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ABSTRACT

The primary cohabiting species of the southern pine bark beetle guild
consists of the following scolytids: the southern pine beetle, Dendroctonus
frontalis, the black turpentine beetle, D. terebrans, the four-spined engraver,
Ips avulsus, the eastern five-spined engraver, I. grandicollis, and the six-
spined engraver, I. calligraphus. They inhabit the phloem tissue of all native
southern pines, often with three or more species in the same tree.

The pheromonal systems of each species have been investigated to
various degrees in at least three areas: including pheromonal biosynthesis
and release; semiochemical perception and sensory coding; and
semiochemical-mediated behavior. Furthermore, the semiochemical
interactions among the species are thought to govern many of the processes
that result in cohabitation of southern pines.

The purpose of this paper is to provide a comprehensive review of the
research carried out to date on the olfactory communication systems of these
five scolytid species.



INTRODUCTION

The southern pine bark beetle guild include the following scolytids:
the southern pine beetle, Dendroctonus frontalis Zimmerman, the black
turpentine beetle, D. terebrans (Oliver), the four-spined engraver, Ips avulsus
(Eichhoff), the eastern five-spined engraver, I. grandicollis (Eichhoff), and the
six-spined engraver, I. calligraphus (Germar). As the term implies, this guild
is comprised of species which exploit the same resource in a similar manner
and whose niche requirements overlap significantly (Root 1973). All of the
five principal species require fresh pine phloem tissue for their reproduction
and development. And it is not unusual to find all five species co-habiting
the same host tree. As one of the most destructive groups of forest insects
known, the member species of this guild co-exist in pine forests across
southeastern and southcentral United States. These hosts include: loblolly
pine, Pinus taeda L.; shortleaf pine, Pinus echinata Mill.; pitch pine, Pinus
rigida Mill; Virginia pine, Pinus virginiana Mill.; slash pine, Pinus elliotti
Engel,; and longleaf pine, Pinus palustris Mill. Guild members have been
found to colonize other conifer species as well (see Thatcher et al. 1980).

In the monogynous Dendroctonus species, females are responsible for
host selection, initial attack, and gallery construction in new host trees. Male
Dendroctonus enter the host only after females have selected and successfully
attacked a host and pheromone production has begun. Once extensive
feeding and defecation commences, the frass is not dislodged but is tightly
packed in the galleries.

In contrast, males of the polygynous Ips species select hosts, prepare
nuptial chambers, and produce pheromones. Female beetles locate the
entrance holes of established males via pheromones, and/or acoustic
emissions, enter, mate, and then construct galleries along which they lay eggs.
Continuous ejection of frass from the galleries provides for sustained release
of the semiochemicals with the male frass. In both genera, as more beetles
arrive at the tree and produce and release pheromones, the attraction of the
host increases until the whole tree is colonized. Termination of beetle arrival
is also apparently under pheromonal control. Hypothetical schematic
representations of these processes have been published by Renwick and Vité
(1969), Payne and Coulson (1985), and Payne (1986).

The pheromonal systems of each species have been investigated to
various degrees and in at least three areas for each species. These areas
include the following: pheromonal biosynthesis and release, semiochemical
perception and sensory coding, and semiochemical-mediated behavior.
These investigations have included studies of both intra- and interspecific
semiochemical-based interactions and have ranged from the very basic to the
very applied aspects of the olfactory communication systems. Furthermore,
the interactions of semiochemical-based behaviors among the species



comprising the guild may explain many of the processes that result in
cohabitation of southern pines.

The purpose of this paper is to provide a comprehensive review of past
research studies on the semiochemical-based communication systems of the
five scolytid species comprising the southern pine bark beetle guild. We
believe it will be a useful source of information for investigators in this area
of research and serve as an educational tool for students of bark beetle
chemical ecology. Note, however, this paper does not attempt to extend
beyond the boundaries of this. A generalized synthesis and review of the
evolution of bark beetle semiochemical-based behavior can be found in other
papers (see Alcock 1982; Raffa and Berryman 1983; Raffa et al. 1993).



TEMPORAL ARRIVAL

In Texas, D. frontalis, I. calligraphus and I. avulsus generally initiate
colonization within a short period of time (ca. 1-3 days), with their arrvial
appearing synchronus (Birch and Svihra 1979; Dixon and Payne 1979; Svihra
et al. 1980). The first species to arrive was most often D. frontalis, followed
soon afterwards by I. avulsus and I. calligraphus (Birch and Svihra 1979;
Svihra et al. 1980). Birch et al. (1980) reported that the first species to colonize
hosts were D. frontalis, I. avulsus, and I. calligraphus at 76%, 20% and 4% of
the colonized trees, respectively. Conflicting reports of I. grandicollis arrival
have been presented, in which arrival of I. grandicollis has been
demonstrated to coincide with (Dixon and Payne 1979) or occur later than
(Svihra et al., 1980) the other three scolytid species.

Changes in the density of arriving beetles over time further
differentiates the arrival and attack characteristics of the cohabiting species
(Coster et al 1977a; Fargo et al. 1978; Dixon and Payne 1979). Peak arrivals of D.
frontalis occurred 3-5 days following initiation of arrival, after which the
density of arriving beetles declined sharply. Peak arrival of I. avulsus and I.
calligraphus occurred 12 and 21 days, respectively, following initiation of
attack and then declined thereafter. In contrast, attacking I. grandicollis
gradually increased in density for 18 days following initial of arrival and then
maintained an intermediate attack rate until at least day 30.



SPATIAL DISTRIBUTION

Brood development in all five species is dependent on phloem tissue,
which can be a scarce resource within trees where colonization has been
initiated by more than one species. The beetle species, thus, compete for the
limited amount of phloem tissue used as a site for reproduction. A thorough
investigation of available data concerning the ecological relationships among
these species should help explain their behavioral interactions and provide a
basis for a more realistic interpretation of infestations by this complex of bark
beetle species.

Dixon and Payne (1979) have reported on the spatial distribution of the
five species. Peak densities of D. frontalis occurred at 2-6 m above ground
level, but ranged from 1-12 m. Only 3% of the total D. frontalis were caught
at heights of 11 and 12 m. Coster et al. (1977b) reported similar results; the
maximum catch of D. frontalis at 3 m, and 53.7% of the total catch was on the
lower 5 m of attacked trees. This observation is also in agreement with Gara
et al. (1965), who found maximum densities of D. frontalis at 3 m above
ground level on infested trees. By comparison, Dixon and Payne (1979)
reported that I. calligraphus, I. avulsus, and I. grandicollis were most
abundant on the upper half of the tree bole. The fifth species, D. terebrans, is
often found in the base of living trees, including areas of the roots and root
collar, and is not generally in close association with mass colonization of
southern pines by the other species.

Birch et al. (1980) reported that D. frontalis, I. calligraphus, and I.
avulsus have broadly overlapping distributions within infested trees. Both
Svihra et al. (1980) and Paine et al. (1981) have reported that each species
occupies a distinct area of the available tree surface, but an area that broadly
overlaps that occupied by the other species. The lower bole region was
predominantly occupied by D. frontalis, the middle and upper bole by I.
calligraphus, and I. avulsus extended continuously from the lower bole to the
crown (Birch and Svihra 1979). However, the least interactive species, I.
grandicollis, rarely attacks the trunk of standing trees and was more
frequently found in the larger branches of the crown (Birch et al. 1980).

Paine et al. (1981) utilized the niche breadth index as a measure of
exploitation of the available resource by each species at each height level, and
- the niche overlap index to reflect the potential for competition among co-
existing species. Basically, I. avulsus exhibited the broadest niche breadth,
while I. grandicollis had the narrowest. D. frontalis dominated the lower bole
and overlapped primarily with I. calligraphus. The upper bole was similarly
dominated by I. avulsus, which overlapped only slightly with D. frontalis, but
overlapped extensively with I. calligraphus. However, neither D. frontalis
nor I. avulsus had an advantage over I. calligraphus in the mid-bole. I.
grandicollis exhibited the highest niche breadth in the lower branches, with



only a small peak in the middle levels of the main trunk. Furthermore, there
was no overlap between I. avulsus and I. grandicollis in the higher levels or
in the branches.

Finally, Wagner et al. (1985) examined the nature of intraspecific
competition within the southern pine bark beetle guild, excluding D.
terebrans, and described some of the adaptations employed by each species
that enable them to minimize primarily intraspecific competition. Therefore,
the resource allocation processes addressed were those operating only after
the guild species had selected and entered the host tree. Wagner et al. (1985)
reported that gallery construction and oviposition behaviors of the adult of
each species, together with their respective larval feed behavior, enable each
species to optimize the number of individuals in an area by spatially
allocating gallery and eggs in a way that minimizes competition among
developing brood. They hypothesized that chemicals originating from beetle
galleries strongly influence the efficient placement of galleries and eggs via
formation of a concentration gradient adjacent to the galleries. Furthermore,
they hypothesized that these beetle-derived compounds are involved in
terminating reproduction or egg deposition in females, which in turn
initiates re-emergence. Thus, these chemicals would help insure possession
of minimum space for developing brood. These hypotheses await
verification.



PHEROMONE PRODUCTION

Production of pheromone by the five species has been investigated
over the past 25 years, but most thoroughly for D. frontalis. The beetle-
produced compounds have been collected from extracts of hindguts, feces or
frass, and the volatiles from beetle-infested host material, followed by
repeated fractionation. Biological activity of individual fractions and
recombined mixtures of fractions has been determined in laboratory
bioassays, thereby minimizing the probability of overlooking components of
the pheromone system. Nevertheless, since the pheromone systems are
usually composed of more than one pheromone and since some pheromones
can be multifunctional, description of the precise chemical nature and
behavioral function of some pheromones and pheromone mixtures awaits
further investigation. The following discussion concerning pheromone
production by each of the five scolytid species should be reviewed in concert
with Appendices 1 through 5.

Site of Production and Mechanism of Release:

Renwick (1967), citing Gara and Vité (personal communication), stated
that excision of hindguts of both sexes of emerged D. frontalis revealed an oil-
like liquid in the rectum and ileum. Pitman et al. (1968) reported the
presence of trans-verbenol and verbenone in the hindguts of D. frontalis
females and males, respectively. These compounds were detected by gas
chromatography analysis of oil-like droplets that were visible in the hindgut
when viewed under a dissecting microscope. Vité and Pitman (1967) reported
that the attractive components inducing mass attack originate from the
hindgut of female Dendroctonus and male Ips species. Pitman et al. (1968)
stated that in both Dendroctonus and Ips species, the mechanism of
pheromone release is defecation and the probable sites of elaboration and
concentration are the malpighian tubules and hindgut area.

Pitman et al. (1969), in their study of specificity of population-
aggregating pheromones in Dendroctonus, showed that scolytid pheromones
are associated with the alimentary system as are most true sex pheromones.
Vité et al. (1972), in their study of the occurrence and production of
pheromones in Ips, reported the presence of host terpenes in the foregut and
midgut, and pheromones in the hindgut and feces of feeding I. calligraphus.

Hughes (1973) reported that although the precise site of pheromone
production remains unknown, all known bark beetle pheromones are
concentrated in the hindgut and released upon defecation. Furthermore,
detection of the oxidation products of alpha- and beta- pinene in the
hemolymph of Dendroctonus, coupled with the fact that ingestion of alpha-
pinene is not necessary for production of these oxidation products, indicates



they are formed outside the alimentary canal. The products may be secreted
into the hindgut and concentrated by reabsorption of water.

Biosynthesis and Effects of Terpene and Non-terpene Vapor Exposure on
Production:

Knowledge of bark beetle pheromone biosynthesis, although largely
conjectural, is based upon simple host terpene metabolism. Vité and Pitman
(1967) classified attractants that facilitate bark beetle aggregation according to
their origin, ie. host-produced or insect-produced. They stressed the lack of
discrete boundaries between these categories and suggested that these
categories may be viewed as an evolutionary continuum in the process of
host selection and colonization. Hughes (1973) expanded their suggestion by
applying the hypothesis that some Dendroctonus aggregation pheromones
arose from products of terpene metabolism or detoxification.

Vité et al. (1972) delineated contact and frass type pheromones. Contact
pheromones are those released upon contact with host oleoresin vapors,
while frass pheromones are released only after feeding. This nomenclature
appears to be somewhat ambiguous since both pheromone types are released
in the frass. Furthermore, since host terpenes serve as precursors for both
contact type (Vité et al. 1972; Hughes 1973, 1974; Renwick et al. 1973) and frass
type (Hughes 1974) pheromones, the biological implications of this
nomenclature and its ability to clarify function appears questionable.

Later, White et al. (1980) proposed a more precise, biochemically-based
division of bark beetle pheromones. In their classification system there are
two pheromone types: 1. those produced de novo via synthetic or other
endogenous pathways (constructed pheromones) and 2. those produced
directly as waste pheromones from xenobiotic host terpenes. In other words,
one type of pheromones are terpenoids that are probably microsomal
cytochrome P-450 metabolites of host terpenes or the result of direct synthesis
from aliphatic short carbon precursors, while the second type are terpenoid
pheromones that are the result of xenobiotic detoxification mechanisms,
most notably the cytochrome P-450, epoxide hydrase, and conjugating enzyme
systems. Frontalin, exo-brevicomin, and endo-brevicomin would represent
products of a specific metabolic system, possibly that of the steroid or
hormone metabolism. Conversely, the rest of the pheromones, which are
primarily alcohols and ketones, are produced from host-supplied terpenes.
These terpene substrates would be available to beetles via contact, feeding,
and vapor, while precursors for frontalin and the brevicomins would require
feeding for their formation and release. It should be noted that in some cases
certain microorganisms such as yeasts contribute to terpene pheromone
production (Hunt and Borden 1990).



Upon emergence, individuals of Dendroctonus species generally
possess their primary pheromones, whereas individuals of Ips species
generally lack their primary pheromones. Although recent reports support
this generalization (Payne et al. 1987; Phillips et al. 1989), Hughes (1973)
demonstrated that D. terebrans generally had little or no detectable terpene
oxidation products in their hindgut upon emergence. However, it should
also be noted that the amount of terpene oxidation products in emergent
beetles can vary both among species and among individuals within a species.

Gas liquid chromatography (GLC) analysis of adult D. frontalis
hindguts (Renwick et al. 1973; Hughes 1973, 1975; Renwick and Hughes 1975;
Renwick et al. 1976) revealed the presence of a number of volatile compounds
after exposure of the adult beetles to host oleoresin or various host terpenes.
Although the studies are more limited, similar results were obtained for
adult D. terebrans (Hughes 1973, 1975). These volatile compounds, not found
in the host and apparently oxidation products of monoterpenes, are produced
when adult beetles are exposed to oleoresin or individual monoterpene
vapors or when terpenes are topically applied. However, Renwick and
Hughes (1975) demonstrated that oxidation of unsaturated cyclic
hydrocarbons by D. frontalis is not restricted to terpenes. He reported the
production of a number of volatile compounds in adult beetles following
exposure to 1-methyl cyclohexene, a non-terpenoid hydrocarbon not known
to be a component of host trees.

Interestingly enough, Hughes (1975) investigated tlie effects of alpha-
pinene vapor exposure on the production of trans-verbenol and verbenone
in larvae, pupae, and male adult D. frontalis and D. terebrans. First and
foremost, Hughes (1975) found detectable quantities of trans-verbenol in each
life stage of both species when the insects were excised from the host tree.
Following exposure to alpha-pinene vapors, larvae and male adults of both
species showed significant increases in frans-verbenol, while no such change
was detected in pupae of either species. However, adults reared from pupae
that had been exposed to alpha-pinene vapors showed a significant increase
in trans-verbenol levels in both species. Hughes (1975) further reported that
verbenone was detectable only in male adult D. frontalis, not in pupal D.
frontalis, and its presence in larval D. frontalis apparently still remains in
question. However, adult male D. frontalis reared from pupae that had been
exposed to alpha-pinene vapors possesed significantly more verbenone than
did adults reared from unexposed pupae or normal emergent adults.
Although Hughes (1975) found no verbenone in any D. terebrans life stage,
Phillips et al. (1989) recently showed the presence of verbenone in adult D.
terebrans, males more so than females, following feeding. Hughes (1975)
concluded that both larvae and adult D. frontalis and D. terebrans are capable
of metabolizing alpha-pinene to trans-verbenol, whereas the pupae cannot.
However, their data also indicate that pupae are capable of forming an
intermediate compound(s) from alpha-penene, which are later metabolized



by adult D. frontalis and D. terebrans to yield trans-verbenol and verbenone,
and trans-verbenol only, respectively. Dendroctonus frontalis males are also
capable of producing verbenone from alpha-pinene taken up in the adult
stage.

As previously mentioned, individuals of Ips species generally lack
their pheromones upon emergence from their host tree. However, Vité et al.
(1972) first demonstrated the appearance of trans-verbenol and cis-verbenol in
L calligraphus following exposure to oleoresin vapor. Hughes (1974) clearly
demonstrated that among the three Ips species, only male I. avulsus produces
its pheromone, ipsdienol, upon simple exposure to myrcene vapors.
Therefore, myrcene may serve as a precursor of ipsdienol in I. avulsus. On
the other hand, both I. calligraphus and I. grandicollis males produce their
respective pheromones, ipsdienol and ipsenol, only after feeding.

Although the precise mechanism of oxidation and rearrangement is
still unknown, the pattern of products resulting from exposure to
hydrocarbons suggests that general metabolic systems for oxidation of these
potentially toxic compounds exist within these Dendroctonus and Ips species.
Hughes (1973) hypothesized that terpene metabolism developed primarily as
a detoxification mechanism, detoxifying the terpenes that Smith (1959, 1965)
has reported are toxic to bark beetles. Furthermore, some of these oxidation
products, eliminated by excretion, may have only secondarily become utilized
as pheromones (Hughes 1973). These conclusions are consistent with the
association of the malpighian tubule-hindgut region with the concentration
and release of pheromones in scolytids, and provide one explanation for the
ubiquity of these compounds serving as chemical messengers in
Dendroctonus and Ips.

Effects of Feeding Upon Pheromone Production:

In general, extensive feeding in new host material by Dendroctonus
species soon inhibits the release of attractants. Investigating D. frontalis, Vité
and Pitman (1968) reported a depletion of the oil-like droplets and trans-
verbenol within 12-16 hours after feeding commenced. Coster (1970a) then
demonstrated that the pheromone content of female D. frontalis hindguts
decline rapidly as feeding and gallery construction progress. Coster and Vité
(1972), in GLC analysis of female D. frontalis hindguts, found that feeding,
independent of mating activity, resulted in a decrease of the frontalin and
trans-verbenol content. However, both pheromones were still present, yet at
low levels, after 48 hours of feeding. Although the comment is ambiguous, it
should be noted that Hughes (1973) reported that frontalin levels remained
"about the same" after feeding. Hughes (1973) also reported that myrtenol
and verbenone declined after feeding by D. frontalis males and females, and
males, respectively. On the other hand, he reported that trans-verbenol
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increased in male D. frontalis after feeding. And while only after feeding did
cis-verbenol appear in both sexes, feeding apparently resulted in the
disappearance of cis-3-pinen-2-ol in female D. frontalis.

This was supported by Vité and Pitman (1968) and Coster and Vité
(1972) when they reported that the attractiveness of D. frontalis-infested host
material remained strong for several days during the initial attack phase, but
ceased as gallery establishment progressed. The decline in pheromone
content following feeding initiation (while field attractancy to infested
material increased for up to 48 hours) is thought to be due to the capture of
the pheromones in frass particles, thus slowing their rate of release (Coster
and Vité 1972). Therefore, the general decline or disappearance of
pheromones in feeding adult D. frontalis may be due to both a loss of the
oxidation products by defecation (Hughes 1975) and/or a slowing or cessation
of pheromone production.

In contrast to most other Dendroctonus species and particularly D.
frontalis, in which pheromones generally decline after feeding, Hughes (1973)
found that in D. terebrans, terpene oxidation products generally first appeared
or increased following feeding on host material. This phenomenon is
consistent with the report that D. terebrans, like D. valens, generally had little
or no detectable oxidation products in its hindgut upon emergence (Hughes
1975). More recently, Phillips et al. (1989) reported the appearance of trans-
verbenol, cis-verbenol, verbenone, myrtenol, myrtenal, and trans-
pinocarveol in D. terebrans after feeding. As previously discussed herein, D.
terebrans clearly possesses the appropriate metabolic pathway for terpene
oxidation. Therefore, the apparent absence or near absence of terpene
oxidation products in emergent D. terebrans adults may be due in part to
factors relating to terpene exposure and uptake. Dendroctonus terebrans
oxidation products may be released upon defecation, as they are in D.
frontalis. The rate of terpene oxidation in feeding D. terebrans would
therefore increase to a level that exceeds that of newly emerged adults and
that exceeds oxidation product loss via defecation.

In sharp contrast to Dendroctonus species in general, feeding clearly
triggers and sustains the generation of pheromones in the Ips species.
However, it should be noted that Hughes (1974) demonstrated that the mean
pheromone content in individuals of all three Ips species significantly
diminishes within 48 hours after feeding. Thus, pheromone production
either progressed at a slower rate than did pheromone volatilization or ceased
entirely within 48 hours after feeding. However, Hughes (1974) also reported
that exposure to myrcene vapors 48 hours following feeding significantly
slowed the decline in pheromone content by maintaining some level of
pheromone production in I. calligraphus and I. grandicollis, while in I.
avulsus pheromone content actually increased. Therefore, all three Ips
species possess the biological framework for producing their respective
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pheromones via the two distinct biosynthetic pathways described above.
However, while both pathways are independently functional in I. avulsus,
the pathway that utilizes vaporous precursors in I. calligraphus and I.
grandicollis becomes operational only after ingestion. Neither the precise
source of the stimulus nor the stimulus associated with this phenomen on
itself is known, but the stimulus is certainly associated with feeding in these
two species.

In support of this conclusion, Hughes (1974) showed that topical
application of fed male I. grandicollis with ipsdienol significantly enhanced
ipsenol biosynthesis compared to that of untreated fed males. More
important, however, similarly treated unfed male I. grandicollis did not show
this ability to reduce ipsdienol to ipsenol. Thus, again, pheromone
biosynthesis in I. grandicollis is clearly associated with ingestion.

In an interesting study, Vité et al. (1972) demonstrated that I.
calligraphus males produce large amounts of trans-verbenol and little
ipsdienol upon encountering resin in the lower trunk of longleaf pine, Pinus
palustris Mill. Male beetles found in the most attractive portion of the crown
bole contain large amounts of both the verbenols and ipsdienol. Transfer of
these beetles from the crown bole to the resinous lower bole of the same host
tree resulted, within a few hours, in the cessation of ipsdienol production and
continual production of large amounts of trans-verbenol. By comparison,
males found in the thin phloem of branches produced only traces of the
verbenols and very little ipsdienol. No explanation was provided for this
most interesting phenomenon.

Effects of Mating Upon Pheromone Production:

Tsao and Yu (1967) found, in laboratory bioassays of D. frontalis
pheromones, that extracts of mated females were only slightly less attractive
than those of virgin females. However, Coster (1970b) reported in GLC
studies of female D. frontalis hindguts that virgin females contained 4.1 and
1.9 times as much frontalin and trans-verbenol, respectively, as re-emerged
beetles. Likewise, live feeding virgin female D. frontalis were 4.5 times more
attractive than live feeding re-emergent females. Coster and Vité (1972) later
reported that hindguts of feeding virgin female D. frontalis contained 2.8 - 3.5
and 1.4 - 3.4 times as much frontalin and trans-verbenol, respectively, as
feeding mated females. Coster (1970b) also reported that while pheromone
content of female D. frontalis declines to a low level following mating, gallery
construction, and egg deposition, females are again capable of producing
significant attraction upon re-emergence. Thus, mating and these subsequent
reproductive activities apparently do not irreversibly inhibit pheromone
production in female D. frontalis.
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Since a second mating is not required by re-emerged D. frontalis
females for deposition of viable eggs (Tsao and Yu 1967), production of a sex
pheromone by such females would appear to be superfluous (Coster 1970b).
But, because mass attack of a host is essential for overcoming its oleoresin
resistance mechanism, aggregation obviously has a high survival value for D.
frontalis. Therefore, the evolutionary value of the pheromone as an
aggregation pheromone is at least as important as its value as a sex
pheromone. Coster (1970b) suggested that sexual behavior in the aggregations
may have, in fact, been a secondary development. However, Raffa et al (1993)
present a convincing argument that scolytid pheromones may have evolved
in the sexual context of courtship and male-male competition, and were
elaborated further into cooperative attack messages in tree killing species
where both senders and responders benefit.

In reference to the Ips species, Vité et al. (1972) reported that in the
presence of a single female or no female, I. calligraphus males produce
increasing amounts of ipsdienol for a few days, which then declines as the
beetles age. However, when joined by three or more females, I. calligraphus
males cease to synthesize ipsdienol. Therefore, although the data are quite
limited, decline of pheromone production after mating is one example of the
commonality among species of these two genera.

Hormonal Effects on Pheromone Biosynthesis:

There have been few investigations of the involvement of the
endocrine system in pheromone biosynthesis for the southern pine beetle
guild species. As previously discussed herein, Hughes (1975) found that
trans-verbenol and verbenone are synthesized from alpha-pinene contacted
by D. frontalis during the immature stage. And since these compounds are
not present in pupal D. frontalis, but appear in callow adults prior to
emergence, synthesis of these compounds must be under some form of
control that delays their production until adult beetles are ready to emerge.
Although external stimuli may be involved, it is quite likely that a hormonal
system plays a significant role in regulating production of these pheromones.

Hughes (1973), in his discussion of pheromone production, suggested
that pheromones that are produced primarily during feeding and are
unaffected by simple oleoresin exposure, are under neural and/or hormonal
control, and that pheromones whose production is both inversely related to
feeding and greatly increased by oleoresin exposure are apparently not under
neural or hormonal control. Confirmation of this hypothesis was not
provided. It would seem that production of both pheromone types would
require some form of hormonal involvement.
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Finally, Bridges (1982), working with D. frontalis teneral adults,
demonstrated that topical application with JH-II significantly increased levels
of trans-verbenol in one-day-old male and female adults and of endo-
brevicomin in five-day-old male adults. Bridges (1982) also evaluated the
effects of methoprene, a juvenile hormone-like compound, on pheromone
titres in one- and five-day-old teneral adults. He showed that endo-
brevicomin increased in one- and five-day old D. frontalis adults, while trans-
verbenol increased and decreased in one-day old and five-day old adults,
respectively. These results suggest that not only does a hormone influence
pheromone production, but that interactions among several physiological
systems effect a degree of regulation over pheromone production.

Role of Microorganisms in Pheromone Production:

White et al. (1980), citing Brand et al. (1975, 1976, 1977), reported that
both fungi and bacteria associated with certain bark beetles, including D.
frontalis, contribute to pheromone production. Furthermore, yeast
symbionts of D. frontalis produce, in vitro, a variety of alcohols and acetates
that may enhance beetle response to known pheromone mixtures. Borden
(1982) suggested that there are two systems involved in pheromone
production: one an independent microorganism system and the other a
hormonally-controlled beetle system. See Hunt and Borden (1989) and
Vanderwel and Oehlschlager (1987) for recent reviews on the microbial role
of pheromone production for other bark beetle species.
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CHEMORECEPTION

The antennae of bark beetles have been shown to be the primary
location of sensilla involved in the olfactory reception of behavior-releasing
substances (Borden and Wood 1966; Payne 1970; Dickens and Payne 1978a;
Smith et al. 1988). More specifically, the distal portion of antennae, the club,
is composed of three or four fused segments and is the primary structure in
pheromone and host odor reception.

Structure and function of the sensilla on the antennal club have been
investigated to varying degrees among the five bark beetle species reported
herein, but certainly most thoroughly in D. frontalis. Dickens (1979) briefly
reviewed electrophysiological studies of olfactory perception of pheromones
and host odors by bark beetles, including D. frontalis. Payne (1979) more
thoroughly reviewed pheromone and host odor perception in bark beetles at
both the electrophysiological and behavioral levels.

Chemoreceptor Morphology:

Both genera (Dendroctonus and Ips) have antennal clubs, but with
distinctly different shapes and unique arrangements of sensilla (Payne et al.
1973). In both Dendroctonus species the antennae consist of seven segments
each. The club is nearly round, and flattened on the anterior and posterior
surfaces. Most sensilla are located on the distal 2/3 of the club on all surfaces.
D. terebrans has two complete sensory bands and a near-complete third
sensory band at the distal region of the club. D. frontalis, however, does not
have a near complete third sensory band.

The antennae of the three Ips species are also seven segmented.
However, unlike the Dendroctonus species, the antennal club is more oval in
shape, proximal to distal, than rounded, and slightly convex on the anterior
surface. The sensilla on the club occur primarily on the anterior surface, with
a few occurring sporadically on the posterior surface. Most sensilla found on
the anterior surface are located on the most distal 3/4 of the club, and are
arranged in three serpentine-shaped sensory fields. These sensory fields do
not encircle the antennal club, but extend only to the margins of the anterior
surface.

Six morphologically different antennal sensilla are found on all five
bark beetle species (Payne et al., 1973). Sensilla types, ranges in sensilla size,
suggested sensilla functions, and a brief description of each type are shown for
each species in Appendix 6. Later, Dickens and Payne (1978a) described the
structure and function of the sensilla on the antennal club of D. frontalis
(Appendix 7). For a more thorough review of the external and internal
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morphology of the antennae of bark beetles refer to Payne (1979) and the
references cited therein.

Chemoreceptor Electrophysiology:

Payne (1971) presented the first report of the successful application of
electrophysiological techniques to record electroantennograms (EAGs) from
scolytids, in particular D. frontalis. Since that time, EAG analysis of D.
frontalis (Payne 1970, 1971, 1974; Dickens and Payne 1977; Payne et al. 1982), D.
terebrans (Payne et al. 1987; Delorme and Payne 1990), I. calligraphus (Smith et
al. 1988), I. avulsus (Smith et al. 1988) and I. grandicollis (Smith et al. 1988)
have been reported. Summaries of these analyses are shown in Appendices 8
-10.

D. frontalis: Payne (1975) reported the intensity of EAG response was
greater to higher concentrations of pheromones (exo-brevicomin and
frontalin) than to the terpene hydrocarbons (3-carene and alpha-pinene), and
suggested that more receptors! are present on the antennae of D. frontalis for
pheromones than for terpene hydrocarbons (Appendix 8). Payne (1975) also
demonstrated via adaptation experiments that frontalin and exo-brevicomin
share the same receptors on the antennae of D. frontalis, which are distinct
receptors from those specific for the terpene hydrocarbons, alpha-pinene and
3-carene. Furthermore, terpene hydrocarbons share some, but not all, of the
same receptors.

Payne and Dickens (1976) and Dickens and Payne (1977), utilizing both
EAG and single cell recording (SCR) analyses, reported that frontalin blocks
response of receptors to all other compounds tested, including endo- and exo-
brevicomin, verbenone, trans-verbenol, alpha-pinene and 3-carene, in both
male and female D. frontalis. Therefore, all D. frontalis receptors can be
occupied by frontalin. However, these six compounds do not interact with all
frontalin receptors, and Smith and Payne (unpublished), utilizing SCR
analyses, have shown that not all receptors of D. frontalis can be occupied by
frontalin.

Dickens and Payne (1977) further demonstrated that the oxygen-
containing compounds interacted with a larger percentage of the receptors of
D. frontalis than did the hydrocarbon host terpenes. Among the bicyclic
ketals tested, the percent interaction with the pheromone receptors followed
the order frontalin > endo-brevicomin>>exo-brevicomin for both male and

1 The term receptor represents an olfactory cell. References dated after 1975 use the term
acceptor which was defined by Kaissling (1969) as the site on the receptor where the odorant
binds. In this paper, only the term receptor is used to avoid confusion.
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female beetles. Furthermore, while endo-brevicomin blocked response to
exo-brevicomin, exo-brevicomin did not block response to endo-brevicomin.

In regard to chiral receptors, Dickens and Payne (1977) first
demonstrated a phenomenon similar to the one described above for the (+)-
and (-)- enantiomers of exo-brevicomin. Although their data were limited,
they reported that the latency period before response of single units to the (-)-
enantiomer was shorter than that required for the (+)- enantiomer. Payne et
al. (1982) reported SCR analyses that showed that both (+)- frontalin and (-)-
frontalin elicit response from the same olfactory cell. However, spike
frequency elicited by (-)- frontalin was consistently greater than that elicited by
(+)- frontalin, and response to (-)- frontalin adapted within 300-400 msec,
while a prolonged tonic response was elicited by (+)- frontalin. Based upon
EAG adaptation studies, they also demonstrated the presence of some
receptors specific for the (+)- and (-)- frontalin enantiomers. Furthermore,
based upon response intentsity, EAGs indicated the presence of significantly
more receptors for (-)- frontalin than for (+)- frontalin. Thus, Payne et al.
(1982) showed that frontalin enantiomers can elicit response from common
receptor cells as well as from chiral-specific cells.

Payne et al. (1988) recorded EAG responses to frontalin analogs in order
to gain insight into the structural activity relationships of frontalin. They
reported that EAG response to frontalin was significantly greater than
response to its analogs and that both the number and position of the methyl
groups appear to be critical in the structural activity of frontalin.

Payne (1974) also recorded muscle potentials from EAG preparations of
D. frontalis in response to frontalin, exo-brevicomin, alpha-pinene, and 3-
carene. Muscle potential activity was considerably greater in response to
pheromone stimulation than to stimulation by the host terpenes.
Subsequently, Dickens and Payne (1978b) investigated these muscle potentials
and demonstrated that frontalin-induced potentials in D. frontalis (male and
female) could be reduced by verbenone or trans-verbenol stimulation.

The broad area of receptor specificity, particularly as it relates to
compounds sharing common receptors, is unresolved. Adequate specificity
and sensitivity data have yet to be developed on receptor response to all the
key insect- and host-produced compounds shown to have behavioral
significance within the chemical ecology of D. frontalis. Smith and Payne (in
preparation), utilizing SCR to analyze receptor response to biologically
relevant dosages of behavioral chemical stimuli, should begin to provide
answers to these basic questions.

D. terebrans: Payne et al. (1987) investigated, to a limited extent, the

antennal olfactory responsiveness of D. terebrans to frontalin, trans-verbenol,
endo-brevicomin, and turpentine (Appendix 9). Male and female D.
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terebrans were clearly more responsive to frontalin and endo-brevicomin
than to trans-verbenol and alpha-pinene. Delorme and Payne (1990)
subsequently investigated the ability of male and female D. terebrans to detect
endo-brevicomin, frontalin, ipsenol, ipsdienol, alpha-pinene, beta-pinene,
verbenone, trans-verbenol, and turpentine. Response thresholds were lowest
for endo-brevicomin.

Ips species: Smith et al. (1988) reported EAG analysis of I. avulsus, I
calligraphus, and I. grandicollis responsiveness to their pheromones, selected
D. frontalis pheromones, and host odors (Appendix 10). They verified the
presence, in both sexes of each species, of antennal olfactory receptors capable
of detecting ipsdienol, ipsenol, cis- and trans-verbenol, endo-brevicomin,
alpha-pinene, frontalin and verbenone. Using SCR analysis on I. grandicollis,
Ascoli-Christensen et al. (1993) determined that when compared with males,
females had a greater percentage of cells responsive to primary pheromones
of D. frontalis, frontalin and trans-verbenol, and of Ips spp., ipsdienol and
ipsenol. Among females, more cells responded to trans-verbenol and Ips
-produced volatiles than to host or other D. frontalis-produced compounds.
Olfactory cells of males responded mostly to cis-verbenol, followed by alpha-
pinene, verbenone, trans-verbenol, and endo-brevicomin. Of those cells
responsive primarily to one compound, the greatest percentage were
responsive to trans-verbenol in females and to verbenone in males.

In conclusion, electrophysiological analysis of the peripheral receptor
systems in these five bark beetle species is clearly not complete. However, it is
apparent that the versatility of the receptor system in D. frontalis is probably
due in part to the apparent lack of "labelled lines" for behaviorally significant
chemicals, with the possible exception of frontalin. Overlapping receptor
specificities may provide the insect with the genetic plasticity necessary to
code both qualitative and quantitative information for several behaviorally
significant odors that might permeate the insect's environment. Thus,
compounds that attract or arrest, enhance attraction, or inhibit attraction may
be perceived by the same neuron and acceptor.
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SEMIOCHEMICAL-MEDIATED BEHAVIOR

In conducting bioassays to ascertain beetle response patterns to
behavioral chemicals, researchers have utilized a number of methods,
particularly for stimulus presentation. In the most common laboratory
bioassay, the pedestrian bioassay, walking behavior is generally observed in
response to behavioral chemicals of known concentration and purity or to
extracts of beetle-produced frass or body parts. In field tests, the number of
beetles caught in baited traps is generally utilized as a measure of chemically-
mediated attraction and/or arrestment. The most common methods for
presenting the chemical stimuli include elution of natural
pheromonal/kairomonal mixtures from beetle-infested pine bolts, elution of
chemical stimuli from crushed beetles or beetle body parts, and elution of the
behavioral chemicals from various devices.

Each method has limitations in its ability to accurately stimulate the
context in which the beetles naturally encounter the stimuli, whether the
stimuli be chemical and/or visual. The limitations may be in the form of the
lack of the entire bouquet of insect- and host-produced chemical stimuli, lack
of the proper ratio and/or elution rates of chemical stimuli, lack of the proper
visual cues, or any combination of these. Therefore, analysis and
interpretation of results are presented here within the context of the methods
utilized.

Behavioral Analysis of Dendroctonus frontalis

Response to Beetle-Produced Frass and Body Parts, and to Pheromones Under
Controlled Laboratory Conditions:

Behavior of D. frontalis has been investigated to a limited extent in
laboratory bioassays (Appendices 11 and 12). Tsao and Yu (1967) first
measured attractancy and repellency of D. frontalis to D. frontalis-produced
frass (boring dust and fecal material) and crushed body parts. Although male
and female D. frontalis were each attracted to both male and female D.
frontalis frass, each sex was more attracted to its conspecific's frass than to its
own frass. A small percentage of each sex was in fact repelled by its own frass.
When female frass extract was assayed, both sexes displayed an attractive
response, although more so in male than in female beetles.

Tsao and Yu (1967) also reported that both anterior (head and
prothorax) and posterior (mesothorax, metathorax, and abdomen) body
regions of male and female D. frontalis were attractive to both sexes.
However, the posterior body region of male and female beetles repelled some
male and female beetles, and some female beetles, respectively. Bioassay of
extracts of the two body regions showed, most notably, that male beetles were
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highly attracted to extracts of the posterior body region of female beetles.
However, both sexes were strongly repelled by extracts of the posterior body
region of male beetles. Tsao and Yu (1967) concluded that there are at least
two pheromones in D. frontalis, a male-attracting pheromone in the female,
and a male- and female-repelling pheromone in both sexes, but most notably
in male beetles. These results also provide supportive evidence in regard to
the site of pheromone production previously discussed herein.

Subsequently, Rudinsky (1973) and Rudinsky et al. (1974) measured
arrestment as an indication of attraction. Most notably, both verbenone and
myrtenol appeared to be multifunctional. Low concentrations of either
compound, as found in female D. frontalis, enhanced D. frontalis attraction to
mixtures of frontalin, trans-verbenol and alpha-pinene, and frontalin, trans-
verbenol and turpentine (Rudinsky 1973, Rudinsky et al. 1974; McCarty et al.
1980). Conversely, high concentrations of either compound, as found in male
D. frontalis, reduced D. frontalis attraction to the same attractive mixtures.
Furthermore, male beetles responded to intermediate concentrations of
verbenone by performing the "rivalry" stridulation and fighting, rather than
by the typical stridulation evoked by the female attractants (Rudinsky 1973).
Higher verbenone concentrations (0.01%) elicited considerable "rivalry"
stridulation (Rudinsky et al. 1974). Multifunctional pheromones may allow
economy in the insect receptor system without sacrificing behavioral
diversity (Blum 1970).

Rudinsky et al. (1974) also reported that endo-brevicomin, regardless of
concentration, significantly reduced male beetle arrestment or attraction
elicited by a mixture of frontalin, trans-verbenol, and alpha-pinene. Endo-
brevicomin also evoked considerable "rivalry" stridulation. These three
"rivalry" or "antiaggregation" pheromones (verbenone, myrtenol and endo-
brevicomin) appear to affect intra-sex male response and may be important in
terminating aggregation. Rudinsky et al. (1974) suggested that, to be effective,
it is essential that an "antiaggregative" pheromone be released and act rapidly
during mass attack, as overcrowding would result if such a pheromone was
released more slowly and less flexibly than are the attractant pheromones.

Payne et al. (1982) later demonstrated that male D. frontalis were
significantly more attracted to treatments containing (-)- frontalin than to
treatments containing only (+)- frontalin. Finally, Payne et al. (1988),
investigating D. frontalis behavioral response to frontalin analogs in a
pedestrian bioassay, demonstrated significantly greater response to frontalin
than to any of the frontalin analogs. However, lack of significant difference
in response among the frontalin analogs indicated that the position and
number of methyl groups are not critical to the walking response in the
laboratory bioassay, yet are critical to EAG’s (see p. 20).
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Response to Beetle-Infested Pine Under Natural Field Conditions :

Behavioral responses of D. frontalis to beetle-infested pine clearly
demonstrate D. frontalis attraction to female D. frontalis-infested bolts, while
D. frontalis are apparently not attracted to male D. frontalis-infested bolts
(Appendix 13). These results certainly support the concept that it is the
female of the species that produces and releases the aggregation pheromone.
Attraction of both sexes of D. frontalis to female-infested bolts may be
explained primarily by the attraction of male beetles to female-produced
pheromones, and of both male and female beetles to host odors. It should be
noted that D. frontalis attraction to female D. frontalis-infested bolts was not
affected by the addition of male D. frontalis (Svihra 1982). It should also be
noted that Gara et al. (1965) reported that D. frontalis was more attracted to
beetle-infested bolts wired to vertical trees than to those wired to horizontal
trees. These results are supportive of the conceptual model proposed by
Payne and Coulson (1985), which describes the role of visual and olfactory
stimuli in host selection and aggregation behavior by D. frontalis.

Studies reported to date provide no evidence of D. frontalis attraction
to bolts infested with only I calligraphus, I. avulsus, or I. grandicollis. In fact,
male I. grandicollis-infested bolts tend to significantly reduce D. frontalis
attraction to D. frontalis-infested bolts (Svihra et al. 1980). No explanation has
been provided for this phenomenon.

Response to Crushed Bodies of Dendroctonus Species Under Natural Field
Conditions :

Analyses of D. frontalis behavioral response under natural field
conditions to the crushed bodies of D. frontalis, D. brevicomis and D.
pseudotsugae has been limited to but four published studies (Vité and
Renwick 1968; Renwick and Vité 1968; Pitman et al. 1969; Kinzer et al. 1969)
(Appendix 14). It is apparent from these studies that D. frontalis contains
compounds which, when concentrated, elicit an attractive and/or arresting
response in D. frontalis. More specifically, active compounds are
concentrated in the hindgut and malpighian tubules of female D. frontalis. In
addition, both D. brevicomis and D. pseudotsugae contain compounds that
attract D. frontalis. Male and female D. brevicomis are known to produce
frontalin and verbenone, and exo-brevicomin, frans-verbenol and myrcene,
respectively (Bordon 1985). Female D. pseudotsugae produce frontalin, trans-
verbenol, verbenone, seudenol, trans-pentenol and 3,2-MCH (3-
methylcyclohex-2-en-1-one); males produce 3,2-MCH, 3,3-MCH and
methylheptenone (Borden 1985). Therefore, given the fact that both male D.
brevicomis and female D. pseudotsugae produce frontalin, it is not surprising
to find that both elicit an attractive response from D. frontalis.
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Response to Pheromones Under Natural Field Conditions:

Behavioral response of D. frontalis to behavioral chemicals has been
researched extensively under natural field conditions. As a whole, it has been
very difficult to directly compare data from the large number of studies, due
in part to the varying environmental conditions, D. frontalis population
characteristics, tree and forest characteristics, and experimental methods.
However, these data have been compiled into a single table (Appendix 15) so
that meaningful generalizations may be made with regard to the function of
specific behavioral chemicals within the chemical ecology of D. frontalis.

Dendroctonus frontalis were neither attracted to nor arrested on traps
baited with any of the behavioral chemicals tested individually, including
frontalin, trans-verbenol, turpentine, endo-brevicomin, exo-brevicomin,
verbenone, oleoresin, or Ips pheromone paste. D. frontalis was generally
attracted to frontalin alone, but in low numbers. However, what little
attractancy D. frontalis displayed may have resulted from the simultaneous
presence of host volatiles in the air in the test areas (Payne et al. 1978; Billings
1985). More specifically with regard to frontalin, Payne et al. (1982)
demonstrated that significantly greater numbers of D. frontalis were attracted
to treatments containing (-)- frontalin than to treatments in which (-)-
frontalin was absent. Release rates of 10-100 mg/h appeared to maximize D.
frontalis attractancy (Vité 1971).

Although both enhanced frontalin attractiveness to D. frontalis, alpha-
pinene enhanced attractancy of frontalin more than did trans-verbenol
(Renwick and Vité 1970). In combination with frontalin plus trans-verbenol,
alpha-pinene was significantly more attractive to D. frontalis than were the
other host terpenes tested (Renwick and Vité 1969).

Endo-brevicomin, exo-brevicomin, and verbenone generally reduced
D. frontalis attractancy to attractive compounds or compound mixtures.
Although both reduced attraction of D. frontalis to frontalin plus alpha-
pinene (Vité and Renwick 1971a; Payne et al. 1978), endo-brevicomin reduced
attraction more than did exo-brevicomin (Vité and Renwick 1971a). In
adaition, Payne et al. (1978) reported that exo-brevicomin had no effect on the
attractancy of frontalin plus turpentine, with or without the addition of trans-
verbenol. However, endo-brevicomin did reduce the attractancy of frontalin
plus turpentine, with or without the addition of trans-verbenol. More
specifically, (-)- endo-brevicomin significantly reduced D. frontalis attractancy
to frontalure plus turpentine-baited traps to the level of attractancy of
turpentine alone (Vité et al. 1985). It should also be noted that the reducing
effect of endo-brevicomin on D. frontalis attractancy to frontalin plus
turpentine, with or without trans-verbenol, was not affected by the addition
of exo-brevicomin. Finally, endo- plus exo-brevicomin (50:50), at a release
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rate of 600 mg/ha/24 h, significantly reduced both male and female D.
frontalis landings on traps placed on host trees on an area-wide basis in a
natural infestation (Payne et al. 1977).

Verbenone, at a release rate of 0.5 mg/h, reduced D. frontalis attraction
to the combination of frontalin, alpha-pinene, and trans-verbenol (Renwick
and Vité 1969). At 5 and 10 mg/h, verbenone reduced D. frontalis attraction
to frontalin plus alpha-pinene, and to frontalin plus turpentine (Payne et al.
1978). However, lower verbenone release rates of 0.5 mg/h and 2.5 mg/h each
had no effect on D. frontalis attractancy to frontalin plus alpha-pinene or
frontalin plus turpentine (Payne et al. 1978a). Renwick and Vité (1969) also
showed that verbenone released at 0.5 mg/h had no effect on D. frontalis
attraction to frontalin alone. Although release rates were not specified, small
quantities of verbenone reduced male D. frontalis attraction to frontalin,
while higher quantities reduced attractancy of both males and females
(Renwick and Vité 1970). Therefore, the behavioral effects of verbenone on
D. frontalis attraction to other attractive compounds are release-rate
dependent. An exception to these results found that verbenone, released at 10
mg/h, had no effect on D. frontalis attractancy to frontalin plus alpha-pinene
(Payne et al. 1978). No explanation was provided for these mixed results. In
the only investigation of its kind, Salom et al. (1992) evaluated the effects of
different enantiomeric ratios and elution rates of verbenone on the
numerical response of D. frontalis to frontalin plus turpentine-baited
Lindgren funnel traps (Lindgren 1983). They reported that the greatest
reduction in D. frontalis catch occurred with verbenone baits containing 34 -
50% (+) enantiomer, at a release rate of 2.9 mg/h. Evaluation of release rates
using vebenone 34%(+):66%(-) showed that a reduction in male D. frontalis
catch decreased continuously between 4.2 to 12.5 mg/h. No response to
release rates was observed for females.

Richerson and Payne (1979) demonstrated that mixtures of endo- and
exo-brevicomin, with and without verbenone, significantly reduced the
number of D. frontalis landing on host trees, and also greatly reduced the
estimated D. frontalis oviposition by significantly reducing D. frontalis gallery
density. Verbenone alone, however, failed to reduce either D. frontalis
landings on host trees or gallery density, but it generally resulted in an
increase in the estimated oviposition. This failure of verbenone to reduce D.
frontalis landings on host trees may be due to the low elution rate of 80
mg/24 h/tree. Watterson et al. (1982) subsequently demonstrated that a 1:1
mixture of 85:15 endo- :exo-brevicomin and verbenone (eluted at 160 and 80
mg/24 h/tree, respectively) significantly reduced D. frontalis re-emergence,
gallery density, and brood emergence. It should be noted that in both studies,
while D. frontalis landings, re-emergence, emergence, and gallery density
decreased on the brevicomin isomers plus verbenone treated trees,
evaluation of the same population characteristics for I. avulsus showed a
significant increase. Therefore, it was not possible to determine conclusively
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if the reduction in D. frontalis population characteristics was due strictly to
the effects of the applied behavioral chemicals, or was due in part to
interspecific competition with I. avulsus. Payne and Richerson (1985)
subsequently reviewed the data by Richerson and Payne (1979) and Watterson
et al. (1982). They concluded that the brevicomin isomers plus verbenone
may have potential for use in suppressing D. frontalis infestations by
facilitating replacement of the more aggressive species (D. frontalis) by a less
aggressive species (i.e., I. avulsus). Their conclusion remains to be verified.

Although endo-brevicomin, exo-brevicomin, and verbenone generally
reduced D. frontalis attraction to compounds or compound mixtures, these
three behavioral chemicals appear to be multifunctional. In contrast to their
reducing effects on D. frontalis attractancy, Billings (1985) demonstrated that
endo-brevicomin plus verbenone, at low release rates, significantly enhanced
D. frontalis attractancy to frontalure (a 1:2 mixture of frontalin plus alpha-
pinene). However, although both enhanced D. frontalis attractancy to
frontalure, turpentine enhanced attractancy significantly more than did the
endo-brevicomin plus verbenone mixture. Vité et al. (1985) also reported that
while both (+)- endo-brevicomin and (+)- endo-brevicomin significantly
enhanced D. frontalis attractancy to frontalure plus turpentine, (+)- endo-
brevicomin enhancement was significantly greater than that of (+)- endo-
brevicomin. The addition of (-)- endo-brevicomin to (+)- endo-brevicomin,
in fact, significantly reduced the (+)- endo-brevicomin enhancement of D.
frontalis attractancy.

The nature of this multifunctionality of these behavioral chemicals
appears to be dependent on release-rate and enantiomeric ratio. These results
are also supported, at least for verbenone, by laboratory bioassays discussed
previously in this review (Rudinsky 1973; Rudinsky et al. 1974; McCarty 1980).

Behavioral Analyses of Dendroctonus terebrans
Response to Pheromones Under Controlled Laboratory Conditions :

Analysis of D. terebrans behavior in laboratory bioassays is limited to a
singie study by Payne et al. (1987) (Appendix 16). They reported that both
male and female beetles were significantly attracted to frontalin and endo-
brevicomin, while only males were significantly attracted to frans-verbenol
and turpentine. Male and female beetles were significantly more attracted to
frontalin and endo-brevicomin, respectively, than to the other compounds
tested. They also reported that male beetles were significantly more attracted
to frontalin and turpentine, individually, than were female beetles.
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Response to Beetle-Infested Pine Under Natural Field Conditions:

Analysis of D. terebrans behavioral responsiveness to host material
under natural field conditions is limited to but a few studies (Appendix 17).
Dendroctonus terebrans was reported to kill healthy pine trees (Pinus spp.)
that are mechanically injured, as well as those trees that are stressed or
severely weakened (Kowal and Coyne, 1951; Smith and Lee, 1957; Merkel,
1981). Smith (1963) first reported that D. terebrans are attracted to D.
terebrans-infested trees. Godbee and Franklin (1976) later demonstrated D.
terebrans attraction, females more than males, to unattacked bolts and trees,
thus indicating that female beetles may be the host-finding, gallery-initiating
sex. Phillips et al. (1989) have recently reported D. terebrans attraction to
mechanically injured and paraquat-treated trees, suggesting that host odors
emanating from stressed trees may function in primary attraction of this host-
finding sex.

Godbee and Franklin (1976) also demonstrated D. terebrans attraction
(males more than females) to male only, female only, and male and female D.
terebrans-infested bolts. Bolts infested with only males or only females were,
in fact, significantly more attractive than were male- and female-infested bolts
and unattacked bolts. Phillips et al. (1989) reported that although female D.
terebrans were not significantly attracted to male only, female only, or male
and female D. terebrans-infested bolts, male D. terebrans were significantly
attracted to female only and to male- and female-infested bolts. These data
from both studies clearly indicate that female D. terebrans ~dults produce
secondary attractants and that males are the responding sex.

Vité et al. (1964) reported some slight attraction of D. terebrans to D.
frontalis-infested bolts. However, D. terebrans were not attracted to L.
avulsus-, I. calligraphus-, or 1. grandicollis-infested bolts.

Response to Pheromones Under Natural Field Conditions :

Hopkins (1909) reported turpentine to be a potent attractant for D.
terebrans. Fatzinger (1985) reported that ethanol, which is produced by
stressed or cut conifers, significantly enhanced attraction of D. terebrans to
turpentine-baited traps (Appendix 18). Siegfried et al. (1986) reported that
individual monoterpene constituents of gum turpentine, in ethanol, did not
elicit an attractive response in D. terebrans. Although a mixture of these
monoterpenes did attract D. terebrans, response was less than that to whole
gum turpentine plus ethanol. Therefore, the monoterpenes within the
mixture were only partially responsible for the attractiveness of whole gum
turpentine. Other constituents of gum turpentine include alpha-
phellandrene, sesquiterpenes, and non-terpene compounds (Mirov 1961).
Some evidence indicates that D. terebrans is actually attracted to certain
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terpenoid oxidation products rather than to the terpenes themselves
(Krawielitzki et al. 1983).

Phillips et al. (1990), in an assay of D. terebrans response to turpentine
and synthetic enantiomers of frontalin, exo-brevicomin and endo-
brevicomin, found male D. terebrans attraction to turpentine was enhanced
by the presence of (-)- frontalin more so than the presence of (+)- frontalin;
was not enhanced by the presence of (+)-, (-)-, and (&)- exo-brevicomin; and
was enhanced by the presence of (+)- endo-brevicomin, but not (-)- endo-
brevicomin. Female D. terebrans attraction to turpentine was also enhanced
by the presence of (-)- frontalin, yet not to (+)- frontalin. Attraction by female
D. terebrans to turpentine was enhanced by the presence of (+)-, (-)-, and (¥)-
exo-brevicomin, as well as, (+)- endo-brevicomin, yet not (-)- endo-
brevicomin.

Phillips et al. (1988) demonstrated that D. terebrans was more attracted
to a turpentine:ethanol solution (1:1 mixture) than to undiluted turpentine
or to turpentine and ethanol deployed in separate, but side by side, dispensers.
Fatzinger et al. (1987) also reported that by the presence of both ethanol and
ethanol-plus-trans-verbenol, male and female D. terebrans attraction to
turpentine was enhanced. However, ethanol plus trans-verbenol
enhancement of male and female attractancy was significantly greater than
that for ethanol only when trans-verbenol was released at 50 ul/day and 50
ul/3-4 days, respectively.

Male and female D. terebrans were unresponsive to frontalin,
frontalure, trans-verbenol, endo-brevicomin, exo-brevicomin, myrtenol, and
verbenone when tested individually (Payne et al. 1987, Phillips et al. 1989).
However, the elution of turpentine at high rates in combination with
frontalin, frontalure, or endo-brevicomin rendered these compounds
attractive to D. terebrans (Payne et al. 1987). In addition, although turpentine
alone was attractive to primarily male D. terebrans, female and male
attraction was enhanced significantly when endo-brevicomin and frontalure
were added to the blend (Payne et al. 1987). While male D. terebrans were
very attracted to frontalin plus turpentine, the addition of endo-brevicomin
and/or exo-brevicomin or verbenone significantly reduced male beetle
attraction. Phillips et al. (1989) subsequently proposed that the D. terebrans
aggregation pheromone is composed of frontalin and exo-brevicomin, since
both affect the behavior of males only.

Therefore, it is apparent that host-produced kairomones present in
turpentine can, in concert, serve as primary attractants for D. terebrans.
However, these kairomones do not appear to be the only semiochemicals
involved in the host selection and colonization processes. Male D. terebrans
appear also to aggregate in response to frontalin plus host odors. Finally, the

26



brevicomins, both endo- and exo-, and verbenone clearly function to reduce
male D. terebrans aggregation behavior.

Behavioral Analysis of Ips calligraphus
Response to Beetle-Infested Pine Under Natural Field Conditions:

Behavioral analysis of I. calligraphus to beetle-infested pine clearly
demonstrates I. calligraphus attraction, particularly females to male I.
calligraphus-infested bolts (Vité et al. 1964; Renwick and Vité 1972; Birch et al.
1980; Svihra et al. 1980; Svihra 1982) (Appendix 19). Female I. calligraphus-
infested bolts elicited no attractive response from conspecifics (Vité et al.
1964), and in fact, reduced attractiveness of male I. calligraphus infested bolts
(Svihra 1982). These results support the concept that males of this species
produce and release the aggregation pheromone. It should be noted that I.
calligraphus attraction to male I. calligraphus-infested bolts was significantly
reduced by the presence of female I. calligraphus (Svihra 1982).

Ips calligraphus responses to bolts infested by the other cohabiting Ips
and Dendroctonus species were quite variable and thus difficult to interpret
(Vité et al. 1964; Birch et al. 1980; Svihra 1982). I. grandicollis-infested bolts
either did not attract I. calligraphus or enhanced attractiveness of I.
calligraphus-infested bolts to I. calligraphus during low I. calligraphus
population levels (Birch et al. 1980). However, during high I. calligraphus
population levels, I. grandicollis-infested bolts were either attractive to I.
calligraphus or reduced I. calligraphus attraction to I. calligraphus-infested
bolts (Birch et al. 1980).

Although I. calligraphus were attracted in low numbers to I. avulsus-
infested bolts in one study, I. avulsus-infested bolts were generally not
attractive or reduced attraction of I. calligraphus to I. calligraphus-infested
bolts (Birch et al. 1980; Svihra 1982). I. calligraphus were also attracted to I.
paraconfusus-infested bolts, a species known to produce ipsenol, ipsdienol,
cis-verbenol, and 2-phenylethanol (Borden 1985). Furthermore, I.
calligraphus were either not attracted to or were attracted to D. frontalis-
infested bolts (Vité et al. 1964; Birch et al. 1980; Dixon and Payne 1980; Svihra
1982).
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Response to Pheromones Under Natural Field Conditions:

Renwick and Vité (1972) demonstrated that ipsdienol plus cis-verbenol
was much more attractive than ipsdienol plus trans-verbenol (Appendix 20).
Additionally, they reported that while I. calligraphus male (40 males)-infested
bolts were significantly more attractive than ipsdienol plus cis-verbenol, the
former was equally as attractive as a combination of ipsdienol, cis-verbenol,
and uninfested pine bolts. Vité et al. (1976b) later reported that the inactive
enantiomer of cis-verbenol, (R)-cis-verbenol, appeared to require a higher
saturation level at the receptor sites than did (S)-cis-verbenol, in order to
reduce the attractiveness of ipsdienol plus (S)-cis-verbenol. Vité et al. (1978)
subsequently demonstrated that (R)-(-)-ipsdienol is the active isomer of
ipsdienol, as is the case for I. avulsus. Therefore, the olfactory guidance of
mass aggregation of I. calligraphus depends on a combination of (R)-(-)-
ipsdienol, (S)-cis-verbenol, and host odors.

Behavioral Analysis of Ips avulsus
Response to Beetle-Infested Pine Under Natural Field Conditions:

Behavioral analysis of I. avulsus to beetle-infested pine clearly
demonstrates I. avulsus attraction to male I. avulsus-infested bolts (Vité et al.
1964; Birch et al. 1980; Svihra et al. 1980; Svihra 1982) (Appendix 21). These
results support the concept that males of this species produce and release the
aggregation pheromone. ISurprisingly, I. avulsus attraction to male I.
avulsus-infested bolts was not affected by the addition of female I. avulsus
(Svihra 1982).

Ips avulsus were highly attracted to I. calligraphus-infested bolts (Vité
et al. 1964; Birch et al. 1980; Svihra et al. 1980; Svihra 1982). These results
support the findings that I. avulsus utilizes (R)-(-)- ipsdienol, also a
pheromone of I. calligraphus, as a pheromone during aggregation. However,
both bolts infested with either female D. frontalis (Birch et al. 1980) or female
L. calligraphus (Svihra et al. 1980) reduced I. avulsus attraction to male I.
calligraphus-infested bolts.

Although I. avulsus displayed little or no attraction to I. grandicollis-
infested bolts, I. grandicollis-infested bolts certainly enhanced I. avulsus
attraction to both male I. avulsus-infested bolts, and male I. calligraphus-
infested bolts (Birch et al. 1980; Svihra 1982) These results support the
findings that I. avulsus may utilize (S)-(-)- ipsenol, a pheromone of I.
grandicollis, as a kairomone during aggregation. Finally, although I. avulsus
behavioral responses to female D. frontalis-infested bolts were mixed, I.
avulsus were generally attracted to D. frontalis-infested bolts (Vité et al. 1964;
Svihra et al. 1980).
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Response to Pheromones Under Natural Field Conditions:

Renwick and Vité (1972) noted that synthetic mixtures containing
ipsdienol were slightly attractive to I. avulsus. (Appendix 22). Vité et al.
(1978) subsequently demonstrated that (R)-(-)- ipsdienol is the active isomer of
ipsdienol, as is the case for I. calligraphus. Hedden et al. (1976) reported that I.
avulsus are attracted to (S)-(-)- ipsenol, the same isomer utilized by I.
grandicollis for aggregation. This response may represent the evolution of
secondary attraction to a cohabiting sympatric species. It should be noted that
I. avulsus males were generally more responsive to the pheromones and
pheromone mixtures than were females. This responsiveness is particularly
interesting since it is the male beetle which initiates attack and produces the
aggregation pheromones.

Richerson and Payne (1979) demonstrated that mixtures of endo- and
exo-brevicomin, with and without verbenone, significantly increased I.
avulsus landings on host trees. Brevicomin isomer mixtures plus verbenone
also significantly increased I. avulsus gallery density. Verbenone, however,
failed to reduce I. avulsus landings on host trees. Watterson et al. (1982)
subsequently demonstrated that a 1:1 mixture of 85:15 endo-:exo-brevicomin
and verbenone (eluted at 160 and 80 mg/24 h/tree, respectively) significantly
increased I. avulsus re-emergence, brood emergence, and gallery density. As
mentioned above, in both studies, while I. avulsus landings, re-emergence,
emergence, and gallery density increased on trees treated with brevicomin
isomers plus verbenone, the same population characteristics for D. frontalis
significantly decreased. Therefore, it was not possible to determine
conclusively if the increases in I. avulsus population characteristics were due
strictly to the effects of the applied behavioral chemicals, or were due to a
decrease in interspecific competition with D. frontalis.

Payne and Richerson (1985) subsequently reviewed the data by
Richerson and Payne (1979) and Watterson et al. (1982). They concluded that
it is unlikely that the increases in I. avulsus population characteristics were a
direct result of a kairomonal response. This conclusion was based upon the
fact that I. avulsus were not significantly attracted to D. frontalis-infested bolts
(Birch et al. 1980; Svihra 1982) nor to D. frontalis pheromone (including the
brevicomin isomers and verbenone) baited traps (Dixon and Payne 1980;
Billings and Cameron 1984). However, since I. avulsus landings significantly
increased on brevicomin isomer plus verbenone-treated trees (Richerson and
Payne 1979), we believe that I. avulsus is in fact utilizing these behavioral
chemicals together with host tree volatiles to locate suitable hosts. Increased
gallery density and brood emergence may have subsequently resulted from
the increased resource availability due to a decline in D. frontalis density.
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Behavioral Analysis of Ips grandicollis
Response to Behavioral Chemicals Under Controlled Laboratory Conditions:

In laboratory bioassays conducted to determine host species preference,
1. grandicollis showed a preference for loblolly pine> eastern white pine>
Norway spruce> Frasier fir> eastern red cedar> eastern hemlock (Werner
1972a). 1. grandicollis also showed response to raw phloem tissue and
petroleum ether extracts of phloem, but not to bark or xylem tissues (Werner
1972a). Werner (1972a) also showed that male I. grandicollis were most
responsive to geraniol, myrcene, methyl chavicol, and limonene, while
female beetles were most responsive to myrcene and camphene (Appendix
23). Werner (1972c) also demonstrated that frontalin, trans-verbenol, and
Dendroctonus spp. pheromones generally masked the activity of pine
terpenes, reducing or eliminating their attractiveness to I. grandicollis. The
only exception was the enhancement of geraniol attraction by the addition of
frontalin plus trans-verbenol. Thus, Werner (1972c) suggests that the
combined effect of frontalin plus trans-verbenol with host terpenes may
provide the stimulus whereby I. grandicollis avoids host trees attacked by D.
frontalis. However, it appears that I. grandicollis may utilize host volatiles,
with or without frontalin plus trans-verbenol, to locate suitable hosts.
Thereafter, 1. grandicollis may utilize these three compounds together to
avoid D. frontalis-colonized areas of the suitable host. It should also be noted
that geraniol, myrcene and D-limonene enhance male I. grandicollis
attraction, while D, L-camphene enhances female I. grandicollis attraction to
male . grandicollis frass extract.

Response to Beetle-Infested Pine Under Natural Field Conditions:

Behavioral analysis of I. grandicollis to beetle-infested pine clearly
demonstrated I. grandicollis attraction, particularly females, to male I.
grandicollis-infested bolts (Vité et al. 1964; Vité and Renwick 1971b; Hain and
Anderson 1976a,b; Birch and Svihra 1979; Birch et al. 1980; Svihra et al. 1980;
Svihra 1982) (Appendix 24). In addition, I. grandicollis attraction to male I.
grandicollis-infested bolts was significantly reduced by the presence of female
I. grandicollis (Svihra 1982). These results support the concept that males of
this species produce and release the aggregation pheromone.

Hain and Anderson (1976a) investigated the effects of age, flight
exercise, and feeding on I. grandicollis attraction to male I. grandicollis-
infested bolts. They reported that although response was too low to
differentiate age-dependent attraction, flight exercise did not increase
response but did reduce the beetles' ability to disperse from the release sites.
In addition, beetles that had fed on inner-bark delayed taking flight but
eventually responded to attraction centers in a greater proportion than did
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unfed beetles. Hain and Anderson (1976b) also reported that I. grandicollis
attraction was inversely related to the distance from the source of attraction,
i.e. male I. grandicollis-infested bolts. Utilizing marked beetles, they found
that I. grandicollis attraction was rather low and the variability between tests
was high. They speculated that I. grandicollis have a tendency to fly and
disperse before initiating attack in new hosts. This would prevent beetles
from overcrowding in small areas with limited resources.

Ips grandicollis were generally attracted to I. calligraphus-infested bolts
(Vité et al. 1964; Birch et al. 1980; Svihra 1982). However, I. calligraphus-
infested bolts also reduced I. grandicollis attraction to I. grandicollis-infested
bolts (Birch et al 1980; Svihra et al. 1980). Similarly, I. grandicollis, particularly
males, were generally attracted to female D. frontalis- infested bolts (Vité et al.
1964; Birch and Svihra 1979; Birch et al. 1980; Svihra et al. 1980; Dixon and
Payne 1980), yet reduced I. grandicollis attraction to I. grandicollis-infested
bolts (Birch and Svihra 1979; Birch et al. 1980). Therefore, initial host
selection by I. grandicollis may be enhanced by the presence of I. calligraphus
and/or D. frontalis. However, later in the colonization process, the presence
of D. frontalis, I. calligraphus, and I. grandicollis may signal incoming I.
grandicollis that the micro-habitats on the infested host tree are fully
colonized. Ips grandicollis behavioral responses to I. avulsus-infested bolts
were mixed, and I. avulsus-infested bolts apparently had no effect on I.
grandicollis attraction to I. grandicollis-infested bolts (Birch et al. 1980).

Response to Pheromones Under Natural Field Conditions:

Werner (1972a,c) showed that male I. grandicollis were generally more
attracted than were female I. grandicollis to various host terpenes (Appendix
25). This result suggests that the initial attacking sex, males, might utilize
host terpenes as primary attractants in the host selection process. Werner
(1972c) also demonstrated that male I. grandicollis frass extract enhanced
attraction of both male and female I. grandicollis to various host terpenes.
This observation would indicate that the combination of host terpenes and
constituents of male I. grandicollis frass is likely one of the primary
mechanisms involved in I. grandicollis aggregation.

The (S)-(-)- ipsenol, with and without ipsdienol, was significantly more
attractive than racemic ipsenol plus ipsdienol, and racemic ipsenol or (R)-(+)-
ipsenol, respectively (Vité et al. 1976a). The (R)-(+)- ipsenol enantiomer, in
fact, significantly reduced the attraction of I. grandicollis to the (S)-(-)- ipsenol.
Therefore, while 1. grandicollis appears to be less selective in its use of
behavioral chemicals (host terpenes, Dendroctonus spp. pheromones), the
proposed components of its aggregation semiochemicals are (S)-(-)- ipsenol
and host terpenes.
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Based upon their laboratory studies, Werner (1972c) suggested that
frontalin and trans-verbenol may provide the stimulus that is the
mechanism whereby I. grandicollis avoids trees attacked by D. frontalis.
However, under natural field conditions, although results are mixed, I.
grandicollis was generally attracted to frontalin plus trans-verbenol, with and
without turpentine (Dixon and Payne 1980). Thus, I. grandicollis may use
these compounds to aid in locating a temporary host, while avoiding micro-
habitats occupied by D. frontalis once a suitable host has been selected.
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SUMMARY OF INTERSPECIFIC BEHAVIORAL INTERACTIONS
AMONG MEMBER SPECIES OF THE
SOUTHERN PINE BARK BEETLE GUILD

The preceding discussions of beetle behavioral responses to infested
pine under natural field conditions allows an assessment of the possible role
of interspecific semiochemical-based communication in host selection,
colonization, and resource partitionment. This is summarized in Appendix
26.

In conjunction with their sequence of arrival studies, Svihra et al.
(1980) investigated the role of olfactory perception in isolating mechanisms
and in modifying the pattern of the host-tree utilization among D. frontalis, I.
calligraphus, I. avulsus, and I. grandicollis. Birch et al. (1980), in an extensive
investigation of the behavioral interactions of these four cohabiting species,
summarized the response of these species when each one in turn was
hypothetically considered as the initial attacking species. Both studies
confirmed the hypothesis that semiochemical-based communication does
occur among these four species. Their results also support the hypothesis that
chemically mediated behavioral interactions among the species play a
significant role in defining the patterns of colonization of host trees.
Furthermore, these chemically-mediated behavioral interactions also appear
to limit species colonization to certain areas of tHe tree, and, by specific
enhancement or reduction of response, they may also affect the sequence of
colonization. Therefore, these interactions may partially explain the
temporal and spatial patterns of colonization by all species at the heights
characterized by Svihra et al. (1980).

Birch et al. (1980) suggested that any mechanism that delineates spatial
distribution and that is effective before energy is expended in penetrating the
bark would be intrinsically a more efficient system than one that operated
below the surface. Furthermore, the observed rapid attack, facilitated by
pheromonal and interspecific attraction, appears to be a strategy in which each
species benefits and takes advantage of by overwhelming the trees' resistance
mechanisms as quickly as possible. Birch et al. (1980) concluded that the
semiochemical-based interactions that occur between species arriving at trees
undergoing colonization are potentially a very important mechanism in
determining the pattern of exploitation by each species of this temporary
habitat. They further concluded that the resulting sequence of arrival and
resource partitioning between the cohabiting species represents the
coevolution of a highly interactive behavioral system whereby host trees are
colonized in a very short space of time while disadvantageous interactions in
the breeding sites are minimized.
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BEHAVIORAL CHEMICALS AND PEST MANAGEMENT

Although there exists a wealth of knowledge about chemically-
mediated behavior within this bark beetle guild, particularly for D. frontalis,
research and development efforts directed at utilizing chemicals in pest
management systems have been limited. Research into alternative methods
for D. frontalis control utilizing pheromones began in 1962 and resulted in
the formulation of the attractant frontalure®, consisting of frontalin and
alpha-pinene. Efforts have been carried out to evaluate the effectiveness of
frontalure in a trap-tree application incorporating the herbicide cacodylic acid
(Vité 1971), with little success. In an aerial application, frontalure was also
evaluated for its effectiveness in suppressing an infestation through
disruption of communication among the flying beetles, thereby hindering
host tree colonization. This treatment failed to reduce attack of new host
trees by D. frontalis and actually increased aggregation on host trees.

Richerson et al. (1980) subsequently conducted field tests to determine
the effects of frontalure on D. frontalis in a combination of these bait-tree and
interruption methods. They sought to protect uninfested trees in the area of
active colonization within an infestation from mass attack. They also
attempted to contain flying adult brood populations within the infestation
on trees no longer naturally attractive nor suitable for brood production. Test
results showed that no previously uninfested trees came under successful
mass attack during the frontalure treatment periods. Frontalure treatment
randomly redistributed brood adults within the infestation and, consequently,
insufficient numbers of beetles were present at the active front of the
infestation to successfully overcome host resistance. Richerson and Payne
(1980) speculated that the normal synchrony of re-emergent parent adults and
brood adults necessary to maintain infestation spot growth had been
disrupted. Tests are still necessary to determine if the frontalure treatment
can disrupt normal beetle activity in treated infestations over a period of time
long enough to cause sufficient beetle mortality to permanently halt spot
growth.

The knowledge that other behavioral chemicals, particularly endo- and
exo-brevicomin and verbenone, reduce D. frontalis attraction to frontalin,
prompted additional research to evaluate the usefulness of these compounds
to protect individual trees from D. frontalis attack, as well as to slow or stop
the spread of D. frontalis infestations. In addition, these compounds, known
as inhibitors, would appear to offer potential use by increasing dispersal flight
and, therefore, in-flight beetle mortality.

Payne et al. (1977) evaluated the effects of the continual presence of
endo- and exo-brevicomin on the flight and landing activity of D. frontalis in
a natural infestation. Their tests showed that although the intra-plot flight
activity of D. frontalis was not significantly affected by the presence of the
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compounds, D. frontalis landings on host trees were interrupted or inhibited
by these compounds. Thus, their results suggest the potential for
development of these behavioral chemicals for D. frontalis population
control on an area-wide basis.

Richerson and Payne (1979) attempted to demonstrate the potential of
known D. frontalis pheromones that reduce attraction and/or arrestment to
protect individual trees within an active infestation from D. frontalis attack.
Although the brevicomin isomers and brevicomin isomers plus verbenone
significantly reduced D. frontalis landings, the compounds failed to prevent
the treated trees from succumbing to D. frontalis and/or Ips attack. However,
a reduction in the number and length of D. frontalis galleries indicated that
the compounds could cause significant reduction in brood production.

Southern pine beetle suppression tactics using verbenone and cutting
strategies, alone or in combination, have been quite successful (Payne and
Billings 1989; Payne et al. 1992). Payne and Billings (1989) applied (S) (-)-
verbenone, as a liquid polymer, to trees freshly attacked by D. frontalis, as well
as to a bulffer strip of unattacked trees (ahead of the infestation) . The most
effective treatment was to treat trees with verbenone and cut freshly attacked
trees. However, treating trees with verbenone only was effective in slowing
rates of spot growth in small to moderated-sized infestations. In a similar
study reported by Payne et al. (1992), the verbenone-only treatment was as
effective as verbenone plus cutting. In the 1989 - 1990 experiments from this
study, verbenone was eluted from sealed polyethylene bags that contained a
4.5 x 7 cm piece of dense foam rubber. Two bags were placed on each of the
treated trees at a height of 3 m. In addition, verbenone 34%(+):66%(-) was
used instead of 11%(+):89%(-), because the former enantiomeric ratio was
found to be more effective than the latter in reducing D. frontalis catch in
frontalin plus turpentine-baited traps (Salom et al. 1992).
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COMPARATIVE ECOLOGICAL PERSPECTIVE

Birch et al. (1980) reported that D. frontalis and I. avulsus were the
initial attacking species in 76% and 20% of the trees attacked, respectively.
Conversely, I. calligraphus was the initial attacking species in only 4% of the
trees attacked, while I. grandicollis was never the first species to attack a tree.
Species that are most often the initial attackers must obviously possess certain
traits that enable them to overcome a host's natural defense mechanisms.

Degree of Aggregation:

Mason (1970) suggested that the degree of aggregation may be an index
of aggressiveness. He showed that I. avulsus have a more highly aggregated
flight than I. grandicollis.

Both D. frontalis and I. avulsus have concentrated attack periods, with
peak arrival occurring 3-5 days and 12 days, respectively, following the
initiation of attack. Afterwards, attack rates decline sharply. Also, both D.
frontalis and I. avulsus have a more synchronous reemergence period of a
shorter duration than D. terebrans, I. calligraphus, and I. grandicollis. This
synchronous emergence may aid each species in rapidly assembling large
numbers for attack. This attack pattern, known as "mass attack," is
characteristic of more aggressive species that must rapidly overwhelm the
natural defense mechanisms of their hosts. Interestingly enough, this attack
pattern coincides with the higher numbers of expendable female D. frontalis
and male I. avulsus, as reflected in their sex ratios.

Conversely, I. calligraphus have a less concentrated attack period, with
peak arrival occurring approximately 21 days following I. calligraphus attack
initiation. Attack rate declines thereafter. Ips calligraphus reemergence is
also less synchronous and more protracted, extending over a greater time
period than those of D. frontalis and I. avulsus. Ips grandicollis, which lacks a
concentrated attack pattern, gradually increases in attack density for 18 days
following attack initiation. Afterwards, I. grandicollis maintains an
intermediate attack rate, for an extended total arrival period of 30-50 days.
Berisford and Franklin (1971) suggest that this extended attack period enables
I. grandicollis to succeed, since this species normally attacks logging slash or
very weakened trees that have little or no remaining natural resistance
mechanisms. Ips grandicollis also have a higher percentage of female beetles
than do I. avulsus, and fewer male I. grandicollis are killed during host attack.

It should be noted that response to odors of a sympatric and more
aggressive bark beetle species would be advantageous to a less aggressive
species for the location of suitable host trees for colonization. As discussed
previously herein, I. grandicollis is attracted to trees undergoing attack by the
more aggressive D. frontalis, although once such a host is located, I.
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grandicollis attraction is significantly reduced. This may aid I. grandicollis in
locating a suitable host, and at the same time, minimize competition once
they have landed.

Reproductive and Developmental Strategies:

Wagner et al. (1985) reported that among the three Ips species discussed
herein, the reproductive and developmental strategies of I. avulsus are most
similar to those of D. frontalis. For example: (1) I. avulsus and D. frontalis
uniformly deposit eggs alternately on opposite sides of egg gallery, while I.
calligraphus concentrate eggs on one side of the gallery and I. grandicollis
irregularly deposit eggs on alternate sides of the gallery; (2) I. avulsus and D.
frontalis respectively space eggs 3-6 mm and 2-5 mm apart, while I.
calligraphus and I. grandicollis space eggs 1-3 mm and 1-5 mm apart,
respectively; (3) I. avulsus and D. frontalis excavate short galleries of 4-8 mm
and 5-10 mm, respectively, during the first two larval stages, while I.
calligraphus and I. grandicollis excavate galleries of 100-200 mm and 50-70
mm, respectively, during the larval stage; and (4) I. avulsus and D. frontalis
form broad feeding "cells" at the end of the short excavated galleries during
the third larval stage, while neither I. calligraphus nor 1. grandicollis form
such cells. These reproductive and developmental strategies enable I. avulsus
and D. frontalis to pack more individuals into a given area than can I.
calligraphus or I. grandicollis; thus the two former species require smaller
feeding areas. Therefore, I. avulsus and D. frontalis have a greater capacity for
population growth than do I. calligraphus and I. grandicollis. It should be
noted, however, that in an effort to differentiate D. frontalis and I. avulsus,
Paine et al. (1981) reported that while D. frontalis exclusively colonized areas
closest to the stump and I. avulsus dominated colonization in the upper
levels of the trunk, the degree of exploitation by I. avulsus was not as great as
that measured for D. frontalis.

Pheromone Production and Release:

Differences in production and release of population-aggregating
pheromones may reflect distinct evolutionary trends in the establishment of
the two bark beetle genera discussed herein.

In Dendroctonus, chemical messengers serve primarily as a signal for
mutual invasion of more resistant hosts. Ips avulsus also may utilize
chemical messengers in this way. Pheromone production in D. frontalis
continues as long as the host resists extensive feeding and gallery
construction. In contrast, Ips utilize chemical messengers of comparable
function as a means of locating and colonizing scattered and temporary
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habitats (Atkins 1966). Host suitability is assured by the feeding requirements
for pheromone production, particularly in I. calligraphus and I. grandicollis.

Their production stimulated by resin flow, pheromones are likely to
supplement host odors in signaling mass attack. More aggressive species,
such as D. frontalis and I. avulsus, utilize pheromones to orchestrate mass
invasion of resistant hosts. D. frontalis, the more aggressive of these two
species, possesses frontalin within its hindgut upon emergence, and feeding
actually results in a decline of frontalin levels. In contrast, the I. avulsus
pheromone, ipsdienol, is not present upon emergence but is produced upon
exposure to myrcene host vapors.

Frass pheromones, conversely, likely mark suitable hosts for
colonization. Less aggressive species, such as I. grandicollis, must first feed to
determine host susceptibility. Once a suitable host is located, feeding
stimulates production of their respective frass pheromones to insure host
colonization. Ips calligraphus employs a combination of frass (ipsdienol) and
contact (cis-verbenol) pheromones in the host-selection process. Therefore, I.
calligraphus may be more aggressive than I. grandicollis, which depends on a
frass pheromone exclusively.

Influence of the Second Sex on Attraction:

In results previously discussed herein, Svihra (1982) determined the
influence of the opposite sex on attraction produced by the initial attacking
sex. Interestingly, for the more aggressive species of D. frontalis and I.
avulsus, the simultaneous presence of the second sex has no effect on
attraction. Conversely, in the less aggressive species of I. calligraphus and I.
grandicollis, attraction is significantly reduced by the simultaneous presence
of the second sex. This correlation may have evolutionary implications and
warrants further investigation.



ADDITIONAL RESEARCH NEEDS AND CONCLUSIONS

This treatise is evidence that much is known about the olfactory
communication systems of the five sympatric cohabiting scolytid species
which comprise the southern pine bark beetle guild. However, many of the
mechanisms involved at all three levels of this communication system--
pheromone biosynthesis, perception, and mediated behavior--are not well
understood.

With respect to pheromone biosynthesis and perception, the
mechanisms related to the endocrine system and its functional relationships
to feeding, flight, and mating are not understood. These are of particular
interest given the differences among the two scolytid genera discussed herein.
Additionally, with what is known about the mechanisms of oxidation and
rearrangement of terpenes to yield pheromones, the role of microorganisms
in pheromone biosynthesis may be critical. In the specific area of pheromone
perception, the mechanisms involved in transduction are crucial to our
understanding of sensory coding. And intertwined among the three levels of
this communication system is the question of multifunctional pheromones
and their mechanisms of sensory coding and behavioral mediation.

Much is also known behaviorally about the intra- and interspecific
semiochemical-based communication among the guild species, particularly
during host colonization and resource partitioning. However, selected
pheromones or host tree volatiles and beetle-infested pine logs have been
utilized in most behavioral investigations conducted under natural field
conditions. The independent roles played in host selection by the defined
beetle-produced pheromonal blends and the host tree-produced compounds
remains to be investigated. In addition, the process of host selection (what
triggers the first beetle to select a particular host tree) and its relation to direct
versus random flight, attraction versus arrestment, and primary versus
secondary attraction, must be resolved. The reader is referred to Person
(1931), Moeck et al. (1981), Hines and Heikkenen (1977), Heikkenen (1977),
Wood (1972, 1982), and Hynum and Berryman (1980) for reviews of this topic.
This area of research may be that weak link in bark beetle ecology that we can
ultimately directly or indirectly exploit. While many of these questions
appear basic in nature, they also have ecological significance. Answers to
these questions should provide not only a more thorough understanding of a
complex olfactory communication system within an insect guild of sympatric
species but, just as important, an intelligible approach to their management
within our southern pine forests.

In conclusion, it appears that adaptation of guild members that cue into
hosts colonized by other guild members results in increased resource
available to each species. Furthermore, the beneficial effects of their
adaptation to the presence of each species appears to outweigh any of the
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negative effects resulting from competition. The interspecific, chemically-
mediated behavior by the guild species in colonization and resource
partitioning results in reduced intensity of inter- and intraspecific
competition at all population density levels and allow the species to more
fully exploit their southern pine hosts.
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Appendix 8. Electrophysiological analysis of olfaction in Dendroctonus frontalis.

Compound Electroantennogram !ll Single Cell Recordings
Sex ef Sex Sensilla Ref
[2] (31 2] type 3]
frontalin M>F 1 - s. basiconica long 5
M=F 2,3 --- s. basiconica long 6
M=F 4 F s. basiconica 7
- 5 F s. trichodeum II 7
M>F 6 - s. basiconica 8
M, F 8 9
M=F 9
M (5] 9
(+)-frontalin M>F 9 - - 9
(-)-frontalin M=F 9 - - 9
15% (+) : 85% (-)-frontalin M=F 9
trans-verbenol - 5 F s. basiconica 7
M >F 6 s. basiconica 8
L F 8
brevicomin M<F
endo-brevicomin - 5 E s. trichodeum I~ 7
M<F 6 F s. basiconica 7
exo-brevicomin M=F 3,54 B s. basiconica 7
M<F 6
(+)-exo-brevicomin --- - s. basiconica long 6
(-)-exo-brevicomin - - s. basiconica long 6
verbenone - 5 F s. basiconica 7
M<F g --- s. basiconica 8
alpha-pinene M, F 1,3 - s. basiconica long 5
M=F 4 - s. basiconica long 6
- 5 F s. trichodeum IT~ 7
M>F 6 F s. basiconica 7
3-carene M<F 1 E s. basiconica 7
M=F 3,4
-- 5
M=F 6
ethanol M,F 1
S-methyl-6, 8-dioxabicyclo [3.2.1] octane [5] - 3
5,7-dimethyl-6,8-dioxabicyclo [3.2.1] octane [5] - 3
2-propyl-2,5-dimethyl-1,3-dioxalane [5] --- 3
2-ethyl-2,5-dimethyl-1,3-dioxalane [5] - 3
2-butyl-1,3-dioxalane 5] 3
2-isopropyl-5,5-dimethyl-1,3-dioxalane [5] -- 3
2-isobutyl-2-methyl-1,3-dioxalane [5] - 3
2-amyl-2-methyl-1,3-dioxalane [5] 3
endo-5,7-dimethyl-(frontalin) [6] M [4] 10
exo0-5,7-dimethyl-(frontalin) [6] M [4] 10
endo-T-methyl-(frontalin) [6] M [4] 10
exo-7-methyl-(frontalin) [6] M [4] 10
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Compound Electroantennogram !1] Single %ﬁ“ Rﬁmrgings
Sex Sex nsilla l[(sz]l‘

2] ol | type
1-methyl-(frontalin) [6] M [4] 10
S-methyl-(frontalin) [6] M [4] 10
6,8-dioxabicyclo [3.2.1] octane [6] M [4] 10

1

[2]

3]

[4]
[5]

6]

The relative magnitude of the EAG response in male and female beetles is apparently correlative with acceptor
population size.

M = male; F = female; --- = sex not indicated.

1 Payne 1970; 2 Payne 1971; 3 Payne 1974; 4 Payne 1975; 5 Payne and Dickens 1976; ¢ Dickens and Payne 1977;
7 Dickens and Payne 1978a; 8 Dickens and Payne 1978b; ? Payne et al. 1982; 10 Payne et al. 1988.

Only males tested.
Parapheromones of frontalin (1,5-dimethyl-6,8-dioxabicyclo [3.2.1] octane).
Analog of frontalin (1,5-dimethyl-6,8-dioxabicyclo [3.2.1] octane).

--- = sensilla type not indicated.
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Appendix 11. Behavioral response of Dendroctonus frontalis to beetle-produced frass and body parts
under controlled laboratory conditions.

ATTRACTIVE REPELLENT

Treatment[1] Sex [2] Ref [3]| Treatment [1] Sex [2] Ref [3]
F.D.F. frass M>F 1 F.D.F. frass F [4] 1
M.D.F. frass M<F 1 M.D.F. frass M [4] > F [4] 1
Inner bark M,F 1

ethanol [5] M,F 1 benzene [6] M,F 1
water [5] M,F 1 acetone [6] M,F 1
F.D.F. frass extract M>F 1

F.D.F. ABP M,F 1

F.D.F. PBP M>F 1 F.D.F. PBP F[4] 1
M.D.F. PBP M,F 1 M.D.F. ABP [ ] 1
M.D.F. PBP M,F 1 M.D.F. PBP 1
F.D.F. ABP extract M [4] 1 F.D.F. ABP extract F [4] 1
F.D.F. PBP extract M 1 F.D.F. PBP extract F 1
M.D.F. ABP extract M [4] 1 AD.F. ABP extract M [4], F [4] 1
M.D.F. PBP extract M [4] 1 M.D.F. PBP extract M,F 1

[1] ABP = anterior body part included the crushed head and a prothorax.

D.F. = Dendroctonus frontalis.
F. = female.

Frass = boring dust and fecal material.

M. = male.

PBP = posterior body part includes the crushed mesothorax, metathorax, and abdomen.

2] M = male; F = female.

3] 1 Tsao and Yu 1967.

[4] A small percentage of the beetles responded in this manner.

5] Slightly attractive.

[6] Strongly repellent.
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Appendix 16. Behavioral response of Dendroctonus terebrans to
pheromones under controlled laboratory conditions.

ATTRACTIVE
Compound(s) [1,2] Sex [3] References [4]
F M>F 1
ENB M<F 1
TV M 1
T M 1

[1] ENB = endo-brevicomin.
F = frontalin.
T = turpentine.
TV = trans-verbenol.
[2]  Elution rate of 1 ug/min.
[3] M = male; F = female.

[4] 1 Payne et al. 1987.



Appendix 17. Behavioral response of Dendroctonus terebrans to
beetle-infested pine under natural field conditions.

NOT ATTRACTIVE ATTRACTIVE
Treatment Sex Ref Treatment Sex Ref
(11 [2] [3] (1] [2] [31
F.D.T..B F 2[4] F.D.T.B.MIT M 2[4]
F.D.T.L.B. M=F 2
F.D.T.L.B. M>F 3[5]
M.D.T..B. M=F 2[4] M.D.T.L.B. M>F 3[5]
M.+F.D.T.L.B. F 2[4] M.+F.D.T.L.B. M 2[4]
M.+F.D.T.I.B. M>F 3[5]
FD.T.T. 4
M+F.D.F.L.B. 5[6]
M.+F.LA.L.B 5
M.I.C.I.B. 5
FICIB 5
M.L.G.I.B 5
W.T. 1 M.LT. M=F 2
P.LT. M=F 1,2
UT. M<F 3
U.B. M,F 2 U.B. M>F 3

D.F. = Dendroctonus frontalis.
E. . = Dendroctonus terebrans.

:> .
wn

Ips avulsus.
nfested bolt.

B

.C. = Ips calligraphus.

.G. = Ips grandicollis.

.T. = infested tree.

M. = male.

MIT = mechanically injured trees via axe blazes into the sapwood from the ground line to breast height, and where
the number of blazes were equal to the number of visible D. terebrans attacks on the corresponding attacked

trees.

PIT = paraquat-treated trees; a 4% aqueous solution applied to the outer xylem exposed by a bark wound equal to
one third the bole circumference of the tree and made at approximately 60 cm above ground level.

UB = unattacked bolt

UT = unattacked tree

WT = wounded tree; the outer xylem was exposed by a bark wound 2.5 cm wide and extending one-third the
circumference at 60 cm above ground level.

[2) M = male; F = female; - sex not indicated.

[3] 1 Siegfried et al. 1986; 2 Phillips et al. 1989; 3 Godbee and Franklin 1976; 4 Smith 1963; 5 Vité et al. 1964.

(4] 13 beetles.
[5] 12 beetles.
[6] Low attractancy.
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