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NONLETHAL REPELLENTS: THE DEVELOPMENT OF COST-EFFECTIVE,
PRACTICAL SOLUTIONS TO AGRICULTURAL AND INDUSTRIAL
PROBLEMS!

J. RUSSELL MASON and LARRY CLARK, U.S. Depariment of Agriculture, Animal and Plant Health Inspection
Service, Denver Wildlife Research Center, ¢/o Monell Chemical Senses Center, 3500 Market Street, Philadelphia, Pennsylva-
nia 19104-3308

ABSTRACT: Repellents substances and devices cause pest species Lo avoid otherwise atiractive or palatable materials. For
birds, repellents can be visual, auditory, pyrotechnic, tactile, chemosensory, physiologic, or physical. Here, we consider
chemical agents only. Few substances are registered with the U.S. Environmental Protection Agency (EPA), and thus legally
available for use. This lack of available bird repellent technology reflects the small demonsirable economic impact of many
agricultural bird damage problems. Accurate information about damage and market size is virtually nonexislent, and private
companies are reluctant to invest resources in the unknown, To successfully commercialize new repellents, clearly lucrative
markets must be idenufied. Efforts must be made to empirically quantify damage and to estimate whether control methods are

economical relative to the protection that they confer. We intend the present manuscript as a first step in these directions.

Proc. 15th Vertebrate Pest Conf. {J. E. Borrecco & R, E. Marsh,
Editors) Published at University of Calif., Davis. 1992

INTRODUCTION

Repellent substances and devices cause pest species (o
avoid otherwise auractive or palatable matcrials (Mason et al.
1989, Rogers 1978). Far birds, repetlents can be visual [e.g.,
eyespot balloons (Shirota et al. 1983)], auditory [e.g., distress
calls (Aubin 1990, Blokpoel 1976)1, pyroiechnic [(Cummings
et al. 1986, Mott et al, 1990)], tactile [e.g., clay sced coalings
(Avery et al. 198%a), polybutene products {Timm 1983)],
chemosensory [e.g., anthranilate derivatives (Glahn et al.
1989)], physiologic [e.g.. mesurol (Rogers 1980)] or physical
[e.g., barrier neis (Andrews and Mot 1990, Blokpoel and
Tessier 1984, Dolbeer et al. 1988)]. Under conditions of nor-
mal use, repellents are not lethal. Hence, substances like 4-
aminopyridine, a lethal ‘frightening’ agent (Eschen and
Schafer 1986) are not discussed here, Also, insecticides like
Sevin® which reduce insect populations in crops, and thereby
reduce bird damage (Woronecki et al. 1981), are not consid-
ered, even though they are non-lethal to birds, and are not
avian repellents, per se. It is interesting to note that of the 95
products registered as bird damage contmol chemicals, only
38 (4055} are registered as non-lethal repellents (Eschen and
Schafer 1986). Of these 38 chemicals, the aclive ingredients
in 27 (71%) are either methiocarb or polybuiene (Tables 1
and 2).

We resirict our discussion to chemical, ie.,, wactile,
chemosensory, and physiologic agents. These subslances are
effective cither because of aversive sensory cffects (i.e., ird-
tation), or becanse of post-ingestional malaise (1.e., sickness).
If the latter, then repellents act through food avoidance fearn-
ing (Avery 1985, Reidinger and Mason 1983). If the former,
then chemicals are nearly always stimulants of trigeminal
pain receptors (i.e., undillerentiated free nerve endings) in the
nose, mouth, and eyes (Green et al. 1990). Although many
birds poszess adequate olfactory and gustatary capabilities
{e.g., Berkhoudt 1985, Clark and Mason 1989), smell and
1asle, per se, are rarely of consequence for bird damage con-
trol (Mason and Ous 1990},

Development of repellents for use on agricultural com-

YOrder of authorship determined by a flip of a ¢oin.

modities is central to the mission of the Denver Wildlife
Research Center (e.g., Schafer and Brunton 1971, Glahn et al.
1989), Over the years, discoveries have included mesurol,
thiram, ziram, clay seed coalings, and varicus anthranilate
and cinnamic acid dernvatives. Although several of these
chemicals have been offered to the public, only two (mesurol,
thiram) are registered with the EPA and sold for use in rc-
stricted settings (as seed reatments) against bird depredation.
This lack of success in tansferring bird repellent technolo-
gies to the private sector reflects the small demonstrable eco-
nomic impact of many agricultural bird damage problems
and an inability to accurately gauge whether a specific repel-
lent is marketable. Given Limited research dollars, investiga-
tors must increase their {ocus to allocate resources in arcas
that are likely 10 be of practical benefit to agriculiure, i.c.
indeniify those repellents that stand the best chance of being
registered and commercialized. Accurate information about
damage and market size is vilal to this process, but such data
also are virlually nonexislent, and heresay and case studies of
extreme damage are the nile. In our experience, heresay is
unconvincing and, of course, case studies lack statistical
worth. Not surprisingly, privale companics are reluctant Lo
invest in the unknown, To involve industry in the practical
development and aggressive marketing of new repellenis (and
in the aggressive maintepance of registrations for existing
praducts), broader {not necessarily agricultural) markels must
be identificd, and cosis and profils must be quantified. We
intend the present discussion as a first siep in these directions.

Qur thoughts are organized into {four areas; (1) We ont-
line agriculiural uses for repellents, (2) non-agriculiural uses
are covered, (3} we consider the development of repellents
that protect birds from human activities, and endangered spe-
cies from avian predators, and (4} we outline the develop-
ment of a decision-making model. The factors in the model
are economic, though economics alone are not the only met-
rc by which an animal damage control problem should be
jndged. In many cases, the public relations value of a control
technology are valuable assets. And clearly, it is the responsi-
bility of \he federal govemment to alleviatle damage 1o private
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Table 2. EPA-registered repellents for use in non-agriculiral contexts (fram Eschen and Schafer 1986),

Product Name Chemical Target Species Specified Use Registrant EPA Reg. No.
Bird/Bat Naphthalzne Starlingg, Pigeone  Structure Roosts  Chacen Chermical 571992
Repelient (100%) Ca.
Bird Ban Polyisobutylene Starlings, Pigeons,  Ibid Chem-0-Craft 7818-1
gel (10%) Sparrows Speciallies
Bird Stop Polyisobutylene Pigeons, Sparrows  Ibid Animal 7754-20
gel (95.5%) Repelients, Inc.
Bird Tanglefoot Polyisobutylene Birds Ibid Tanglefoot Co. 1621-17
gel (97%)
Bird Tenglefoot Polyisobutylene Birds Ibid Tenglefoot Co, 1621-16
Aerosol] gel (48.5%)
Bye-bye Birdy Polybutene (80%)  Blackbirds, Thid B & G Ca, 8254-1-8612
Starlings, Pigeons
Sparraws, Gulls,
Crows, Ravens
Exelcide Bird Polybutene gel Starlings,Pigeons,  Thid Huge Cao,, Inc, 2270-88
Repellent (95%) Sparrcws
Grosley's Original ~ Polybutene gel Starlings, Pigeons,  Ibid Aegis Labs, Inc, 7682-1
No Roost Bird {40%) & Diphen-  Gulls, Sparrows
Repellent ylamine {1%2)
Guardian AvaTac  Polybutene (10%) Birds Structures, Trees  Ar Chemical 7122-50
Nuisance Rird & Palpja gal Corp.
Repellent (20%)
Hub States Bird Polybutene gel Birds Structure Roosts Hub Siates Corp. 5502.37
Repellent/ Hubsco  (97%)
Bird Repelient
Hub States Bird Polybutcne gel Birds Thid Hub States Corp. 1621-16-5602
Repellent Aerosol  {48.5%)
Repel-O-Film Mineral Oil Birds Ledges, Structures Baumes Castorine 1606-3
94.5%)
Roost-No-More Polybutene gel Statlings,Pigeons, Structures Yelsicol Chemical 7579-2
Hird Repellent (76%) ( Sparrows Co.
Roost-No-More Polyisobutylene Birds Stuctures Velsicol Chemical 876-435-AA
Bird Repellent (48%) Co.
Liguid
Roost-No-More Polybutene gel Starlings, Pigeons  Suuctures Velsicol Chemical 876-437
Repels Nuisance (96%) Co.
Birds
Raost-No-More Polyisobutylene Starlings, Pigeons  Strucnures Velsicel Chamigal 876-437-AA
- Bird Repellent (2%) & Petyoleum Co.
Repels Nuisance ~ Naphthalenic Oil
Birds (86%)
Shoo Bird &£ Bat  Naphthalene Birds Structures Petrokem Corp. 2292.76
Repellent (99%)
Tower Grezall NP-  Polybutene Birds Stuchures Tower Oil & 10286-1
4 Bird Repellent {49.7%) Technology Corp.
WH-Kil Naphthalene Starlings,Pigeons,  Structures Sudbury 731-42
{1004%:) Sparrows Laboratories, Inc.

those reporting losses, 27% were atiributed 1o wildlife (Fig.
1), Although different taxa are blamed for varying degrees of
damage, these data fail to indicate the extent of damage done,
and hence the economic damage caused by the perceived
pests. For example, birds are implicated in causing between 2
and 12% of damage to various commodities, but their impact
could be larger if they damaged high value crops (i.e., fruits).
Whereas deer are cited as causing a higher frequency of dam-

age, but the commodities affected may have lower per acre
market value (i.e. grain). Thus, the relative economic impor-
tance of a pest is not accurately measured by such
reporting, though it is helplul in identifying the spectrum of
pest control methods potentially needed.

Nonetheless, there have been estimaies of economic
damage caused by wildlife. For example, birds attack nearly
all food crops. Damage w com (Dolbeer et al, 1982), rape
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Table 3. Estimates of economic losses caused by birds to selected agricultural commodities (i.e., commodities for which
damage is commonly reported, and for which dollar values are reported).

Crop $ Market Value % Loss $ Value Loss Reference
FIELD CROPS
Field Com
Ohio 5,000,000,000 1.0 5,000,000 Dolbeer 1980
Ohio 1,726,800,000 0.7 3,880,000 Stickley et al. 1979
Ohio 737,500,000 08 5,900,000 Dolbeer 1981
Ohio 968,571,428 0.7 6,780,000 Dolbeer 1981
Ohio 4,507,142 0.14 631 bu Andrews & Henze 1985
Michigan 544,000,000 0.3 1,360,000 Dolbeer 1981
Kentucky 240,000,000 0.5 1,200,000 Stickley et al. 1979
Tennessee 97.435,897 04 380,000 Stickley et al. 1979
10 states? 137,241,666 24 293,800 Besser & Brady 1986
Ontario 560,000 ton 0.7 39,200 ton Tyler & Kannenberg 1980
Sweet Com
OQhio 1,000,000 20 200,000
Wheat
NW Tennessee 73,000 ton 26 1,913 1on Dolbeer et al. 1978
SC Tennesses 30,900 ton 03 87 ton Dolbeer et al. 1978
SW Tennessee 117,800 ton 03 412 on Dolbeer et al. 1978
Peanuls
Oklahoma® 3,360,000 14 46,670 Molt et al. 1972
FRUIT
Blueberries
National 79,000,000 10.8 8,500,000 Avery et al, 1991
National 32,000,000 5.0 1,600,000 Mol & Stone 1973
Michigan® 8,333,333 6.0 500,000 Stone et al, 1974
Cherries
Britain 44,726,774 11.5 5,163,264 Feare 1979
Michigan 25,000,000 174 4,250,000 Gouarino et al. 1974
National 138,888,889 174 24,166,667 Crase et al, 1976
Grapes '
National 683,920,900 04 2,600,000 Lee, pers. commun.
LIVESTOCK
Feedlots
Kansas 2,000,000 Glahn XXXX
Tennessee 4,200,000 Hobson & Geuder
Tennessee 579,000,000 0.7 4,200,000 Stickley XXXX
Calfish
National 323,000,000 10.0 32,000,000 Anonymous 1991
Mississippi® 210,000,000 2.6 5,400,000 Stickley & Andrews 1989

*The 10 siates were Illinois, Indiana, Iowa, Michigan, Minne-
sota, Missouri, Nebraska, Qhio, South Dakota, and Wisconsin.
Together, these states produced 79.4% of the com crop in 1981.

bEstimates of production and bird damage are from 3 counties
in 1969.

“These values are estimated. Stickley et al (XXXX) report that
Michigan, during the period 1968-1971, produced 18% of the
national cherry crop. Thus, the national damage could be esti-
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mated on the basis of the dollar damage values supplied by

Guarino et al. 1974,

9Damage estimates were oblained from Hobson and Geuder
(1976). Overall sale of feedlot products for the state of Ten-
nessee were obtained from Stckley (XXXX).

Mississippi produces 70% of the catfish raised in the United

States (Anonymous 1991).



(Inglis et al. 1989), rice (Wilson 1985), sorghum (Bullard et
al. 1981), wheat, rye, cats (Dolbeer, et al. 1978, Summers
1990, Summers and Critchley 1990) and sunflower (Henne et
al. 1979) is well-known, Similarly, fruits crops {e.g., grapes
{Hothem et al. 1981), cherries (Stevens and DeBont 1980,
Tobin et al. 1989), blueberries (Avery et al, 1991, Conover
1985), citrus (Hobbs and Leon 1988, Rappole et al. 1989)],
and apples (Tobin et al. 1989) suffer significant damage. Al-
though bird depredation on vegetables, nut crops, and le-
gumes is less publicized, it is a common complaint among
growers (Fig. 1). In addition to bird losses, per se, damage can
result in higher levels of insect damage and spoilage (e.g.,
Woronecki et al, 1980).

Not surprisingly, the few available reports show that the
economics of damage varies greatly among food crops (Table
3). For example, a 1972 survey of sunflower fields in North
Dakota and Minnesota showed that the mean loss to birds
was only 13 kg/ha (Besser 1978). Because 174,500 ha were
planted in sunflower during that year, we can estimate that
the national loss was 2,270 metric tons (Putt 1978). At an
average value of $230 per metric ton (Cobia 1978), bird dam-
age cost growers $522,100. On the other hand, Avery et al.
(1991) estimated that birds destroyed ncarly 11% of the
national blueberry crop in 1989. Because total blueberry pro-
duction in 1989 was 158 million pounds, and the average
price was $0.50/pound, Avery estimated that bird damage
may have cost growers as much as $8.5 million from a total
market size of $77.3 million.

Non-food crops also are attacked by birds. Turf (Laycock
1982), flowers [e.g., orchids and anthurium (Cummings et al.
1990)], and cover crops such as clover (D. Sheppard pers.
commun,) are damaged. As with food crops, losses can begin
early in development and continue until the date of harvest.
Because some non-food crops remain in the field for years
(e.g., wurf), depredation can occur during any scason.

As for food crops, the cost of bird damage to non-food
crops is variable but sometimes severe (Table 3). For
example, estimates of annual bird damage to orchids grown
in the Hawaiian Islands are as high as 75% of the total crop;
the 1985 market value of Hawaiian orchids exceeded $ 12
million (Kefford et al. 1987}, representing a potential loss of
$9 million.

Apart from field crops, bird damage has been docu-
mented in a variety of other agricultural contexts. For
example, feed depredation and feed contamination are prob-
lems for feedlot and grain storage operations (Feare 1975,
1980; Twedt and Glahn 1982). Birds associated with live-
stock and poullry also represent a potential vector for eco-
nomically important diseases such as transmissible
gastroenteritis (Gough and Beyer 1982, Pilchard 1965), tu-
berculosis (Bickford et al. 1966), beef tapeworm and avian
influenza (Lipkind et al, 1979, Alexander et al. 1979). As
predators, birds prey on livestock (Phillips and Blum 1988),
and take fish from pound nets (Craven and Lev 1987) and
fish-culture ponds (Mott 1978). Losses to aquaculture can be
extremely high; the third greatest cause (behind disease and
oxygen depletion) of loss to catfish producers is said to be
birds eating fish (Anonymous 1991). Estimates of bird dam-
age to catfish operations in the Mississippi dclta exceed $5
million annually (Stickley and Andrews 1989), and $32 mil-
lion nationally (from a total $332 million pond-side value
nationally),
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Figure 2. Expenses for agricultural chemicals for U.S. farmers
by state (top). Quantities of agricultural chemicals used by U.S.
farmers by type of application. Data based upon the 1987 Cen-
sus of Agriculture.

Depredation and disease transmission are two tradition-
ally recognized conflict areas between birds and agriculture.
A less studied but potentially more important problem (from
an economic point of view and the standpoint of wildlife
perservation) is the hazard that modemn agricultural practices
present to birds, Pelleted agricultural chemicals and chemi-
cally treated seeds are essential components of no-tillage con-
servation farming, a practice that is predicted to be used on
60% of the nation’s cropland by the year 2010 (Crosson
1982). These farming practices generally benefit wildlife by
providing cover and food (Castrale 1987). Also, they are en-
vironmentally safe, relative to pesticide spray applications
(Greig-Smith 1987). However, pelleted chemicals and treated
seeds present dangers to birds that accidentally ingest them
(Greig-Smith 1988). Most if not all granular insecticides are
highly toxic to birds (Schafer et al. 1983). Many are formu-
lated in particles that have the same size and shape as grit
(Best and Gionfriddo 1991), and there arc numerous reports
of avian mortality associated with these materials (U.S.
Environ. Protect. Agency 1989). Predators and scavengers
that consume poisoned birds also are at risk, and the EPA has
threatened a generic ban on the use of granular products (J. F.
Wright, FMC Corporation, pers, commun.). There is ample
statutory justification for this position. The Migratory Bird
Treaty Act (16 USC 703-711) sets zero tolerance for bird
mortality from human activities (see also; Lacey Act, 18 USC
42-44; Black Bass Act 16 USC 851-856; Bald Eagle Protec-
tion Act, 16 USC 668-668d; Tariff Classification Act of 1962,
19 USC 1202 (Schedule 1, Part 15D, Headnote 2, T.S.U.S.);
Endangered Species Conservation Act of 1969, 16 U.S.C.
668aa-668cc-6). Although the cost of a generic ban on granu-
lar chemicals has not been estimated publically, it is clearly
enormous (Fig. 2, Table 4), These products represent a major
fraction of the pesticide market, and are a principal source of
income for major chemical companies (Mason and Turpin
1990).



Table 4. Net U.S. and worldwide agricultural chemical (Ag.
Chem.) sales ($ millions) by the top 10 producers (T. Miller,
American Cyanamid, pers. commun.), and tofal sales of all
products by these companies. Values drawn from the latest
available annual reports (1988-1990) of these companies.

Estimated Estimated Total

us. World World

Company Ag. Sales®  Ag.Salesb Sales®
DuPont 711 3,076.5 15,064
Ciba-Geigy 672 3,109.6 17,600
Dow Elanko 545 1,023.0 8,293
Monsanto 520 1377.0 4,825
American Cyanamid 510 1,100.0 24,449
ICI 447 4,189.0 13,612
Rhone Poulenc 255 2,239.0 16,039
BASF . 207 3,047.0 2,150
Mobay USA 185 358.3 3,287
FMC 183 521.0 22,297
All others 850 3,176.7 —_

*Net sales estimates for the United States market were provided
by T. Miller, American Cyanamid Corporation.

bSales estimates for the world agricultural market were extracted
from corporate earnings statements contained in annual
reports.

“Total sales obtained from corporate earnings statements con-
tained in annual reports.

Repellents—Existing Compounds

There are few EPA registered chemical repellents avail-
able, and the restricted situations in which they can be used
are decreasing (Table 1). For example, mesurol [3,5-dim-
cthyl-4-(methylthio)phenol methylcarbamate] was once used
on a wide variety of crops (Eschen and Schafer 1986, Guarino
1972), but it is now available only as a com secd treatment.
Although this chemical appears to pose little direct threat to
wildlife (Dolbeer et al. 1988), maintenance of the broad reg-
istration package has not been pursued by the manufacturer
(Mobay USA), perhaps reflecting the fact that mesurol sales
are very low when compared to the sales of other Mobay
products and sales by Bayer Chemical, the parent company.

Besides mesurol, the only other effective repellent avail-
able for use is lindane (Eschen and Scahfer 1986, Timm
1983). It too is registered only as a seed treatment, Although
lindane does not appear acutely or chronically toxic to birds
at concentrations that are repellent (Blus et al., 1984), it is
carcinogenic (Windholtz et al. 1983). Both mesurol and lin-
dane cause food avoidance leamning, ie., birds eat treated
foods and become sick, associate the sickness with the food,
and subsequently show avoidance (Rogers 1978).

Other registered chemicals inclode capsaicin and garlic
{broadcast applications to vegelation not intended for human
consumption), coal tar (sced treatment), and copper oxalate
(sced trcaiment) (Timm 1983). All of these substances are
putative irritants, and may repel mammals. However, there is
no evidence that any of them repel birds. At least for the
chemical senses, birds and mammals do not share the same
sensory universe (Mason et al. 1991c). For example, 20 ppm

of capsaicin is aversive to mammals, but up to 20,000 ppm is
inoffensive to birds. This is the limit of solubility, and 2000x
the capsaicin concentration in a jalepeno pepper (Szolcsanyi
etal. 1986). There are other problems as well, At least one of
these putative repellents is carcinogenic: coal tar contains a
variety of potent mutagens including benzene, xylene, and
anthracene (Windholiz et al. 1983).

No chemical repellents are available for use in aquacul-
ture or as deterrents to avian predation on livestock. Further,
no effective chemicals are available for broadcast applica-
tions to food crops or for agricultural commodities like turf or
flowers. Although industry should be encouraged to preserve
the registration of substances like mesurot for as long as pos-
sible, concerns about the safety of these materials will even-
tually preclude their use. In the next section, we offer
candidate repellents that have greater potential for long-term
availability, However, there are added initia) costs associated
with these materials in terms of EPA registration and com-
mercialization,

Repellents—Short-term Possibilities

These are known bird repellents that are not registered
with the EPA for use in arcas of interest. Preferably, chemi-
cals in this category are registered either as bird repellents for
use in settings other than the one of interest, or as agents
useful for some other agricultural purpose (e.g., as a fungi-
cide). Alternatively, these substances might be listed with the
1.S. Food and Drug Administration for use as human or
animal feed additives. The advantages of such compounds
are that toxicological and environmental data are already in
place, thus lowering the eventual registration costs, Candi-
date compounds that meet these requirements include several
pesticides [e.g., trimethacarb (Avery et al. 1989b), thiram,
ziram (Cummings et al. 1991)], chemicals registered as bird
repellents in other countries (e.g., anthraquinone), mamma-
lian food additives [e.g., cinnamic acid derivatives (Crocker
and Perry 1990), cinnamyl alcohol and benzoate derivatives
(Jakubas et al. 1991), anthranilate derivatives (Mason et al.
1989), acetophenone, benzoic acid and triazine derivatives
(Clark and Shah 1991, Clark et al. 1991a, 1991b), pulegone
(Mason 1990)), and inert materials [e.g., clay seed coatings
{Dancke and Decker 1988, Avery etal 1989a)). Trimethacarb,
thiram, ziram, and some of the cinnamic acid derivatives are
repellent because they cause food avoidance learning, Con-
versely, anthranilate derivatives, cinnamyl alcohol and ben-
zoate derivatives, other cinnamic acid derivatives and
pulegone cause sensory pain (i.e., irritation), but (probably)
not gastrointestinal malaise. Clay coatings are (presumably)
tactile repellents—birds avoid treatcd seeds because they are
tacky, and thus cannot be handled efficiently.

Registration costs of clay seed coatings would be low,
and their use, obviously, cost-efficient. Similarly, chemicals
that are registered for other agricultural purposes, or that are
registered as bird repellents in other countries should be inex-
pensive to register as bird repelients in the United States
because much of the toxicological and environmental data
already exist, Whether or not the use of agricultural chemi-
cals is cost effective relative to the bird damage they prevent
is a matter for case by case investigation, rather than an indus-
try wide assessment. There is evidence that the application of
ziram is economical for high cash value crops like orchids
{Cummings et al. 1990). Similarly, thiram may represent an
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economical repellent to deter grazing birds on turf and cover
vegetation, particularly in specialized applications where
damage to the crop is not the only consideration.

Repellent chemicals currently used as human and ani-
mal feed flavorings (e.g., anthranilate derivatives, cinnamyl
alcohol and benzoate derivatives) will have relatively low
registration costs, although such costs would probably ex-
ceed those for inert repellents. Because flavorings have not
been used as pesticides, it is typically the case that few com-
parative data on ioxicity exist, especially with regard to
aquatic species. Nevertheless, there is sufficient data to sug-
gest that methyl anthranilate might be an economical repellent
to deter grazing birds (Cummings et al., in press).

‘Whatever the repellent in question, one strategy to con-
1ain registration costs may be to target non-agricultural uses
where ecological concems and residue requirements (vis-a-
vis food contamination) are relatively few. Such non-agricul-
tural uses are described below. Further, since registration
expenses are affected by the amount of chemical applied in
the environment, it is logical that reduced costs will follow
from reduced chemical application rates. Reduced applica-
tion rates may be possible without loss of effectiveness if
several substances are combined and applied in ‘cocktails’.
Synergisms in such mixtures do occur in the laboratory (Ma-
son 1989) using less than otherwise effective concentrations
of the ingredients,

There are no clear short-term possibilities for repellents
designed to control livestock predation and losses at aqua-
culture facilities, While it may be possible to develop topical
repellents that deter birds under some conditions (e.g., star-
lings picking at cattle, Bauer 1978), repellents are unlikely
solutions to predator attacks (cf. Davies 1988). As for aqua-
culture, we foresee no short-term possibilities for chemical
repellents, although it may be possible to develop repellents
that float on the surface of ponds and deter wading and diving
birds, without affecting aeration (see conscrvation uses,
below). We predict that the private scctor will support short-
term repellent rescarch when this support is clearly in their
self-interest. Therefore, in our view, experiments on short-
term repellent possibilities should be collaborative in nature,
with both industrial and government scientists involved. Both
groups bring unique capabilities to the research endeavor,
and industry has the capital and expertise to bring finished
technologics to market.

Repellents—Long-term Possibilities

Extended programs that explore fundamental concepts
in avian foraging are likely to yield practical results, Starting
points for these long-term studies may be known substances
with repellent activity, or the evaluation of biologically active
and potentially repellent materials identified through investi-
gation of plant and animal {mainly insect) chcmical defenses
against birds. Four lines of research appear espccially prom-
ising, First, basic examination of structure-activity relation-
ships between the chemistry of known irritants and avoidance
behavior will lead to the reliable prediction of new sensory
repellents (Mason et al, 1991a, 1991b, Clark and Shah 1991a,
Clark et al. 1991a, 1991b, Shah et al. 1991). Such studies also
may lead to an explanation for the dramatic differences be-
tween mammals and birds in their responses to repellents
(Mason et al 1991c) . Second, basic examination of (he physi-
ological effects of repellents that act by causing malaise could
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lead to the prediction of new repellents. For example,
Martinez del Rio and his colleagues {e.g., Martinez del Rio
and Stevens 1989) have shown that intestinal membrane dis-
accharidases constrain the feeding behavior of some passe-
rines (i.e., some birds are unable to consume complex sugars
without becoming sick). Perhaps something as simple as the
addition of sucrose to livestock feed could effectively and
economically reduce depredation and disease hazards that
birds present at feedlots. Although recent evidence suggests
that sucrose may not function as a repellent in a feeding
context (Clark and Mason, ms) Third, selective breeding and
genetic engineering of plants might produce crop varieties
that are bird tolerant, For example, it might be possible to
selectively breed fruits that store energy as one sugar (e.g.,
sucrose) rather than another (Brugger and Nelms 1991). This
approach has becn tried with maize (Dolbeer el al. 1988),
sorghum (Bullard et at. 1981), sunflower (Dolbeer et al.
1986), and pears (Greig-Smith et al. 1983). More broadly,
phenylpropanoids, a class of common phenolic compounds
in plants, are bird repellent and insecticidal (Buchsbaum et al.
1984, Crocker and Perry 1990, Jakubas et al. 1991). One of
these substances, coniferyl alcohol, is the primary precursor
of lignin (Lewis and Yamamoto 1990). Because production
of phenylpropanoids in plants is focused in specific plant
tissues (i.e., husks, pericarp, aleurone; Collins 1986,
McCatlum and Walker 1990), it may be possible to maximize
the repellency of endogenous chermical defenses against birds
(e.g., by concentrating chemicals in achene surface tissues),
while minimizing the impact of the defense on the nutritive
value or palatability of the grain once these surface tissues are
removed (Jakubas et al. 1991), Finally, the molecular identity
of many plant and insect chemical defenses against insect
predators are well described. Some of these materials could
be bird repellent as well (Crocker and Perry 1990). For
example, cucurbitacins are triterpenoid glycosides that occur
in plants belonging to the Cucurbitacae and Cruciferae fami-
lies (Robinson 1983). These substances both protect plants
against attack by herbivorous insects (Metcalf 1985) and are
bird repellent (Mason and Turpin 1990). The possibility ex-
ists that cucurbitacins could be used as bird-safe insccticides,
although we hasten to add that there is no a priori reason to
assume that natural products are any less likely to be acutely
toxic or mutagenic than so-called synthetic chemicals (Ames
and Gold 1990).

Because of the long-term nature of these research
projects, it is unlikely that industry can be actively and
financially involved (i.e., at the outset, there are no clear
products for commercialization). Therefore, in our opinion,
these investigations are best carried out with public funds by
government and university scientists until the point that short-
term possibilities for new repellents become clear. It is our
belicf (hat the discovery of new, environmentally safe repel-
lents benefits the public, the cause of wildlife preservation,
and American agriculture, regardless of the companies or
groups that ultimately benefit financially from the sale of
finished products.

NON-AGRICULTURAL USES

Needs

Waitcrfow! are cited as nuisance problems in urban and
suburban areas (Cummings, et al. 1991). Grazing geese dam-
age turf (Laycock 1982), and their feces may represent a



hazard to public health (Conover and Chasko 1985). In the
eastern United States, resident Canada goose flocks contrib-
ute significantly to the eutrophication of ponds and streams
{Conover and Chasko 1985, Mott and Timbrook 1986). The
overall economic impact of waterfowl damage in these set-
tings has not been quantified, but the cost of capturing geese
for relocation can exceed $12.00/bird (Thompson 1991). Re-
location of captured geese costs even more. Further, one sur-
vey of golf courses found that superintendents would pay in
excess of $60.00/ectare for effective Canada goose control
(Cummings et al. 1991). There are about 14,500 golf courses
in the continental United States (U.S. Golf Association, pers.
commun.). If a fraction of these courses experience goose
damage, then losses (and the price managers would pay for
control) is substantial.

Other species cause nuisance and public health problems
by carrying garbage from dumps (Dolbeer ct al. 1988b),
roosting in urban and suburban areas (Chick et al. 1980,
Dolbeer et al. 1988c, Tosh et al. 1970), and causing structural
damage (Stemmermarf 1988). In Missouri, the annual cost of
damage by woodpeckers to electrical transmission poles has
been estimated to be as high as $364,000 (Stemmerman
1988). If the average cost of damage were only $250,000 per
state, then the national cost of this problem could be as high
as $12.5 million per year,

Repellents—Existing Compounds

Currently, naphthalene, mineral oil with dialkyl ammo-
nium bentonite and alkyl benzyl dimethyl ammonium bento-
nite, and polybutenes are registered for non-agricultural bird
control (Timm 1983; Table 2). Generally, the registered pur-
pose of these repellents is the control of birds roosting on or
in structures (Timm 1983). However, neither naphthalene nor
mineral oil solutions of dialkyl ammonium bentonite and al-
kyl benzy! dimcthyl ammonium bentonite have demonstrated
utility as avian repellents (e.g., Clark et al. 1990, Dolbeer et
al. 1988a). Undoubtedly, polybutenes have some bird repel-
lent activity under some circumstances, as the number of
products conltaining this substances (80% of commercial roost
repellents; Table 2) attest (also, see Fitzwater 1988), Again,
however, experimental data in support of this claim are sparse.

At present, there are no repellents registered for the con-
trol of geese, for the dispersal of roosting flocks (outside the
restricted applications above) or the prevention of structural
damage. Although Southwest Research Institute publicized
ST-138 as a commercially available woodpecker repellent in
1984, the product was never approved for distribution by the
EPA, apparently becausc the active ingredient (3,5,5-
iimethyl-2-cyclohexene-1-one) is onc of the most toxic
ketones known (S. Tomlinson, pers. commun.).

Repellents—Short-term Possibilitics

Some of the materials that we described for agricultural
purposes could serve as useful repellents in non-agricultural
contexts. These chemicals include food and flavor additives
like anthranilate derivatives, and registered agricultural
chemicals like thiram, As we stated above, the evidence sug-
gests that these substances could serve as effective and eco-
nomical repellents on turf [i.e., golf courses, (Cummings et
al. 1991)], and methy] anthranilate might serve to deter geese
from ponds under certain conditions {¢.g., water holes on golf
courses). In addition, materials such as mcthoxyaceto-

phenones, 4-ketobenztriazine, veratryl amine, N-acetyl
veratryl amine (Mason et al. 1991, Clack et al. 1991) may
prove useful, Registration of these latter substances undoubt-
edly will be more expensive than registration of anthranilates,
or bird repellent fungicides. However, costs might not be
excessive as aminoacetophenone, 4-ketobenztriazine, and
veratryl amine are already used as synthetic intermediates for
food additives, pharmaceuticals, and agricultural chemical
coatings.

At present, we foresee no short-term possibilities for the
development of new repellents that deter roosting birds, or
that prevent birds from causing structural damage. The
development of such materials awaits understanding of the
basic physicochemistry of avian irritation.

Repellents—ILong-term Possibilities

Long-term strategies that we described above under ag-
ricultural uses apply here as well.

CONSERVATION USES
Needs

Industrial by-products and mine effluvia are frequently
stored in open outdoor impoundments until they can be pro-
cessed. Although the impoundments meet federal and state
regulations for the protection of ground water, they pose seri-
ous risks to wildlife (Allen 1990, Kay 1990). Waterfowl,
shorebirds, and other species are attracted to the freestanding
water and risk exposure to both acute and chronic toxicants
(Ohlendorf et al. 1989, Williams et al, 1989).

The costs of protecting birds from mine and industrial
effluvia is readily quantified. United States sales from the
goldfsilver mining industry exceeded $3.3 billion in 1989,
Because cyanide is used for extraction of these metals from
ore, the leachate impoundments are highly toxic to wildlife.
Eliminating cyanide from ponds by quenching is expensive,
costing between $240-400,000/year for a mid-sized opera-
tion. Excluding birds from ponds until cyanide reclamation or
quenching can be achieved is also costly, running between
$9,000-13,000/acre (Schroeder 1990). FMC Gold Company
spent $8 milltion (in netting) at its’ Paradise Peak mine to
exclude waterfowl; this investment reduced avian mortality
from 1,548 in 1986-87 to 88 in 1988-89 (Allen 1990). Simi-
larly, Echo Bay Minerals Co. spent $ 7.2 million to neutralize
cyanide and exclude birds from a 363 acre pond at a mine
site. Despite substantial reductions in avian mortality, the
results of attempted exclosure obviously do not meet the re-
quirements set forth by the U.S. Fish and Wildlife Service,
i.e., zero mortality. The failure to meet these requirements
has resulted in substantial fines. Echo Bay Minerals was fined
$500,000 for causing the deaths of 900 birds, and McCoy Ore
spent $ 250,000 to mitigate the deaths of 21 ducks, 2 hawks, 1
sandpiper and 1 ibis.

Economic figures for the petroleum industry are not
readily available, but the problem is no less dramatic. Simi-
larly, agricullural wastcwater basins are a hazard to wildlife.
Kesterson Reservoir ncar San Francisco is contaiminated with
selenium, and iltustrates this point. While acute mortality is
low, successful breeding has all but ceased due to
bicaccumulation of selenium in eggs (Ohlendorf et al. 1989).
The U.S. Fish and Wildlife Service is secking methods to
discourage birds from breeding at contaminated reservoirs.
Methods proposed have been as drastic as poisoning the
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aquatic invertebrate and plant communities in the reservoirs
so as to eliminate bird food resources, This strategy, apart
from being extreme, is counterproductive. At least some
aquatic vegetation types are planted to stabilize pond sites.

A second area of conflict between wildlife and humans
that falls under the rubric of conservation arises at airports
{Blokpoel 1976). Collisions between birds and aircraft are
frequent (DcHaven et al. 1989). In 1989, the economic loss to
U.S. military operations caused by bird strikes was estimated
to be about $80 million, and civilian losses were estimated to
be as high as $100 million (Dolbeer, pers. commun.). In many
instances, birds are attracted to airports after rains because of
the free-standing water which accumulates on runways, As in
the case of mining operations, traditional hazing operations
are ineffective because birds simply move from one location
to another, and quickly becorne accustomed to the harass-
ment.

Finally, avian depredation on endangered and protected
species poses a significant threat to species preservation and
biodiversity (e.g., Vacca and Handcel 1988). In particular,
corvids take the eggs of waterfowl and ground-nesting game
birds (Dimmick and Nicolaus 1990, Parker 1984). Ravens
also prey on endangered species such as the California least
tern (Belloumini et al. 1988) and the desert tortoise
(Woodman and Juarez 1988). Undoubtedly, the economic
impact of this predation, per se is small; however, the impact
in terms of lost recreational dollars (generated by tourism,
sporismen, elc.) may be substantial.

Repellents—Existing Compounds

No repclient chemicals are registered for any conserva-
tion use. The most commonly used stralegy to deter birds
from ponds and airports are traditional hazing mcthods. Haz-
ing, although effective at reducing bird numbers, is ineffec-
tive at achieving zero mortality, a primary requirement of the
Migratory Bird Act (Kay 1990, Jackson 1990). Nelting also
is used to exclude birds from ponds, but waste water im-
poundments are frequently large, and physical exclusion is
somelimes impractical.

Repellents—Short-term Possibilitics

A variety of substances may have utility as bird repellent
additives to standing water. These include sensory repellents
like methyl anthranilate, 4-ketobenziriazene, and anthranilic
acid, Alrcady, pen tests have shown that methyl anthranilate
can dramatically reduce water use (drinking, swimming) by
diverse species of birds [e.g., mallards, herring gulls, starlings
(Dolbeer et al. 1991)). Further, laboratory trials have demon-
strated that some of the chemical repetlents mentioned above
(sce: Non-Agricultural Uses, Repellents: short-term possi-
bilities) cffectively deter birds from drinking lethal doses of
cyanide-laced pond water (Clark and Shah 1991b). The ef-
fectiveness of these chemicals might be further enhanced if
synergized with a color cue (Lipcius et al. 1980). The major
obstacle blocking the praclical application of these com-
pounds is the development of delivery systems that (a) pre-
serve the chemical integrity of repellents in the hostile
environments that wastewater presents (Clark and Shah, ms),
and (b) assure that chemical is concentrated in ways that
maximize the likelihood of contact with target birds (e.g., on
the surface of ponds).

Regarding predation on endangered and protected spe-
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cies, several investigators have suggested the use of condi-
tioned food avoidance methods as deterrents (e.g., Dimmick
and Nicolaus 1990, Nicolaus et al. 1983). These techniques
may be relatively simple to register, as exceedingly small
quantities of relatively harmless materials are put into the
environment at restricted baiting locations. However, it re-
mains unclear whether conditioned food avoidance actually
reduces damage in field settings as it appears to do in the
laboratory (Sheaffer and Drobney 1986).

Repellents—Long-term Possibilities

The development of chemical repellents for use in small,
shallow pools of water is a fairly simple matter. However, the
development of substances that can be added to large ponds is
physically and ecologically more complex. Further, toxic im-
poundments negatively affect members of all vertebrate
classes, not just birds. The identification of broadly repellent
materials is likely to be a long-term process, as all the avail-
able evidence suggests that there are dramatic differences
among vertebrate classes in their responsiveness to
chemosensory stimuli (Szolcsanyi et al. 1986, Mason and
Qtis 1990). Long-term strategies that we described for agri-
cultural and non-agricultural uses should apply to the present
context as well,

DECISION-MAKING CRITERIA

No matter the use or the repellent under consideration,
we consider industrtal participation to be essential for the
development and commercialization of new bird repellent
chemicals. We view Lhe role of government scientists as that
of performing basic laboratory and field research needed to
identify candidate repellents. Also, government scientists can
identify potential uses for new materials, and can quantify the
economic damage that birds cause in various situations.
However, in our opinion, only the private sector has the
financial and Icgal resources, the experience with various
complex burcaucracies, and the persistence necessary to suc-
cessfully commercialize new repellent technologies for a va-
riety of applications. To actively involve industry in the
realization of new repellents, it will be necessary to assist
them in evaluating whether particular applications are worth
the investment. In this last section of our paper, we present a
basic schemata that might serve to assist industry in this pur-
pose.

The path from discovery to product availability can be
thought of as a filtering process (Fig. 3). Each step along the
filtering process places constraints on product development.
Thus, if the initial number of candidate repellents are few,
then the likelihood of any compound passing through all the
filiers is small, Specifically, the historical means of discovery
of candidate repellents has been serendipitous. Such chance
discovery without any regard to the constraints imposed upon
development by manufacturing, market, registration, techni-
cal and distribution considerations has severely limited the
number of economically viable and environmentally sale re-
pellents (Tables 1 & 2).

Recently, we have developed a structure-activity modet
for sensory bird repellents (Clark and Shah 1991, Clark et al.
1991, Mason et al. 1991a, 1991b, Shah etal 1991). While this
model is by no means a definitive predictor of avian repel-
lents, it does have good power for certain classes of com-
pounds. Briefly, bird repellents are those compounds with the
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Figure 3. A heuristic model for factors affecting the discovery
and development of a repellent strategy.

following attributes:

1. A pheny! ring with an electron donating or basic group
is critical;

2. An electron Wwithdrawing group in resonance with a
basic group decreases the repellency (as well as the
toxicity) of a substance. These effects are pronounced
when the groups are ortho to one anothier;

3. The presence of an acidic group decreases repellency;

4. The presence of an H-bonded ring or a covalently
bonded fused ring that possess the required features
(e.g., electron donating and withdrawing groups ortho
to each other) can enhance repellency, but is not
essential;

5. Steric hindrance can overpower the features describ-
ed above, and can weaken the effectiveness of poten-
tially aversive substances,

With the avian repellent model we can now identify large
lists of candidate repelients, A second step in the process is to
identify the manufacturing base for the candidate repellents.
Some compounds may only be manufactured on a small scale,
and even if the compound were a potent avian repellent the
markets might be too small to justify large capital outlays to
increase production capacity. Thus, a good candidate repel-
lent will already be manufactured in reasonably large quanti-
ties by one or more manufacturers and there should be
sufficient capacity in manufacturing infrastructure to meet
projected market demands. Thus researchers should be able
to track down manufacturers and obtain information on pro-
duction capacity for candidate repellents.

A (hird step in the development process requires some
evaluation of the market for a candidate repcllent. From an
economic siandpoint estimates of market values of commod-
ities {e.g., Figs. 4, 5) as well as projections of losses for those
commodities (Table 4, Fig. 1) are useful in determining the
potential market size. Additionally, estimates of the marginal
increase in production if a repellent were used, and its effect
on market value, would be useful 1o the private sector in
evaluating whether the candidate repellent should be devel-
oped. An evaluation of non-agricultural markets should also
be made. In some cases the total market size may not actually
provide sufficient incentive for private investment because
the profit margin for a given commodity may be sufficiently
small so as to preclude the costs of repelients. In this case
repellent developers may wish to focus on regional com-
modities where the value of the crops is highest and presum-
ably there is a greater willingness and ability for consumers to
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Figure 4. Top: The total market value and relative market share
of agricultural commodities for the U.8. (top). Market value for
crops is $56.7 billion annually, while that for animals is $79.3
billion. Percentages are given by the figure while commodity
value is given in the legend, Middle: The market share and
value of crops by industrial classification. Bottom: The total
market share and market value for fruits and nuts. Data are
derived from the 1987 Census of Agriculture,

afford the commercial price of repellent protection (Fig. 6).
Increasingly, there is a need to develop nonlethal repel-
lents for wildlife conservation and urban animal damage con-
trol. In some cases seeking registration for these restricted
uses may allow the private sector to realize a more rapid
return on its investment. Once limited regisirations are
obtained, expansion into agricultural markets, where profit
margins arc nsually slimmer may be more attractive, Addi-
tionally, in some cases repellents may be required due to
regulatory considerations. These markets may even prove to
be a source of development capital. Motivation of this type of
market is most likely high because penalties may apply to
operators, e.g. protection of wildlife from tailings pond water
at mining operations. Finally, development of a candidate
repellent may stand a better chance if there is some exclu-
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sivity, either in patent protcction or registration for the
developer.

A fourth filieding step is the likelihood of obtaining
specified registration for the candidale repellent. Registration
can cost between $24 million. Seme of these costs can be
eliminated by selecting candidate repellents that cither have
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proven safety to humans and/or the environment, This selec-
tion can be dene at the initial stages of development becanse
the model allows same reasonable assurance of effectiveness.

Once a suite of candidate repellents has heen winnowed
by the above considerations further laboratory and field test-
ing can occur to validale effectiveness. Thus, the limited
research dollars available for discovery and development can
be optimized towards those candidate repellents that have
reasonable chances of commercial development The cosls
for steps 1-4 are minimsl when compared o the potential
costs of empircally conducting lab and field wials for repel-
lent effectivenss for a large suite of candidate repellents. It is
during this active research phase that technical constraints on
delivery technology specilic to the application can be ad-
dressed.

The last step in the development process is fo settle upon
the distribution systzm. Optimally, the repellent should not be
an entirely restricted substance, Le. available only to govemn-
mental operations. Such repelients ulimately do not have
large markets and therefore the private sector would not have
an incentive for product development. The nature of the
repellent shonld be amenable o multiple use with restrictions
placed on apllication set by environmenial concems.

We conclude by suggesting that the approach towards
chemical repellent discovery and development outlined here
does not only apply o chemical repellents. The strategy can
be applied equally well with other repellent strategies, i.e.
hazing.
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