
which leads to nausea and the cessation of feeding.
Another important condition that we know little about is the interaction between
physiological state and detoxification limitations. In particular, animals with higher
nutrient requirements, such as those living in the cold or reproducing, must eat more,
but avoid physiological damage. This may be complicated. For example, a nocturnal
animal lactating during the summer may have to eat much more in a short night, with
less opportunity to spread feeding to aid detoxification. Stapley et al., (2000)
examined the tolerance to a plant toxin in the face of higher nutrient requirements
by comparing feeding in brushtail possums housed at 4-C or at 18-C. As expected,
those in the cold ate more of a basal diet than did those living in the warm environment. However, both groups of possums ate the same amount of a diet containing
jensenone, a toxin from eucalypt foliage. This indicates that possums habituated to
the cold did not acquire any mechanisms for detoxifying this particular PSM faster,
suggesting that similar animals in the wild would need to seek different options.

How Do Animals Overcome the Limitations Imposed by Plant Toxins?
If plant toxins can reduce feeding and even kill certain animals, then it is clear that
herbivores must have mechanisms to circumvent them. The strategies of specialist
and generalist herbivores may differ, but still be equally effective ways of obtaining
the required nutrients without succumbing to intoxication. The detoxification

1256

J Chem Ecol (2006) 32: 1247–1266

limitation hypothesis suggests that the ability to detoxify large quantities of PSMs
from a single source defines a specialist herbivore. No studies, however, have shown
that a specialist herbivore is able to detoxify the PSMs in its food faster than a
generalist herbivore that also eats that food. Although specialist wood rats
(Neotoma spp.) ingest more juniper PSMs than do generalists (Dearing et al.,
2000), they cope with them by absorbing less from the gut, rather than detoxifying
them faster (Sorensen and Dearing, 2003). But the overall result is the same—the
specialist herbivore can ingest more PSMs without toxic effects. The folivores of
Eucalyptus provide another example. The specialist koala oxidizes the terpenes, 1,8cineole and p-cymene, more than does the generalist possum (Boyle et al., 1999,
2001), but it is unknown whether this speeds the rate of detoxification. Instead, what
it may do is keep other pathways free for the detoxification of PSMs ingested
simultaneously (Boyle et al., 2001) and thus minimize competition.
Because limitations of detoxification may force generalist herbivores to obtain
their nutrient requirements from a variety of plants and plant parts, these animals
should be skilled at selecting diets that spread the PSM load over their repertoire of
detoxification pathways. As a consequence, presenting a herbivore with several
foods containing PSMs that use different detoxification pathways should allow them
to eat more. Although Freeland and Janzen (1974) specifically targeted mammalian
herbivores in their predictions, the detoxification limitation hypothesis has attracted
as much attention from those explaining why generalist invertebrate herbivores mix
their diets (e.g., Hagele and Rowell-Rahier, 1999; Behmer et al., 2002; Singer et al.,
2002; Miura and Ohsaki, 2004).
This appealing field of research has been the most common way in which
researchers have attempted to test the detoxification limitation hypothesis (Freeland
and Winter, 1975; Freeland et al., 1985; Freeland and Saladin, 1989; Dearing and
Cork, 1999; Hagele and Rowell-Rahier, 1999; Burritt and Provenza, 2000; Behmer
et al., 2002; Singer et al., 2002; Wiggins et al., 2003; Miura and Ohsaki, 2004; Marsh
et al., 2006; Rogosic et al., 2006). However, it has not proved particularly fertile,
probably because many experiments do not satisfy the stringent requirements
needed for the study system. Although most of these studies show that generalist
herbivores can eat more when offered a choice between two distinct diets, it is
difficult to interpret them because they generally feed PSMs whose detoxification
remains undescribed. Simply providing animals with foods with a variety of flavors
or textures stimulates them to eat more than they would if given just one of these
foods (Rolls et al., 1981; Treit et al., 1983; Clifton et al., 1987; DiBattista and Sitzer,
1994; Ginane et al., 2002). This indicates that different sensations alone can
influence feeding behavior and reiterates the importance of devising robust systems
when testing diet mixing aspects of the detoxification limitation hypothesis.
The importance of understanding modes of detoxification is borne out in the
results of Burritt and Provenza (2000). Lambs did not eat more when offered two
diets containing sparteine (a quinolizidine alkaloid) and saponins (triterpenoid
glycosides extracted from Quillaja bark) or quebracho condensed tannins and
saponins than when offered a single diet with one of the additives. The obvious
interpretation is that all compete directly for detoxification, leaving no scope for a
change in feeding behavior. This interpretation, however, requires knowing the
detoxification pathways involved.
We set forth to test diet mixing in relation to limitations on detoxification (Marsh
et al., 2006), taking advantage of pharmacological studies of PSM metabolism in
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common brushtail possums (Table 1). By knowing the detoxification pathways, we
could roughly predict the degree of competition for detoxification that might occur
when characterized compounds were ingested simultaneously. Thus, we could
predict how possums should respond when offered a choice between two PSMs,
compared to the amount they ate of a diet containing only one of the compounds.
For example, we expected possums to eat more if allowed to choose between diets
containing PSMs metabolized by distinct pathways than if offered two diets with the
same PSM or containing different PSMs that compete directly for detoxification
(Marsh et al., 2006). The results were appealing in that the feeding responses of
possums usually matched our predictions. For instance, possums did not eat any
more than when given the choice between diets containing either 1,8-cineole or pcymene (Marsh et al., 2006), which are both detoxified by oxidation followed by
conjugation with glucuronic acid (Table 1). In contrast, giving possums a choice
between the basal diet supplemented with 1,8-cineole or with benzoate (no
competition for detoxification; Table 1) enabled them to eat significantly more
(Marsh et al., 2006), indicating the benefits of diet mixing.

Problems with Understanding the Role of Detoxification in Diet Mixing
Although many of the predictions in the diet mixing experiment with possums were
correct, others did not match the experimental findings. For example, possums
offered a choice between salicin and orcinol, two compounds that are excreted as
conjugates with glucuronic acid (Table 1), ate more food than possums offered
either of the compounds singly (Marsh et al., 2006). Thus, there did not appear to be
competition for detoxification. Do these findings refute the detoxification limitation
hypothesis, or do they indicate a poor understanding of the system? We feel that the
latter explanation is probably true.
There are many difficulties in understanding the links between diet mixing and
detoxification limitations. First, it is necessary to understand the meaning of
Bcompetition,^ which implies competition for a limiting resource. This means that
there can be no competition when unlimited supplies of a resource, such as an
enzyme or cosubstrate, exist. Brushtail possums detoxify p-cymene mainly by
oxidizing it, but conjugate some with glucuronic acid and a trace with glycine (Boyle
et al., 1999). This implies that p-cymene would compete strongly for detoxification
with compounds that also undergo oxidation, but would have little influence on the
rates of detoxification of compounds that are conjugated with glycine. However, if
there is a shortage of glycine, then this conjugation step may become limiting. Thus,
it may be difficult to measure whether two PSMs compete for detoxification because
a series of processes eliminate most PSMs, and the limiting step needs to be
identified for each.
Further complicating the picture is that there may be limited competition for
detoxification between two compounds that appear to be metabolized by the same
process. This is because a finer-scale definition of detoxification pathways would
focus on the individual enzymes and enzyme families that carry out a broad class
of reactions. For example, more than 17 families of cytochrome P450 enzymes
have been characterized (Lin and Lu, 2001). Thus, oxidation reactions may involve
quite separate cytochrome P450 enzymes and thereby reduce competition. If one
knows the chemical pathways that detoxify a PSM, then in vitro experiments, such
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as those of Pass and McLean (2002), can probably convey much information about
competition.
Another problem is that some compounds can inhibit the detoxification of others,
without ever competing for enzymes or cosubstrates. For example, furocoumarins
inhibit cytochrome P450 enzymes (Baumgart et al., 2005) and can thus inhibit the
detoxification of compounds requiring oxidation by these specific enzymes.
On an even broader scale, all pathways are fuelled by energy, and depletion of
cellular energy could act as a limit to detoxification. Gregus et al., (1996) showed
that a depletion of liver ATP reserves can slow the rate of detoxification of
benzoate. Thus, even compounds that do not compete for any common enzymes or
cosubstrates might still influence the rates of detoxification of other PSMs.
Detoxification pathways may never truly be independent of others, but instead
may be separated by differing degrees. This might explain why possums fed with
PSMs that did not compete for detoxification still ate less than they did of a basal
diet free of PSMs (Marsh et al., 2006).

How Are Detoxification Limitations Detected?
Measuring changes in food intake is a simple way of showing that a toxin influences
feeding. However, this finding tells us nothing about the workings of the PSM—why
it reduces feeding and how the animal knows it is there. One crucial area that
previous discussions of the detoxification limitation hypothesis do not address is how
animals detect excessive intake of one toxin, and then make the decision to eat food
containing a different toxin. If an animal ingests a PSM at a rate that exceeds its
detoxification capacity, it must trigger a feedback signal that stops the animal eating
that food. Presumably, other signals exist that tell an animal whether it has met its
caloric or protein needs. These signals interact so that the animal obtains its
nutritional needs without experiencing toxicosis.
The details of these signals are not well known. Although several have been
proposed, experimental evidence is mostly lacking. One likely signal is nauseous
feedback, stimulated by PSM-linked increases in neurotransmitter activity in the gut
or brain. Provenza et al. have drawn attention to this possibility through an
extensive series of papers suggesting that aversive learning is a basis to herbivores
choosing their diets (e.g., Provenza et al., 1992, 1998; Provenza, 1995, 1996). In
support of this concept, Aldrich et al., (1993) found that a nonselective dopamine
antagonist, metoclopramide (which in humans attenuates nausea and vomiting),
allowed sheep to eat more endophyte-infected tall fescue. Further support comes
from the study of Lawler et al. (1998) with marsupials fed with the Eucalyptus PSM
jensenone. Injecting the human antinausea/antivomiting drug, ondansetron, a
selective 5-HT3 receptor antagonist, enabled these animals to ingest more
jensenone, suggesting that the signal monitoring the consumption of jensenone
involved the release of serotonin (5-HT). Both Lawler et al., (1998) and McLean et
al., (2004) speculated that damage to cells in the stomach or small intestine led to
the release of serotonin from enterochromaffin cells, which bound to 5-HT3
receptors locally, initiating a cascade of events that triggered nausea.
Because nausea is effective at conditioning aversions to foods or flavors
(Provenza, 1995), it might signal impending toxicoses in other situations. If so, it
might be a more widespread signal that lets animals recognize their limits and make
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appropriate feeding decisions. Marsh et al., (2005), however, showed that
ondansetron failed to attenuate the reduction in feeding by brushtail possums fed
with benzoate-rich diets. This suggests that other mechanisms, apart from nausea,
signal detoxification limitations in that system. One possible mechanism is a change
in blood pH because of the formation of organic acids from conjugation reactions
(Foley et al., 1995).
However, before placing too little, or too much, emphasis on the emetic system,
it is important to note that the emetic system is complex, and little is known about
the neurochemistry of nausea. Nausea and vomiting can be triggered by input to the
emetic center from the chemoreceptor trigger zone (CTZ), neurotransmitters in the
gastrointestinal tract, the cerebrocortical pathway (responsible for learned associations), or the vestibular pathway (body positional changes such as in motion
sickness; Rhodes and McDaniel, 2001). Furthermore, serotonin acting at the 5-HT3
receptor is only one of many neurotransmitter–receptor combinations that can lead
to nausea and/or vomiting. Other combinations that elicit emetic responses to
stimuli include substance P and tachykinin NK1 receptors (Gardner et al., 1996),
acetylcholine and muscarinic receptors (Takeda et al., 1993), dopamine and D2
receptors (Harrington et al., 1983), as well as histamine and H1 receptors (Takeda et
al., 1993). The gastrointestinal tract, the CTZ, and the emetic center are all rich in
these receptors (Rhodes and McDaniel, 2001). New selective drugs that target
specific receptors are appearing as knowledge increases. We suggest that more
studies, targeting a variety of potential receptors, will help us to understand how
widespread nausea might be in regulating the ingestion of PSMs by animals.

The Cost of Detoxification
Presumably, if there were no costs of detoxification, then there would be few
limitations to the processes. Instead, arguments about limitations of detoxification
imply that it is costly to animals. There is good evidence that this is true. Cork
(1981) calculated that koalas use about 25% of their fasting glucose entry rate to
excrete glucuronide conjugates. In research with sheep, Lowry et al., (1993) showed
that the conjugation of phenolic acids with glycine, to form hippuric acid, resulted in
them losing almost 20% of their digestible nitrogen intake in urine. These
detoxification costs are a cost of foraging, little different from increases in search
times. Thus, from an optimal foraging perspective, one might predict that animals
should eat a food only when the nutritional benefits outweigh the costs of
detoxification.
If there is a cost of detoxification that influences an animal’s fitness, then there
needs to be a currency to measure it. The complexities of detoxification mean that
researchers have largely avoided calculating the energy exchanges in individual
chemical reactions, in favor of integrative measures, such as whole-body energy
expenditure. For example, Iason and Murray (1996) gave sheep intraruminal
infusions of orcinol and found that their basal metabolic rate (BMR) increased by
5%. This was rather small compared with voles (Microtus pennsylvanicus)
consuming diets containing gallic acid, whose BMR increased by up to 22%
(Thomas et al., 1988). More recently, Sorensen et al., (2005) used wheel-running
behavior and measures of energetics to quantify detoxification costs in two species
of wood rats (Neotoma sp.). Both the BMR and locomotor activity of the specialist

1260

J Chem Ecol (2006) 32: 1247–1266

species of wood rat dropped as they ate more juniper, whereas the generalist
reduced only locomotor activity.
These studies illustrate that detoxification consumes energy that the animal could
use for another function. They also illustrate the strengths and the weaknesses of
using energy as the currency for measuring the cost of detoxification. The obvious
advantage of using energy is that it allows the integration of the costs of many
different processes. The main disadvantage is that free-living animals can make
subtle metabolic changes that are difficult to measure and may obscure the costs of
detoxification. The drop in BMR and activity by wood rats is one example. Another
is the research of White and Lawler (2002), who used the change in the heat
increment of feeding on browse, relative to that of feeding on hay, to estimate the
energy cost of detoxification for muskoxen (Ovibos moschatus). For some species of
browse, they found that reductions in ruminal methane production (and its
subsequent loss by eructation) partially compensated for the energy cost of
detoxifying secondary compounds. The opportunity for tradeoffs and compensations
in energy metabolism across different species of browse makes it a poor currency for
measuring the cost of detoxification.
We suggest that measuring whole-body protein turnover might be a better way of
estimating the costs of detoxification. Whole-body protein turnover measures the
cost of the synthesis and turnover of proteins and is strongly related to metabolic
rate because protein synthesis is energetically expensive (Waterlow, 2006). Wholebody protein turnover is more integrative of the range of processes that occur during
detoxification than simple measurements of nitrogen or energy balance because it
includes intermediary metabolism, amino acid activation, and associated processes
such as RNA turnover (Waterlow, 2006). For example, protein is required for
synthesis of cytochrome P450 and other detoxification enzymes. That many of the
enzymes involved in detoxifying PSMs are inducible suggests that they are costly to
maintain.
Changes in protein turnover should translate directly into changes in protein
requirements and, so, are easier to incorporate into models of diet selection than are
measurements of energy loss. They can also integrate many different detoxification
processes. Animals can excrete some phenolic glycosides with a minimal apparent
energy cost (McLean et al., 2001), but there may be costs that are not immediately
obvious and need to be paid for later. For example, these compounds may increase
protein requirements through damage to the kidney’s filtration processes (Garner et
al., unpublished data), through uncoupling of oxidative phosphorylation (Singleton
and Kratzner, 1969), and through acid–base adjustments arising from the excretion
of organic acids of detoxified metabolites (Foley et al., 1995).
Changes in whole-body protein turnover during various types of immune
challenges suggest major costs of maintaining the immune system (Klasing and
Calvert, 2000). These appear to have an evolutionary basis because there are direct
links between the increased protein requirements of these challenges and
compelling models of diet selection (Lee et al., 2006). PSMs have complex effects
on the immune systems of mammals (Allen et al., 2003). This indicates that we need
to view detoxification costs more broadly, and that separating detoxification costs
from other potential costs, such as immune responses, is probably artificial.
Accordingly, we recommend that effort be given to measuring whole-body protein
turnover of animals fed with diets containing either purified PSMs or, more usefully,
complex mixtures typical of those found in most browse plants.
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Applying the Detoxification Limitation Hypothesis to Wild Herbivores
This review of the detoxification limitation hypothesis has so far considered the case
of the captive animal given a limited choice of foods. In contrast, wild animals face
situations that are not nearly so simple. The feeding behavior of wild herbivores
depends on many factors in addition to forage quality. These include social
interactions, nutritional status, and the need for a home range with other qualities,
such as a den or shelter. Clearly, determining whether wild herbivores feed according to the predictions of the detoxification limitation hypothesis is difficult.
Even so, in this section, we outline some of the factors that researchers might
consider when studying how free-living herbivores might mix several plant toxins in
their diet. Foremost among them is the spatial distribution of plant defenses, which
are presumably important because they influence costs, such as search times.
There is growing evidence that the spatial distribution of defense variation affects
feeding choices (Hjalten et al., 1993; Alm Bergvall and Leimar, 2005). Nevertheless,
few studies provide evidence that the spatial patterns required for such behaviors
exist in nature (Covelo and Gallardo, 2004; Brenes-Arguedas and Coley, 2005). In
the case of diet mixing, it is essential for variation to occur at a relevant scale for
herbivores—presumably within a home range. A patchy distribution could increase
the cost of diet mixing because animals would be unlikely to encounter chemically
different food plants in the same patch or stand. Herbivores might prefer areas
where diverse food is available, such as between patches, or where different food
species overlap.
Another interesting difference in the environments of captive and wild
herbivores is that those of the latter may provide mechanisms that enable the
animal to cope with toxins. For thousands of years, humans have used a variety of
methods to render plant toxins harmless. Herbivorous animals sometimes do the
same. Perhaps the most obvious is removing toxic plant parts before ingestion.
Other techniques include eating substances that are not normally considered food to
negate the effects of plant toxins. One of the best examples is of parrots practicing
geophagy—the ingestion of soil. By carefully selecting soils rich in particular clays,
with a high capacity for binding plant toxins, the birds avoid absorbing the toxins
from the gut (Gilardi et al., 1999). The abundance and distribution of such resources
clearly impinge on the nutritional ecology of the herbivores that can use them.
Although the amount eaten of a plant should ultimately depend on an animal’s
ability to detoxify PSMs, its initial selection may be driven by other factors. The
amount of feeding an individual plant attracts probably depends on the characteristics of the surrounding matrix of plants (Atsatt and O’Dowd, 1976; Milchunas and
Noy-Meir, 2002; Alm Bergvall et al., 2006). Thus, the nutritional and toxic
characteristics of a plant may influence how herbivores use neighboring plants
(Villalba and Provenza, 2005). From a plant’s perspective, the benefits and costs of
defense need to consider both the individual and the community it inhabits (Tuomi
and Augner, 1993). Likewise, the foraging strategy of the animal should account for
this. One example is that sheep were more likely to graze a relatively unpalatable
shrub when the surrounding plants were palatable (Rousset and Lepart, 2003).
To understand the role of detoxification in nature, there is a need for detailed
studies of the feeding behavior and population dynamics of wild animals, in relation
to the distribution of PSMs in their food plants. One approach might be to use data
from feeding studies with captive animals to predict the palatability of wild plants
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and then to follow this up by comparing the expected patterns of use with the
observed patterns. Recently developed methods for studying spatial autocorrelation
(Double et al., 2005) can detect the scale and intensity of patchiness in PSM
distributions (Andrew et al., unpublished data), which can then be related to herbivore behavior.
In summary, the initial testing of the detoxification limitation hypothesis on wild
herbivores requires a simple system consisting of a specialist herbivore eating a diet
whose PSMs are well characterized. An example of this approach is that used by
Marsh et al. (unpublished data), who fitted koalas with radiocollars equipped with
microphones, enabling the constant monitoring of both the animals’ location and the
amount that they ate. By sampling foliage from all of the trees in the area, they
could then examine a koala’s feeding pattern in relation to the chemistry of its
environment. They found that the chemistry of foliage influenced the choice of trees
by koalas, as well as the amount of food eaten.

Conclusions
Some 30 years after Freeland and Janzen’s seminal paper on the interactions
between herbivores and plant toxins, the hypothesis it gave rise to, detoxification
limitations, is entrenched in the literature but remains inadequately tested. There
are thousands of plant toxins and a wide variety of metabolic systems to render
them less potent, making the study of the interactions complex. Some PSMs require
similar modes of detoxification and are said to compete, whereas the animal
metabolizes others by pathways that appear to be independent. In between these
modes, however, are detoxification pathways that compete to differing degrees and
are much harder to understand. In fact, because all are fueled by energy, it may be
that no pathway is truly independent of another. It is impossible to study all of the
systems of detoxification, and there is little to gain from trying. However, further
investigations of the detoxification limitations of herbivores feeding on PSM-rich
diets, and how they detect these, are likely to advance our understanding of the
interactions between animals and plants.
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