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receptors for the detection of capsaicin, the active
principal in capsicum (reviewed in Clark 1998a).

PRINCIPLES IMPORTANT FOR DEVELOPING
EFFECTIVE REPELLENTS

Repellents are tools used by humans to manipulate
animal behavior. Thus, the tool can be thought of as a
communication device that sends a signal from which the
animal extracts a message. Critical to the design of any
tool is a careful consideration of form and function, such
that when used, its action is efficient in producing the
desired effect. For chemical repellents five major factors
to consider in the development process can be
cateporized:
e Mode of Action
* ldentification of the Active Ingredient
¢ Delivery System
* Formulation
» Behavioral and Ecological Context of Application

Mode of Action

Chemical repellents operate along one of three
principles: they cause pain, illness, or they scare an
animal. Thus, the first myth to dispel about repellents is
that they are benign pest management strategies.
Repellents arc aversive signals that have consequences
that an animal presumably is motivated to avoid. Perhaps
when considered against lethal control strategies, chemical
repellents can be viewed as a less extreme management
action, but repellents are by no means benign.

Primary chemical repellents are agents that are
avoided upon first exposure because they are olfactorally
offensive, distasteful, or cause irritation/pain. For
example, predator odors are sometimes avoided by prey,
presumably because there is a congenital fear response to
being eaten (Sullivan et al. 1988a, b). The avoidance
response is directly related to double-bonded sulfur
compounds contained in predator urines (Nolte et al.
1994). The presence of sulfurs in the urine is a
consequence of protein metabolism and is in direct
proportion to the amount of flesh contained in the diet of
the predator. Another example of an odor-mediated
primary repellent is alarm pheromones. These are
chemical signals produced by conspecifics that alert
individuals to take evasive action, or in some cases,
aggressive defensive action. More often than not these
chemical signals are thought to occur primarily in
invertebrates (Bell and Carde 1984} -and fish (Garcia et al.
1992), but there is evidence for alarm odors in all
vertebrate classes (Kavalier et al. 1992; Jones and Roper
1997).

The notion that some chemicals are avoided because
they are heuristically unpleasant is untenable. For this to
be true, the animal would have to be evaluating the odor
on the basis of an aesthetic sense that we have no reason
to believe exists. It is more parsimonious to search for a
biological basis for the congenital avoidance of odors.
Such a less colorful mechanistic approach has utility.
Once the underlying basis for avoidance is identified, then
the prospect of discovering additional repellents operating
along similar principles is improved.

Gustatory-mediated primary chemical repellents are
principally bitter or sour compounds. A popular
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hypothesis is that avoidance of such taste principles is an
evolved sensitivity to toxicants and, thereby, is a
congenital mechanism to regulate intake of potentially
poisonous plant metabolites. While this hypothesis is
appealing, the single test of the hypothesis shows that
there is no relationship between the palatability threshold
for bitter (i.e., alkaloids) and the toxicity of the
compounds (Glendening 1994). All of this is not to say
that some compounds perceived as bitter or sour cannot
be congenitally avoided. However, at the present time
there is no a priori way of predicting the identity of those
compounds. Nonetheless, compounds that are perceived
as sour or bitter are potent conditioned stimuli (Riley and
Tuck 1985).

Nociceptively mediated primary chemical repellents
are compounds that produce irritation and painful
sensations (Clark 1998a). For birds, examples of
nociceptive repellents are methyl anthranilate,
cinnamamide, coniferyl benzoates, and acetophenones
(Clark 1997). Chemical irritants form the largest pool
of potential primary repellents. Animals have
chemoreceptive fibers in their somatosensory and
trigeminal systems that respond to chemical
neurotransmitters. These transmitters are released when
there is tissue damage, stimulating the appropriate nerve
fibers and ultimately leading to the perception of irritation
or pain. Exogenous chemicals useful as repellents may
cause minor tissue damage, thus setting forth the narural
defensive mechanism for pain perception in an animal.
Alternatively, the exogenous chemical may be a functional
analog of the peurotransmitters, thus directly affecting the
receptor mechanisms of the nociceptive systems, but
without actually causing actual tissue damage. In the
latter case, the animal is "fooled" into perceiving tissue
damage when, in fact, there is none. While animals may
expenience physiological sensory adaptation to irritants if
they are applied continuzously, animals do not adapt or
habituate to nociceptive primary repellents when they are
applied in an ecological context.

Secondary repellents are agents that cause illness, or
an otherwise unpleasant experience, and promote learned
avoidance of associated semsory cues. For birds,
examples of secondary repellents are anthraquinope and
Methjocarb. The persistence of the learned avoidance
response is a function of the magnitude of the unpleasant
experience and the salience of the associated cue (Pelchat
et al 1983). By salience, the author means the
appropriateness of the cue relative to the context for
which it is presented. Thus, taste cues have high
relevance to an animal rendered ill in the context of
feeding. Visual and odor cues can be relevant if they are
directly paired with food. Sound would have lower
salience in the acquisition and retention of avoidance in a
feeding context, as would smells not directly paired with
the food.

Primary repellents can function as the unconditional
stimulus (the aversive experience) and can be used to
condition animals to avoid associated sensory cues.
However, because primary repellents have a direct and
immediate adverse consequence, amimals tend to limit
their exposure to the agent. Thus, the magnitude of the
unpleasant experience is generally less than would be
achieved by the poisoning effect of a typical ingested






can also be used in developing repellents. The
fundamental premise behind molecular structure-activity
models is to numerically characterize chemicals and relate
the descriptor variables to a relevant biological response.
Availability of software packages to characterize the semi-
empirical quantum mechanical, topological,
physicochemical attributes of molecules has greatly
facilitated this approach (Lipkowitz and Boyd 1991). The
QSAR approach to simple aromatic compounds has been
successfully employed to develop a robust statistical
model predicting primary bird repellents (Clark and Shah
1991, 1994; Clark et al. 1991; Shah et al. 1991; Clark
and Aronov 1998), However, more work is needed to
extend the predictive power of the model to other classes
of compounds (e.g., terpenoids, alkaloids).

Current methods for identification of active
ingredients rely on behavioral testing. When large
numbers of compounds are screened, this can be an
expensive animal intensive effort. Recent advances in cell
culture technology allow for the rapid screening of large
numbers of compounds (Banker and Goslin 1991). In
particular, trigeminal cultures for several species of
mammals and birds have now been developed. These
cultures will allow the bioactivity level to be evaluated for
large numbers of candidate primary repellents (Bryant,
Clark and Mason, unpublished).

Formulation Considerations

Once the active ingredient is settled upon,
incorporating it into a formulation appropriate for a
specific delivery mode is critical. Chemical repellents are
rarely delivered in raw or reagent form. In the simplest
case they are diluted by water and applied according to
label instructions. However, uniformity of application,
adhesion to the treated substrate and uniform coverage can
be enhanced by using agricultural adjuvants. These
adjuvants may be classified as: 1) spreaders, stickers,
buffers, foliar nutrients; 2) penetrants, crop oil
concentrates, extenders; and 3) drift control agents,
deposition agents, or retention agents {Harvey 1992).
Spreader/ stickers control the deposition of the active
agent on the treated substrate and control the life of the
active agent. Wetting agents and spreaders decrease the
surface adhesion of the applied materials, thereby
allowing increased uniform coverage. Sticker/extending
agents control the life of the active agent by encapsulating
the agent and slowing down environmental degradation
(e.g., biodeterioation and weathering losses). However,
one must always bear in mind compatibility constraints
with the carriers and active ingredients. Chemical
interactions may occur that effectively render the active
agent unavailable to the receptor systems of the target
species. Some of these interactions may be predictable,
and with consultation with a formulation chemist or
manufacturer of the adjuvants, such problems may be
avoided prior to field trials or operations. However, most
likely trial and error matching adjuvants and repellent
formulations will be necessary, having run these trials in
small pilot studies.

There may be circumstances where mixtures of active
agents may be desirable. The relationship between a
chemical’s concentration and its repellent effect has
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been described for a wide range of compounds (Clark
1997). These concentration-response studies are useful
for their simplicity and straightforward interpretation in
setting standards for formulation development. However,
to attain practical validity, the interaction of agents in
mixture must also be studied. This entails studies of
interaction of multiple active agents with each other, and
with interactions of agents with the other ingredients in
formulations.

Formulations composed of multiple active agents may
exert an additive effect. That is to say, the repellency
observed is simply the average of the expected
concentration-specific response of the component
ingredients.  Thus, studies based on single agent
concentration response profiles theoretically are useful in
making predictions about the activity level of the mixture.
Unfortunately, this is rarely the case. In other sensory
systems {i.e., olfaction and gustation), an animal’s
responsiveness to a mixture is often predicted based upon
its reaction to the most stimulatory component in the
mixture. It is as if the animal screens out the sensory
information of the mixture and attends to a single sensory
input of the strongest stimulus. However, there also are
numerous examples where animals perceive mixtures not
on the basis of their individual components, but as an
unique quality (i.e., an integration of the components)
where the concentration-response to the mixture is not
predictable based upon a knowledge of the component’s
cohcentration-response relationships. Under these
circumstances the perceived intensity of the mixture may
be less than the sum of its parts (antagonism of
components}, or greater than the sum of its parts
{synergism). Trying to identify principles that allow
investigators to predict precisely what type of interaction
among agents may occur is an area of considerable
interest in chemosensory biology. Recent studies from
the author’s laboratory have begun to address these issues
for primary repellents (Clark 1997, 1998b; Clark and
Mason 1998), but this remains a largely unexplored area
of research from an applied wildlife management
perspective.

The stability of active agents in formulation can be
affected by several other factors such as carriers,
stabilizers, solvents, binders, biocides and antioxidants,
just tc name a few. Microbial degradation of early
formulations of MA were serious considerations in the
developmental process (Clark et al. 1993; Aronov and
Clark 1996). Even today, the success of MA containing
products is directly related to the life expectancy of the
active ingredient, and this varies according to the
environmental conditions regulating weathering and
microbjal attack (Clark et al. 1998; Mason and Clark
1995, 1996; Dorr et al. 1998). Such considerations are
critical in evaluating the effectiveness of repellent
formulations. @ When a formulation fails to meet
performance expectations, the first consideration should
be an evaluation for the presence of the active agent.
Regrettably the early literature on product performance in
the field is rampant with studies that concluded
inappropriately that the active agent was not a good
repellent, rather than the possibility that the application
strategy and formulation were not appropriate for the











