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Interactions involving parasitoids, their herbivore
hosts, and the plants on which their hosts are encoun-
tered are complex and dynamic. For example, parasi-
toids use plant stimuli for locating their hosts, but their
survival may be adversely affected by plant allelo-
chemicals ingested by their hosts. Generalizing from
our investigations involving Cotesia congregata (Say)
(Hymenoptera: Braconidae), we suggest that under
some conditions, populations of insect parasitoids may
adapt to specific plants or to the allelochemicals pro-
duced by these plants. Adaptations to plants in insect
parasitoids can include increased survivorship and fix-
ation of some components of foraging behavior and may
be facilitated by postemergence learning. Variation in
the ability to tolerate plant allelochemicals among  par-
asitoid populations may be exploited to enhance biologi-
cal control efforts. 1991 Academic Press, Inc.

Key Worbps: Tritrophic level interactions; population
differences; plant allelochemicals; local adaptation; bio-
logical control; Cotesia congregata (Say), Braconidae;
Manduca sexta L., Sphingidae.

Introduction: Parasitoids, Herbivores, Plants, and Plant
Allelochemicals

Interactions involving parasitoids, their herbivore
hosts, and the plants on which their hosts are encoun-
tered are complex and dynamic. For example, some par-
asitoids are attracted to plant extracts or to volatiles
from the food plants of their hosts (Thorpe and Candle,
1938; Monteith, 1955, 1958; Arthur, 1962; Herrebout
and van der Veer, 1969; Nettles, 1979, 1980; Altieri et al.,
1981; Nordlund et al., 1988; Ding et al., 1989a). In a few
cases, specific chemical attractants of host food plants
have been identified (Read et al., 1970; Elzen et al., 1983,
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1984a; Lecomte and Thibout, 1984; Williams et al.,
1988). Additionally, there is strong evidence that para-
sitoids can detect the presence of plant chemicals in the
frass of their hosts and differentiate between the diets
or plants consumed by their hosts (Sauls et al., 1979;
Thompson et al., 1983; Mohyuddin et al., 1981; Roth et
al., 1978; Nordlund and Sauls, 1981; Elzen et al., 1984b).
Differential responses to plant-derived stimuli may ex-
plain why parasitism of hosts occurs on some plants but
not on others or at different levels on different plants
(Walker, 1940; Zwolfer and Kraus, 1957; Salt, 1958;
Sekhar, 1960; Arthur, 1962; Haynes and Butcher, 1962;
Bombosch, 1966; Streams et al., 1968; Young and Price,
1975; Martin et al., 1976; Harrington and Barbosa, 1978;
Zehnder and Trumbule, 1984).

As indicated by the studies cited above, parasitoids
use plant-derived stimuli as cues in both host habitat
and host location (Vinson, 1975, 1976, 1981, 1984). How-
ever, parasitoid responses to habitat odors or to other
olfactory stimuli can vary with their physiological state
(Thorpe and Candle, 1938; Nishida, 1956; Herrebout
and van der Veer, 1969; Shahjahan, 1974; Hérard et al.,
1988a; Lewis and Takasu, 1990). Also, variation in para-
sitoid responses to habitat stimuli may reflect genotypi-
cally fixed variation within (Prevost and Lewis, 1990) or
among populations (Bouletreau and David, 1981; Kes-
ter and Barbosa, 1991). Parasitoid responses to plants
can also be modified through experience. For example,
exposure to habitat cues during larval development, i.e.,
preimaginal conditioning, may affect orientation re-
sponses of parasitoids to plants (Thorpe and Jones,
1937; Vinson et al., 1977; Vet, 1983; Luck and Uygun,
1986). Similarly, exposure to plant-based stimuli at or
immediately following adult emergence can affect sub-
sequent orientation, searching, or ovipositional re-
sponses of parasitoids to plants or host habitats (Vet,
1983; Wardle and Borden, 1985; Hérard et al., 1988b;
Kester and Barbosa, 1991). Orientation responses can
be dramatically modified when adult parasitoids are ex-
posed to habitat stimuli in association with their host or
its products, especially when oviposition occurs (Mon-
teith, 1963; Arthur, 1966, 1971; Taylor, 1974; Vinson
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et al., 1977; Sandlan, 1980; Vet, 1983; Vet and van Op-
zeeland, 1984, 1985; Dmoch et al., 1985; Drost et al.,
1986, 1988; Lewis and Tumlinson, 1988; Ding et al.,
1989b; Sheehan and Shelton, 1989; Kaiser et al., 1989;
Wardle and Borden, 1989; Turlings et al., 1989; Kaas et
al., 1990; Vet et al., 1990). Finally, parasitoid responses
to plants may reflect broader foraging strategies result-
ing from past selective pressures (van Alphen and Vet,
1986; Lewis e al., 1990).

In addition to their role in host location, plants can
affect the suitability of hosts for insect parasitoids. For
example, parasitoid fitness is often affected by the plant
species or cultivar on which the host feeds (Flanders,
1942; Narrayanan and Subba Rao, 1955; Smith, 1957;
Pimentel, 1966; Cheng, 1970; Zhody, 1976; Blumberg
and DeBach, 1979; and see Bergman and Tingey, 1979;
Price et al., 1980; Boethel and Eickenbary, 1986). In sev-
eral cases, plant effects on parasitoid fitness have been
related to the presence or concentration of plant allelo-
chemicals (Narayanan and Subba Rao, 1955; Smith,
1957; Altahtawy et al., 1976; Smith, 1978; Thorpe and
Barbosa, 1986). Plant allelochemicals ingested by her-
bivores can be transferred to the next trophic level and
have been recovered from several parasitoids (Jones et
al., 1962; Reichstein e al., 1968, Rothschild e al., 1977;
Smith, 1978; Benn et al., 1979; Campbell and Duffey,
1979; Barbosa and Saunders, 1985; Barbosa et al., 1986).
Although adverse effects of plant allelochemicals on in-
sect parasitoids may be indirect, i.e., due to a reduction
in herbivore host quality, direct effects have been dem-
onstrated in a few cases (see below).

Since plants may benefit from the action of natural
enemies on herbivores, Price e al. (1980) suggested that
the plant defense theory should consider the third tro-
phic level as a component of plant defense against her-
bivores. However, experimental studies involving tri-
trophic level interactions have yielded somewhat con-
flicting results. For example, parasitoids orient to
volatiles released by damaged plants (Whitman and
Eller, 1990) and can learn to orient to plant volatiles
induced by host feeding (Turlings et al., 1991). However,
parasitoid survival can also be adversely affected by
plant allelochemicals ingested by their hosts and in
some cases, these allelochemicals are induced by herbi-
vore feeding. For example, leaf damage induces in-
creased levels of nicotine and nornicotine in tobacco
plants (Baldwin, 1988), yet nicotine adversely affects
the performance and survival of several parasitoid spe-
cies (Barbosa et al., 1986; Gunasena et al., 1990).

Perhaps plants can “deceive” parasitoids for their im-
mediate benefit. However, if parasitoids are attracted to
specific plants that decrease the survival of their prog-
eny, they will be of little benefit to these plants over
time. Parasitoids faced with this paradox would suffer
extinction unless they adapted to utilize new hosts or to
increase their survival on these plants. Behaviorally,
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parasitoids might increase their ability to detect or re-
spond negatively to plant allelochemicals that adversely
affect the survival of their offspring and avoid oviposi-
tion in hosts that have ingested these plant allelochemi-
cals. Physiologically, parasitoids might develop an in-
creased ability to tolerate these plant allelochemicals
during larval development. In addition to being theoreti-
cally interesting, investigations of parasitoid adapta-
tions to plant allelochemicals may have useful implica-
tions for biological control.

In this paper, we discuss our work with two popula-
tions of Cotesia congregata (Say) (Hymenoptera: Bra-
conidae), a larval endoparasitoid of Manduca sexta L.
(Lepidoptera: Sphingidae), which differ both in their
degree of exposure to tobacco (Nicotiana tobacum L.)
and in their behavioral and physiological responses to
nicotine. We then suggest that such population differ-
ences in insect parasitoids may be facilitated by post-
emergence learning, as previously hypothesized for
phytophagous insects (Jaenike, 1983, 1988; Smith, 1987;
Papaj and Prokopy, 1988). Next, we suggest that behav-
ioral and physiological responses of insect parasitoids to
plant allelochemicals may provide an adaptive match to
temporal and spatial patterns of herbivore abundance.
Finally, we discuss the implications of our work for bio-
logical control in agro-ecosystems. Although plant ef-
fects on parasitoid-host interactions may also include
those due to physical attributes, our work has focused
on chemical features.

C. congregata, M. sexta, and Nicotine

Both C. congregata and M. sexta are native to the
Americas. The host range of C. congregata is largely re-
stricted to the Sphingidae (Krombein et al., 1979) and
the host plant ranges of its specific herbivore hosts are
often restricted to one or a few plant families (Hodges,
1971; Tietz, 1972). However, there is considerable diver-
sity in the plants to which C. congregata may be exposed
when the plant hosts of its sphingid hosts are consid-
ered collectively. For example, sphingid hosts restricted
to plant families such as Vitaceae, Bignoniaceae, or
Pinaceae may occur sympatrically with those restricted
to Solanaceae. The ability of C. congregata to locate and
utilize hosts on such different plants suggests that this
parasitoid has been able to respond and adapt to an
array of plant chemicals. If available hosts are usually
encountered on one noxious plant species over time,
this adaptability could lead to the formation of popula-
tions of C. congregata locally adapted to this plant spe-
cies and its allelochemicals, just as herbivore popula-
tions can become locally adapted to abundant food
plants (Fox and Morrow, 1981).

The effects of tobacco and its major alkaloid, nico-
tine, on interactions involving C. congregata and M.
sexta have been well-studied. Observed lower rates of
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parasitism for M. Sexta feeding on tobacco than on
other solanaceous plants were first suggested to be due
to the influence of nicotine on the behavior of C. congre-
gata by Morgan (1910) and later by Gilmore (1938a,b).
Thurston and Fox (1972) suggested a similar mecha-
nism to account for the differential rates of parasitism
of M. sexta feeding on flue and burley tobacco varieties
and demonstrated that a single application of nicotine
on the cuticle of M. sexta inhibited larval emergence of
C. congregata. Although most (98-99%) ingested nico-
tine is excreted by M. sexta, some is absorbed into the
hemolymph (Self et al., 1964) and has been recovered
from cocoon silk, meconium, and adults of C. congregutu
(Barbosa et al., 1986). Performance and survival of C.
congregata are reduced when M. sexta feeds on tobacco
plants with a high rather than low nicotine concentra-
tion (Thorpe and Barbosa, 1986) or on a laboratory diet
with nicotine rather than on a nicotine-free diet (Parr
and Thurston, 1972; Barbosa et al., 1986, 1991). Also,
performance and survival responses of C. congregata to
nicotine in the host diet are dosage dependent and simi-
lar to those found for M. sexta, except that C. congregata
shows greater sensitivity to nicotine than does M. sexta
(Barbosa et al., 1991). Since ECD and ECI indices for M.
sexta are not affected by ingestion of 0.1% nicotine, ad-
verse effects on performance and survival are attributed
to the direct action of nicotine on C. congreguta (Bentz
and Barbosa, 1990; but see Baldwin, 1988).

The cumulative results of these studies apparently
contradict the predicted role of third-trophic-level or-
ganisms in the evolution of plant defense, in that nico-
tine deleteriously affects the performance and survival
of both C. congregata and its host, M. sexta. To our
knowledge, this system is the only one for which a plant
allelochemical has been demonstrated to directly affect
the survival of an insect parasitoid and for which the
same plant allelochemical has been suggested to also
affect the behavior of an insect parasitoid. Thus, it pro-
vides an excellent model system for investigating the
ability of an insect parasitoid to behaviorally andphysio-
logically adapt to a plant allelochemical.

Population and Strain Differences in Host Habitat
Responses of Insect Parasitoids

Population or strain differences in the behavioral or
physiological responses of insect parasitoids to different
host habitats have been considered in only a few studies.
For example, adults of Asobara tabida Nees (Hymenop-
tera: Braconidae), a larval endoparasitoid of fungivor-
ous Drosophila spp. (Diptera: Drosophilidae), orient to
host habitat odors. Adults originating from two differ-
ent microhabitats (fermenting fruits or decaying plants)
prefer the odor of the microhabitat from which they orig-
inate (Vet et al., 1984). Since females will mate willingly
only with males from their own strain, these strains are

now considered to be sibling species, Asobara tabida and
A. rufescens Foerster, which are reproductively isolated
by their different microhabitat preferences. Survival of
each species is higher when they develop in the major
host of the preferred microhabitat than when they de-
velop in the major host of the nonpreferred microhabi-
tat (Vet and Janse, 1984).

Geographic variation in ethanol tolerance among
parasitoids parallels that of their drosophilid hosts
(Carton et al., 1986). Drosophila spp. utilize fermenting
substrates and have adapted to the high concentrations
of ethanol present in their habitats by detoxifying in-
gested ethanol. Likewise, hymenopterous parasitoids of
wine-cellar-dwelling drosopholids such as A. tabida,
Leptopilina boulardi (Barbotin et al.) (Eucoilidae), and
Ganaspis spp. (Eucoilidae) show a greater tolerance to
ethanol than those collected from habitats with lower
concentrations of ethanol (Bouletreau and David,
1981). Since ethanol tolerance is limited to females, it is
presumed to be a consequence of selection affecting
only the sex which seeks out hosts in fermenting habi-
tats.

Do Populations of C. congregata Differ in Their
Responses to Nicotine?

Our research has addressed several related questions:
(1) Do populations of an insect parasitoid differ in their
ability to utilize hosts feeding on different plants or
hosts fed on diets with specific plant allelochemicals?
(2) Do populations of an insect parasitoid differ in their
behavioral responses to plants on which they typically
or atypically encounter their primary host? (3) Can an
insect parasitoid detect the presence of a plant gallelo-
chemical that deleteriously affects its survival and if so,
do populations differ in their response to this plant alle-
lochemical? (4) How does learning mediate population
differences in behavioral or physiological responses to
plants or to plant allelochemicals?

The populations of C. congregata used in our investi-
gations originated from two study sites selected on the
basis of their location, history, and present abundance
of tobacco. The “U.M.” site (Tobacco Research Farm,
Upper Marlboro, Prince George’'s County, MD; 38" 52
latitude) is located in an area in which tobacco has been
intensely cultivated for over 350 years. The “WYE” site
(Wye Research and Education Center, Wye, Queen
Anne’s County, MD; 38” 55’ latitude) is located 56 km
away and on the other side of the Chesapeake Bay in an
agriculturally diverse area where tobacco has been
rarely cultivated for ca. 250 years. At both sites, the
most abundant host species are M. sexta and Manduca
quinquemaculata (Haworth) and thus, most available
hosts will be encountered on solanaceous plants. How-
ever, at U.M., these hosts typically occur on tobacco,
whereas at WYE, these hosts occur on tomato, a plant
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TABLE 1

Night-Flying Sphingids Captured by Black-Light
Trapping at U.M. and WYE in 1988

TABLE 2

Major Plant Family Associations of Night-Flying
Sphingids Captured at U.M. and WYE in 1988

Proportion of all moths
captured at

Species” UM? WYE
Manduca sexta® 0.49 0.16
Manduca quinquemaculata® 0.24 0.33
Hyles lineata 0.11 0.03
Ceratomia undulosa 0.04 0.04
Darapsa myron® 0.03 0.04
Paratrea plebja’ 0.03 0.11
Paonis myops® 0.02 0.18
Darapsa pholus 0.01 0
Paonis excaecatus® 0.01 0.01
Eumorpha pandorus® <0.01 0.02
Eumorpha achemon® <0.01 0
Ceratomia catalpae® c0.01 0
Smerinthus jamaicensis” <0.01 0
Sphecodina gbbottii® <0.01 0
Xylophanes tersa to.01 0
Cressonia juglandis 0 0.02
Pachysphinx modesta 0 0.02
Agrius cingulatus 0 <0.01

% ldentification based on Hodges (1971).

b 384 moths captured, 5/16-9/6/88.

¢ 262 moths captured, 5/13-9/18/88; abundance of M. sexta and M.
quinquemaculata may be underrepresented (trap contents destroyed
by beetles on 3 nights during peak flight activity).

4 Recorded hosts of Cotesia congregata (= Apanteles congregatus)
(Krombein et al., 1979).

¢ Additional hosts of C. congregata (K. M. Kester, unpublished).

that does not contain nicotine. Relative abundance of
the available host species at the two sites was fairly
stable over the 4 years. Potential sphingid hosts and
their relative abundance at each site are listed in Table
1. Common food plants of these herbivores, by family,
are shown in Table 2. At both sites, M. sexta and M.
quinquemaculata had similar phenologies, and their rela-
tive abundance over the growing season, compared to all
other hosts, is shown in Fig. 1.

Populations differ in their survivorship responses to
nicotine. Parasitoids collected from M. sexta on tobacco
at UM. and from M. sexta on tomato at WYE differed in
their survivorship responses to the concentration of nic-
otine in their hosts’ diet (Fig. 2). Larval, pupal, and
adult survivorship of parasitoids from both populations
was higher when their hosts fed on tomato plants rather
than on tobacco plants. However, when the progeny of
these parasitoids developed in hosts fed on a 0.3% nico-
tine diet or on the same diet without nicotine, parasi-
toids from U.M. exhibited increased larval and pupal
survivorship after one generation of exposure to nico-
tine. In contrast, those from WYE showed decreased
survivorship and did not survive beyond two genera-

Proportion of sphingid population at

Plant family” u.m WYE
Solanaceae 0.73% (2)° 0.51 (2)¢
Vitaceae 0.05 (5) 0.07 (3)
Oleaceae 0.04 (1) 0.04 (1)
Bignoniaceae 0.03 (2) 0.11 (1)
Rosaceae 0.02 (1) 0.18 (1)
Salicaeae 0.01 (2) 0.01 (1)
All others 011 (1y 0.06 (3)

¢ Plant family associations based on recorded food plants for spe-
cies restricted to a single plant family and/or on larval recoveries of
species recorded on more than one plant family (Hodges, 1971; Tietz,
1972; Gleason and Cronquist, 1963; Kester, unpublished). See Table
L

b proportion of all individual sphingids captured.

¢ Numbers in parentheses show number of host species associated
with each plant family.

4 Proportion may be underrepresented (see comments for Manduca
spp. in Table 1).

€ Includes Hyles lineata, a broad generalist with recorded food
plants in 18 families.

f Includes Juglandaceae, Convolvulaceae, and other plant families
listed for H. lineata.

tions of exposure to dietary nicotine. Overall, the U.M.
strain of Cotesia congregata showed greater tolerance to
nicotine than the WYE strain (Kester and Barbosa,
submitted).

Populations differ in their ovipositional preferences in
the field. The U.M. and WYE populations of Cotesia
congregata differed in their field ovipositional prefer-
ences for M. sexta on tobacco or tomato early in the
growing season, when both host and parasitoid popula-
tions were relatively small. Cotesia congregata at WYE
preferred to oviposit in hosts on tomato rather than in
hosts on tobacco when equal densities of third-instar M.
sexta were presented for 2 days, whereas Cotesia congre-
gata at U.M. showed no preference (Table 3A). Since
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FIG. 1. Black light captures of sphingids at U.M. in 1988.
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FIG. 2. Adult survivorship responses of two populations of Cote-

sia congregata (Say) to host, Manduca sexta L., fed on diets with se-
lected concentrations of nicotine. Responses of the two populations
differ (P = 0.0001, r* = 6720,115 df). Response of the U.M. population
(triangular markers and unbroken line) is best described by: sqrt (No.
adults per host) = 10.54 = 2.47 [nicotine] = 14.0[nicotine]? (P =
0.0001, r* = 0.5246, 65 df). Response of the WYE population is best
described by: sqrt (No. adults per host) = 9.75 26.85[nicotine] +
19.75[nicotine)? (P = 0.0001, 2 = 0.7089, 50 df). Markers and regres-
sion lines are based on back-transformed least-squares means + SE.
(From Kester and Barbosa, 1991.)

parasitoids present at this time were most likely those
which had overwintered in proximity to our study plots
and had limited, if any, ovipositional experience, inher-
ent preferences were most likely to be detected at this
time.

However, both populations of Cotesia congregata
showed no preferences for M. sexta on tobacco or to-
mato later in the season, when host populations were
large (Table 3B). Seasonal fluctuations in ovipositional
responses within these populations may have been due
to a combination of factors, including experiential ef-
fects or responses to increasing host density and/or host
feeding damage over the season. In addition, there may
have been an influx of parasitoids from neighboring al-

TABLE 3

Field Ovipositional Preferences of Two Populations of Co-
tesia congregata (Say) for Manduca sexta L. on Tobacco or
Tomato”,*

Percentage oviposition
on

Population Tobacco Tomato
A. Early season
UM. (7/16-18/87) 129 +44 77 £50 P> 005
WYE (7/18-20/87) 185 + 44 440 + 44 P =0.0075
B. Late season
UM. (8/2-4/87) 548 * 52 574 + 52 P> 005
WYE (8/1-3/87) 222 +52 223 * 53 P> 0.05

% Analyses performed using SAS GLM (SAS Institute, 1985); n =
16 patches each of tomato and tobacco at each site.
b From Kester and Barbosa (1991).

AND BARBOSA

TABLE 4

Searching Responses of Females from Two Strains of Cote-
sia congregata (Say) to Tobacco and Tomato (Least-Squares
Means + Standard Error)>?

Mean time spent searching on

Strain Tobacco Tomato

U.M. 50.9 + 4.4 36.1 + 44 P=o0.0108

WYE 246 + 42 403 + 41 P = 0.0087
P = 0.0001 P=o0.4710

% Analyses performed using SAS GLM (SAS Institute, 1985). Data
were transformed by sqrt (time + 0.5) prior to analysis to correct for
normality of residuals; n = 35-36 for each strain on each plant.

*From Kester and Barbosa (1991).

ternate hosts late in the season (“local immigration”).
Local immigration of “nonadapted” Cotesia congregata
into tobacco plots at U.M. could also explain why survi-
vorship of U.M. and WYE parasitoids (recovered in late
August) was similar when they developed in M. sexta fed
on tobacco plants but different over two generations of
exposure to dietary nicotine (see preceding section)
(Kester and Barbosa, 1991).

Strains differ in their behavioral responses to plants. In
a series of laboratory studies, we compared selected be-
havioral responses of females from the same two popula-
tions of Cotesia congregata. The U.M. strain originated
from M. sexta on tobacco and the WYE strain originated
from M. sexta on tomato. Both strains were reared in M.
sexta fed on a semisynthetic laboratory diet. Parasitoids
were permitted contact with their hosts for the first 3-5
h following emergence but had no exposure to any plant
stimuli prior to being tested 2-3 days later.

Although females from the two strains showed simi-
lar landing responses to artificially damaged tobacco
and tomato plants, they differed in their searching re-
sponses to these plants. In choice landing assays con-
ducted in a flight chamber, 67% of U.M. females (P >
0.5, n = 22) and 64% of WYE females (P > 0.5, n = 14)
chose to land on tomato rather than on tobacco. How-
ever, when individual females were offered a disk of to-
mato or tobacco leaf in no-choice trials, WYE females
searched longer on tomato and U.M. females searched
longer on tobacco, as shown in Table 4. The two strains
differed in their searching responses to other plants as
well (Kester and Barbosa, 1991).

Strains differ in their searching responses to nicotine.
To determine if Cotesia congregata can detect nicotine
and if strain differences in searching responses to to-
bacco were related to differences in their response to
nicotine, we assayed the searching responses of individ-
ual females from each strain to nicotine solutions of
selected concentrations applied to the surface of a disk
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FIG. 3. Searching responses of females from two strains of (Cote-
sig congregata (Say) to selected concentrations of nicotine applied to
disks of tobacco leaf. Bars represent untreated tobacco control; 0%
nicotine = acetone only (U.M. strain, slashed bar, triangular markers,
and unbroken line; WYE strain, solid bar, circular markers, and bro-
ken line). Each bar or point represents the (least-squares mean =+
standard error) response of 22-25 females. (From Kester and Bar-
bosa, 1991.)

of tobacco leaf. Although females from both strains ap-
parently detected the nicotine, their responses differed
over the range of nicotine concentrations tested (Fig. 3).
Overall, WYE females searched longer on disks treated
only with the solvent (acetone) than on disks treated
with nicotine, but searched for decreasing amounts of
time in response to increasing nicotine concentration.
In contrast, U.M. females searched less time on disks
treated only with acetone than on nicotine-treated
disks, but searched for similar amounts of time over the
range of nicotine concentrations tested (Kester and
Barbosa, 1991).

Postemergence Learning: Mechanism  for
Local Adaptations to Plants?

Facilitating

Our results demonstrate that the two populations of
Cotesia congregata differed in both their physiological
and behavioral responses to nicotine. The U.M. para-
sitoids, originating from an area of intense tobacco cul-
tivation, showed a greater tolerance to nicotine in their
hosts’ diet and more positive responses to direct contact
with tobacco or with nicotine than the WYE parasitoids
which originated from a more diverse agricultural area.
Given the history of the U.M. population and the con-
sistency of our results, local adaptation to nicotine in
this population is strongly suggested.

However, given the probable yearly influx of non-
adapted individuals within the U.M. population of Cote-
sia congregata and the phenotypic plasticity of behav-
ioral responses to habitat stimuli in this species, as well
as in other microgastrines, e.g., C. marginiuentris (Cres-
son) (Turlings et al., 1989) and Microplitis croceipes
(Cresson) (Drost et al., 1986, 1988), how might adapta-
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tions to nicotine evolve or be maintained? To address
this question, we conducted a series of experiments
based on field and laboratory observations of newly
emerged adults of Cotesia congregata in which we deter-
mined how postemergence experience with plants af-
fected the subsequent behavioral responses of Cotesia
congregata to plants. All parasitoids used in these exper-
iments developed in M. sexta fed on a semisynthetic
(wheat germ) laboratory diet and had no exposure to
plants other than that provided experimentally.

Behavior of newly emerged adults. Immediately upon
emergence from their cocoons, females of Cotesia con-
gregata walk to the upper surface of the leaf on which
their host, M. sexta, is suspended, and they walk for
several minutes while continuously palpating the leaf
surface. Males generally emerge before females and ag-
gregate on the upper leaf surface, where they engage in
courtship displays and initiate mating. Both sexes occa-
sionally hover around the plant and then return to up-
per leaf surfaces, where they resume examination,
courtship, and mating behaviors.

Postemergence learning requires exposure during sen-
sitiveperiod. Exposing newly emerged females of Cotesia
congregata to wild cherry, an inherently unattractive
plant, and to their hosts O-4 h after emergence induced
a positive searching response to wild cherry and an in-
hibited searching response to cabbage, an inherently at-
tractive plant. However, inherent responses were not
affected when females were exposed to their hosts O-12
h after emergence and to wild cherry 8-12 h after emer-
gence. These results demonstrate that postemergence
learning in Cotesia congregata required plant exposure
in the presence of their host during a sensitive period
immediately following emergence (Fig. 4). The induced
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FIG. 4. Effect of timing of postemergence exposure to an inher-

ently unattractive plant (cherry) on searching responses of Cotesia
congregata (Say). Females in the control group were exposed only to
their hosts O-4 h after adult emergence. Females in the 0- to 4-h group
were exposed to both hosts and cherry leaves for O-4 h after adult
emergence. Females in the 8- to 12-h group were exposed to hosts for
0-12 h and to cherry leaves 8-12 h after adult emergence. Each bar
represents the (least-squares mean =+ standard error) response of 21
individuals assayed 48 h after emergence. (From Kester and Barbosa,
1991.)
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represents the (least-sauares mean =+ standard error. back-transformed from sqrt(seconds searching + 0.5)) response of 10 individuals. (From

Kester and Barbosa, 1991.)

response to cherry was constant until it abruptly de-
clined at 6-7 days after emergence, whereas the inhib-
ited response to cabbage was released at 4-5 days after
emergence (Fig. 5a). Searching responses to cabbage or
wild cherry were not affected by exposure to hosts only
(Fig. 5b) (Kester and Barbosa, 1991).

Cross-induction of searching responses through post-
emergence exposure to plants. Exposing newly emerged
females of Cotesia congregata to plants in the presence
of their hosts affects subsequent searching responses
in several ways. As noted above, exposure to an inher-
ently unattractive plant can induce a positive searching
response to this plant and inhibit the searching re-
sponse to an inherently attractive plant. However, ex-
posure to some moderately attractive plants can also
induce a positive searching response to other similarly
attractive plants and inhibit searching responses to
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FIG. 6. Effect of postemergence experience with cherry on the

searching responses of Cotesia congregata (Say) to six plants. Females
were exposed to their hosts and to cherry leaves O-4 h after adult
emergence and were assayed at 48 h after emergence. Postemergence
exposure to cherry significantly {P < 0.0001) modified the inherent
rank order of searching responses. Stars denote a significant (P <
0.05) difference in the mean searching response of treatment females
compared to that of control females (exposed only to their hosts O-4 h
after adult emergence). Each bar represents the (least-squares mean
+ standard error) response of 15-20 individuals. (From Kester and
Barbosa, 1991.)

more attractive plants, thus disrupting the rank order of
inherent responses (Fig. 6) (Kester and Barbosa, 1991).
Although cross-induction of orientation responses has
been reported for a few saprophagous or phytophagous
species (Jaenike, 1983, 1988; Papaj and Prokopy, 1986),
it has not previously been considered for insect para-
sitoids.

Effects of postemergence experience on landing re-
sponses. The effects of postemergence experience on
landing responses of Cotesia congregata vary with re-
spect to the plant experienced and the plants presented
in flight assays. For example, landing responses of both
U.M. and WYE females to tobacco or tomato, as noted
in the preceding section, were not affected by postemer-
gence experience with tobacco and hosts; 32% of the
U.M. females tested (P > 0.5, n = 22) and 50% of the
WYE females tested (P > 0.5, n = 12) chose to land on
tobacco rather than on tomato. However, when U.M.
females were offered a choice of tobacco or parsley in a
flight chamber, postemergence experience with tobacco
and hosts increased the likelihood that females landed
on tobacco rather than on parsley, although searching
responses were not affected (Figs. 7a and 7b). Interest-
ingly, postemergence experience with parsley also in-
creased the likelihood that U.M. females landed on to-
bacco rather than on parsley, even though it also in-
duced an increased searching response to parsley (Figs.
7a and 7b).

Parasitoid foraging behavior is generally regarded as
a complex and catenary process involving different stim-
uli at each step (Vinson, 1975, 1976; Lewis et al., 1990).
Similarly, learning may involve a series of separate expe-
riences that are modified with each subsequent experi-
ence and then integrated or refined over time (Vet et al,
1990). Thus, postemergence experience with a particu-
lar plant may affect only some components of this pro-
cess, e.g., searching time, and these effects may be
overridden by later ovipositional experiences. Alterna-
tively, differential effects of postemergence exposure to
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Barbosa, 1991.)

plants on landing and searching responses may be due
to the type of postemergence experience provided in our
work, i.e., direct contact with artificially damaged leaves
within a closed container. Newly emerged Cortesia con-
gregata occasionally hover around the plant on which
their hosts are located and this behavior may be neces-
sary for learning other olfactory or visual cues used in
flight orientation or landing. In any case, the results of
our work support the hypothesis that landing and
searching responses to plants involve at least some dif-
ferent  stimuli.

Functions of postemergence learning in insects. By in-
ducing habitat preferences, postemergence learning
(“early adult experience”) has been hypothesized to in-
crease the likelihood of assortative mating, enhance po-
tential linkage of adult behavioral preferences and prog-
eny survival, and, thus, lead to genetic subdivisions
within heterogeneous populations (Bush, 1969; Jaenike,
1983, 1988; Papaj and Prokopy, 1988). Alternatively, the
“chemical legacy” hypothesis suggests that early experi-
ence may serve as a mechanism for the development of
new, nongenetically determined habitat associations
within insect populations (Corbet, 1985).

We suggest that the primary function of postemer-
gence learning in Cortesia congregata, and perhaps other
similar species, is to retain newly emerged adults for
mating on the same plants on which they underwent
development. This would encourage assortative mating,
particularly among siblings, and thus could facilitate lo-
cal adaptations for increased progeny survival on spe-
cific plants, under conditions of sufficient selective
pressure. Similarly, postemergence experience may also
facilitate behavioral adaptations. By modifying inher-
ent searching responses of females to plants, postemer-
gence experience affects foraging behavior both directly

and indirectly. For example, postemergence experience
increases the time that females will spend searching on
some plants and decreases the time they will spend
searching on others. Postemergence experience with a
specific plant may also increase the likelihood that first
ovipositional experiences will occur with hosts in the
original  habitat.

However, since searching and flight responses of Cor-
tesia congregata to specific plants are not directly re-
lated, it is possible that postemergence experience can
facilitate the genetic fixation of some behaviors, while
maintaining the phenotypic plasticity of others. For ex-
ample, behavioral responses to plant stimuli may be
modified through experience but the ability to detect or
respond to plant-derived stimuli may be heritable (Pre-
vost and Lewis, 1990). Also, parasitoid responses to
plants or host habitats can differ between the sexes
(McAuslane et al., 1990), perhaps reflecting differential
selective pressures for mate or habitat location (Bou-
letreau and David, 1981). Since both males and females
of Cortesia congregatu aggregate on plants immediately
after adult emergence and those which remain within
this habitat are more likely to mate than those which
disperse, increased responsiveness to short-range olfac-
tory and chemotactile plant stimuli, as well as increased
responses to specific plant allelochemicals, may thus be
facilitated as a consequence of postemergence learning.

Implications for Biological Control Theory and Practice

To understand how plants or plant allelochemicals
affect parasitoid-host interactions, we must first un-
derstand how plants or plant allelochemicals affect the
behavior and survival of insect parasitoids. However,
how a specific plant affects the behavior or survival of a
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parasitoid may be determined, in part, by the degree of
association between the parasitoid and its herbivorous
host, as well as the relative abundance of this host and
the plant species on which it is encountered over time. If
so, parasitoid populations which differ with respect to
the relative abundance of hosts on a particular plant
species may also differ in their responses to this plant or
the allelochemicals it contains.

The two populations of Cortesia congregata compared
in our work were similar in that the most abundant
hosts for both were Manduca spp. feeding on solana-
ceous plants. However, for over 350 years, these hosts
have been encountered by the U.M. population on a
noxious plant, tobacco, which contains nicotine, an alle-
lochemical that adversely effects the survival of Cortesia
congregata, whereas the same hosts are usually encoun-
tered by the WYE population on tomato, which does not
contain nicotine. As described earlier, these two popula-
tions differed in their survivorship and selection re-
sponses to nicotine ingested by M. sexta, their searching
responses to tobacco, tomato, and other plants, and
their searching responses to nicotine over a range of
concentrations. Considering the historical abundance
of a single host genus on a single plant species at U.M.,
the results of our work suggest that the U.M. population
of Cortesia congregata has adapted to nicotine.

We suggest that local adaptations to plants occur
when the net survival of a parasitoid species on hosts
utilizing noxious plants is greater than that gained by
avoiding such hosts, i.e., under conditions offering suffi-
cient selective pressure. Therefore, we would not expect
adaptations to plants to occur in populations in which
several host species are usually available and parasitoid
survival is adversely affected only when development
occurs in a rare host feeding on one plant species. Like-
wise, we would not expect adaptations to plants to occur
when a single host species is available on a diversity of
plants and a relatively small proportion of the total host
population is encountered on a noxious plant. However,
we would expect local adaptations to plants to occur in
populations in which the only available host or a consis-
tently dominant and abundant host species is encoun-
tered on an abundant noxious plant species over time.
Thus, local adaptations to abundant host species could
lead to local adaptations to plants and these adapta-
tions to plants, in turn, could lead to a higher degree of
adaptation to specific hosts, as summarized in Table 5.

Although our predictions are based on the overall
abundance of consistently available host and plant spe-
cies over time, we note that these predictions may vary
for unique situations of predictable but fluctuating con-
ditions of host and plant abundance over both spatial
and temporal dimensions. For example, some parasi-
toids utilize a single host genus that predictably occurs
on a sequence of two or three different plants over a
growing season, whereas other parasitoids utilize a sin-

KESTER AND BARBOSA

TABLE 5

Hypothesized Likelihood of Local Adaptations to Hosts
and Plants in Interbreeding Population of Insect Parasitoids
(H, Adaptations to Hosts Likely; P, Adaptations to Plants
Likely; Parentheses Denote Some Degree of Adaptation)”

Relative local abundance of available
Relative local food plants of herbivore host(s)

abundance of

available One Several equally Oneabundant
herbivore host(s) plant abundantplants® plant/several
One Host” H P H, — H, (P)
Several equally
abundant hosts* — P - -, (P)
One abundant
host/several (H), P (H), — (H), (P)

¢ For parasitoid species restricted to a single host species or genus.

b Depending on the host and plant families involved, different out-
comes are possible. For example, if available hosts utilize a diversity
of noxious plants, parasitoid populations may be heterogeneous with
subgroups that are adapted to specific plants or hosts.

® Only one host or plant is abundant but several are available.

gle host genus that can simultaneously occur on differ-
ent plants throughout the growing season. In the first
case, the outcome would probably be a relatively homo-
geneous parasitoid population that is generally adapted
to all of these plants, while in the second case, an alter-
native outcome may be the formation of subpopulations
more highly adapted to single plant species.

Although host specificity of insect parasitoids is gen-
erally regarded as a desirable attribute for their use in
biological control, we note that this taxon-based general-
ization may not hold. For example, parasitoid species
with broad host ranges may be locally adapted to their
most abundant host species or genera and the food
plants on which these hosts are encountered and, thus,
may be as effective as biological control agents as more
host-specific parasitoid species. Similarly, host-specific
parasitoids may be locally adapted to a specific abun-
dant plant and may not be as effective as biological con-
trol agents when their hosts are located on different
plants. Thus, populations may be functional specialists
for specific herbivore hosts and/or the plants on which
these hosts are encountered. If so, better predictions of
biological control success may be made when the func-
tional host and/or plant specificity of parasitoid popula-
tions is known or at least considered.

Local adaptations to the plants on which parasitoids
typically encounter their hosts may explain some estab-
lishment failures but may also be exploited to enhance
biological control efforts. For example, in classical bio-
logical control, parasitoids may be collected from one
host on one plant species, colonized, then released to
control the same host species or congeners on a differ-
ent plant species. Given the plasticity of parasitoid for-
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aging behavior, this imported species may attack hosts
on the new plant but its larval survival may be reduced
and, thus, it may fail to establish. In this case, establish-
ment could be encouraged by collecting parasitoids from

hosts on the same plant or from a variety of plants
which would provide more genetic heterogeneity. Adap-

tations to plants could also be encouraged through se-
lective breeding when parasitoids are first colonized.
Similarly, selective breeding for increased survival on a
particular plant species or genotype may be used for
augmentation of native or “immigrant” parasitoid popu-
lations.
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