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Abstract 

The chemical ecology of Pityogenes knechteli Swaine, a secondary bark beetle 

which attacks lodgepole pine, Pinus contorta var. lufifolia Engelmann, in the British 

Columbia interior, was investigated. Three compounds found in male extracts, 

hexanol, (5)-ipsdienol and (S)-(-)-ipsenol, were identified as candidate pheromones, by 

use of coupled gas chromatographic-electroantennographic and mass spectrometric 

analyses. Pityogenes knechteli responded positively to (2)-ipsdienol and (S)-(-)-ipsenol 

in laboratory bioassays. In a field experiment, however, traps baited with (2)- 

ipsdienol alone caught 60% of all P. knechteli trapped, compared to < 10% for traps 

baited with (S)-(-)-ipsenol alone, and 23% for traps baited with both compounds. In 

other field trapping experiments, the addition of hexanol to (2)-ipsdienol or to (5)- 

ipsdienol plus (S)-(-)-ipsenol increased attraction at a very low release rate, but 

decreased attraction at high release rates. Ipsdienol is concluded to be the principal 

component of the aggregation pheromone for P. knechteli. It is hypothesized that 

ipsenol serves as a short-range attractant, whereas hexanol is a multifunctional 

pheromone contributing to attraction at low release rates, and preventing 

overpopulation of host at high release rates. My results lead to a general hypothesis 

regarding semiochemical-based interactions among four pine-infesting secondary bark 

beetles in British Columbia. Ips pini (Say), a more aggressive species which 

commonly inhabits the same hosts as P. knechteli, also uses ipsdienol as a pheromone. 

Pityogenes knechteli likely exploits ipsdienol produced by I. pini for long-range host 
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location, whereas ipsenol produced by P. knechteli would repel I. pini at close range, 

maintaining specificity between the two species. Ips laidens LeConte and I. 

mexicanzu (Hopkins) also infest lodgepole pine, but not the same hosts as P. knechteli 

and I. pini. Ips latidens uses ipsenol as a pheromone and is repelled by ipsdienol. The 

pheromone for I. mexicanus is unknown; however, it was caught in traps baited with 

(2)-ipsdienol and (S)-(-)-ipsenol, suggesting that these two compounds are part of its 

pheromone blend. Ipsenol and ipsdienol thus serve as synomones maintaining 

species-specific communication and, together with host characteristics, contribute to 

resource partitioning and to avoidance of competition among the four species. 
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1. Introduction 

Within a forest environment, trees of different species, age class and vigour, 

are subject to attack by numerous bark beetle species. These bark beetles interact with 

each other within their subcortical environment, either directly or indirectly. The 

interactions, both within and between species, are mediated in part by semiochemicals, 

including pheromones, kairomones, and synomones (Borden 1977, 1996; Nordlund 

1981; DL. Wood 1982). 

Bark beetles which attack and kill trees of normal vigour are referred to as 

primary species, whereas secondary species generally attack dead or dying trees, and 

often trees previously attacked or co-attacked by primary species. Only at very high 

populations do secondary species attack and kill healthy trees (Rudinsky 1962; Furniss 

and Carolin 1977). Primary bark beetle species use aggregation pheromones to induce 

mass attack of a healthy host and thereby to overcome its resistance mechanisms 

(Borden 1974; Birch 1978). Secondary species also use aggregation pheromones, 

allowing them to locate and attack ephemeral hosts (Atkins 1966) and to colonize the 

available resource fully before it is taken w e r  by a competing species (Birch 1984). 

Volatiles emanating from trees can serve as kairomones helping secondary species to 

locate or identify suitable hosts (Borden 1977, 1985; Byers 1989). Ethanol, for 

example, is an important kairomone because it foretells of anaerobic metabolism 

occurring in a moribund host (Moeck 1981; Klimetzek et al. 1986; Kelsey 1993, 

1994). 



Numerous species of bark beetles have similar habitat requirements, and 

may thus compete for the same resource. Some species can co-exist within the same 

host tree with no deleterious effects. Other species, however, avoid potentially 

detrimental competition by breeding in different hosts. Pheromones released by one 

species can be reciprocally perceived by members of a competing species, and thus 

often serve as mutually-beneficial synomones, indicating the presence of a potential 

competitor, and maintaining breeding isolation (Birch 1978, 1984, Borden 1996). 

W o  species breeding in the same host may exploit each other's pheromone. 

For example, Pityogenes chalcographus (L.) and Ips typographus (L.) typically breed 

in the same host, and P. chalcographus was attracted to a mixture of the synthetic 

pheromone of I. typographus (Benz et al. 1986; Zuber and Benz 1992; Byers 1993). 

However, the attraction of I. typographus to its own aggregation pheromone was 

significantly reduced by the presence of pheromone components of P. chalwgraphus 

(Byers 1993). The California five-spined ips, Ips parawnficrus Lanier, and the pine 

engraver, I .  phi (Say), on the other hand, are almost never found breeding in the 

same host. Members of these two species are mutually inhibited by the other species' 

pheromone (Birch and Wood 1975). In the southern regions of the United States, 

four species of bark beetles, the southern pine beetle, Dendroctonus fiontolis 

Zimmerman, and three Ips species, often inhabit the same host tree (Svihra et al. 1980; 

Paine et aL 1981). Birch et aL (1980b) found that D. fionfalis is generally the first of 

the four species to attack, and that it is not attracted to logs occupied by any of the 

three Ips species. The three Ips species vary in their cross-attraction to the other 



species. The result is that host trees are colonized very rapidly, and thus 

disadvantageous reproductive interactions are minimized. 

Pityogenes knechteli Swaine is a secondary bark beetle species inhabiting 

lodgepole pines, Pinus contorta var. latifolka Engelmann, in British Columbia. It is 

commonly found breeding in small-diameter slash and thin-bark portions of trees 

previously attacked by Dendroctonus or Ips spp. At high population levels, it may 

attack green trees (Bright 1976; Furniss and Carolin 1977). Males are the pioneer sex, 

and each male is joined by five to eight females. Pityogenes knechteli has one or 

two generations per year. Larvae, pupae or adults overwinter, and adults emerging in 

spring can establish two broods (Reid 1955; Bright 1976). Two other fityogenes 

species are found in British Columbia: P. fossifrons (LeConte) breeds in Pinus 

monticola, and P. carinulatus (LeConte) in P. ponderosa P. fossifrons rarely attacks 

lodgepole pines (Bright 1976) 

Several other secondary species, including I. llatidens LeConte, I. mexicanus 

(Hopkins), and I. phi, infest lodgepole pine in the same environment as P. knechteli. 

Ips pini is one of the most common bark beetles in North America. It is associated 

with slash and weakened trees, and has up to two generations per year. Males initiate 

attack, and are joined by three or four females (Reid 1955; Furniss and Carolin 1977). 

The principal pheromone components for I. phi  are (S)-(+)- and (R)-(-)-ipsdienol (2- 

methyl-6-methylene-2,7-octadien-4-ol) which occur in varying ratios, depending on 

individual variation and geographic location (Miller et al. 1989, 1996; Seybold et al. 

1995). A secondary pheromone component that varies in potency with geographic 
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location and season is lanierone (2-hydroxy-4,4,6-trimethyl-2,5-cyclohexadien-1-one) 

(Teale et d. 1991; Seybold et d. 1992). Ips lutidens generally attacks the tops and 

limbs of dead, dying, or weakened trees (Bright 1976). Males initiate most attacks. In 

south-central British Columbia, I. latidens has a single generation per year with a 

partial second brood (Miller and Borden 1985). Its pheromone consists of ipsenol (2- 

methyl-6-methylene-7-octen-4-01) of unknown chirality, although males were found to 

show a slight preference for the (S)-(-) enantiomer (Miller e t  al. 1991). Ips mexicanus 

attacks the bole of living, injured, dying and recently downed trees, and is usually 

associated with other bark beetles. It has up to three generations per year in 

California, but probably only one in the northern part of its range (Furniss and Carolin 

1977). Its pheromone is unknown, although Miller et d. (1991) captured it in traps 

baited with ipsenol. 

Miller (1991) examined the semiochemical-based interactions between 

sympatric pine bark beetles in British Columbia, including I. phi and I. htidens. He 

found that ipsenol, which is produced by I. latidens, repels I. phi, and that the 

attraction of I. latidens to its own pheromone is inhibited by (S)-(+)-ipsdienol produced 

by I. phi. The two species do not co-inhabit the same host tree (Miller and Borden 

1992). Poland (1993) studied the interactions between I. pini and P. knechteli, 

species that do breed within the same host tree. The two species appear to partition 

the shared phloem resource based on tree diameter, with I. pini associated with large- 

diameter hosts, and P. knechteli with small-diameter hosts (Poland and Borden 1994a). 

Similar results were reported for P. chalcographus and I. typographus in Norway 



5 

spruce, Picea dies  (L.) (Benz et al. 1986). Poland and Borden (1994b) also found that 

P. knechteli males produce an aggregation pheromone that is attractive to both sexes. 

They concluded that the two species are not strongly competitive, and that they exploit 

each other's pheromone in host location. 

A full understanding of the role of the pheromone components of a specific 

species can only be achieved by studying the species in the context of the ecosystem 

in which it lives, rather than in isolation (Birch 1978, 1984). Therefore, my objectives 

were to identify the aggregation pheromone components produced by male P. 

knechteli, to characterize the response by P. knechteli to the synthetic compounds in 

the laboratory and in the field, and to explore the semiochemical-based interactions 

between P. knechteli and three other secondary species co-existing with it in the 

lodgepole pine forest. 



2. Methods and Matelials 

2.1 Geneml h c e d m s  

Bolts from slash or windthrown lodgepole pine trees naturally infested with 

P. knechteli were collected in late fall 1993 and in the spring and fall 1994 near 

Princeton, B.C. The ends of the bolts were waxed to prevent desiccation, and the bolts 

were stored at 5 ' ~  until needed. Fresh, uninfested trees were also felled and cut into 

bolts. The ends were waxed and the bolts were kept under shade until needed. Bolts 

infested with beetles were transferred periodically into rearing cages held at 

approximately 27'~. Emergent beetles were sexed and starved for 24-48 h on moist 

filter paper before they were used. 

Candidate attractants were tested in the laboratory using walking beetles in 

a modified open arena olfactometer (Wood and Bushing 1963; Stock and Borden 

1983). Beetles in groups of 10 were released 10 cm downwind of the exit port of a 

10.0 mm ID glass tube containing a rolled 42.5 rnm diam. filter paper on which 10 pL 

of pentane (control stimulus) or a pentane solution of candidate volatiles had been 

placed. Air passed through the tube at 350 mL per min, and beetles were given 2 min 

to respond. Positive responders, who entered a 2.0 x 2.0 x 3.0 cm triangular area 

directly downwind of the exit port, were removed immediately. After each trial, the 

beetles were mixed with beetles from other groups. Each insect was used no more 

than twice a day with a minimum of 2 h between tests. Males and females were 

tested separately. A complete series of bioassays for an experiment was done on the 
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same day to avoid any variation in response between days. To prevent departure of 

walking beetles, the arena was enclosed with a fine mesh screen, and red lighting 

was used to minimize spontaneous flight. 

Field trapping experiments were conducted in 1994 and 1995 in a lodgepole 

pine forest located 30 km east of Princeton, B.C. Twelve-unit multiple funnel traps 

(Lindgren 1983) were placed 15 m apart in a randomized complete block design 

consisting of 10  blocks for each experiment. The traps were placed 10-15 m inside the 

forest margin. All chemicals, sources, release devices, and release rates are listed in 

Table 1. 

2.2 Isolation and PIPliminary Identification of P. knechteli Phemmone 

Approximately 500 male and 500 female P. knechteli were confined in gel 

capsules on separate uninfested logs cut from the same tree. They were allowed to 

bore into the bark for 24 to 48 h, and were then excised from the logs and crushed 

over dry ice in a 9 5 5  pentane:ether solution (10 pL / beetle). The extracts were 

tested for attractiveness in laboratory Bioassay Experiment 1 (see Table 2 for 

treatments). Due to low numbers of male beetles, only females were used. Five 

groups of 10 beetles were tested. 



Table 1. Description of semiochemicals and methods of their deployment in Field 
Exp. 1-6. 

Release Rate Field Exp. 
Semiochemical Soura* purity" Release Devia (mg Per 24 h) No 

very low 
hexrnol 

low hexan01 

low hexan01 

intermediate 
hexan01 

97% cbemical 

97% cbemical 
98% optical 

97% chemical 
98% optical 

99% cbemical 

96% cbemical 
97% optial 

98% 

98% 

98% 

98% 

98% 

bubble csp 

bubble cap 

bubble cap 

bubble cap 

bubbk cap 

c l d  polyethylene 
bottle (15 mL) with hok 

bubble cap 

open polyethylene bottle 
(15 mL) 

open polyethylene bottle 
witb soaked wick 

Symbols for s o w  as follows: P = Phen, Tecb Iac, Delta, B.C, S = Sigma Chemical Company, 
St-Louis. Mo. 

Purity as listed by manuEacturn. 

Determined in laboratory at 24' C. All otha release rates determined by Phen, Tech, Inc at 22" C. 
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Coupled gas chromatographic-electroantennographic analyses (GC-EAD) 

(Am et al. 1975), modified for processing small insects (Gries 1995) were performed 

on 10  newly emerged females to identify potential pheromone components in the male 

extract. The apparatus used a Varian 3400 gas chromatograph fitted with a DB-5- 

coated, fused silica column (30 m x 0.32 mrn ID). The identities of antennally-active 

compounds were confirmed by coupled GC-mass spectrometry (MS) in electron impact 

mode (EI) using a DB-5 column in a Varian Saturn 3400 ion trap instrument. 

Synthetic candidate pheromones were further subjected to GC-EAD analyses to 

compare their EAD activity with those of male-produced compounds. 

Three male-produced compounds which elicited responses from female 

antennae were tested in two field experiments. Field Exp. 1 tested the attractiveness 

of (5)-ipsdienol and hexanol alone and combined. Treatments were: 1) unbaited 

control traps; 2) (?)- ipsdienol; 3) hexanol; and 4) (5)-ipsdienol plus hexanol. Field 

Exp. 2 compared the attractiveness of (5)-ipsenol alone and in combination with (5)- 

ipsdienol and hexanol. Treatments were: 1) unbaited control traps; 2) (2)-ipsenol; 3) 

(k)-ipsdienol plus hexanol ; 4) (?)-ipsenol plus (5)-ipsdienol plus hexanol. 

2 3  Enantiomeric Specificity of Ipseml and Ipsdienol 

Enantiomeric composition of ipsenol and ipsdienol in extracts was 

determined by GC-MS (Hewlett Packard 5985B) in selected-ion monitoring (SIM) 

mode using a Cyclodex-B column (30 m x 0.25 mm ID), with isobutane for chemical 

ionization (CI). Synthetic compounds, a hexane blank, and a concentrated pheromone 
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extract were analyzed. 

Three laboratory bioassay experiments (Bioassay Exp. 2-4) were conducted 

to determine effective doses of, and interactions between, ipsenol and ipsdienol of 

natural chirality. Four groups of 10 beetles of each sex were tested for each treatment. 

See Table 2 for treatments. 

The attractiveness of ipsdienol enantiomers was tested in Field Exp, 3. 

Treatments were: 1) unbaited control traps; 2) (2)-ipsdienol plus hexanol; 3) (9-(+)- 

ipsdienol plus hexanol; and 4) (R)-(-)-ipsdienol plus hexanol. Field Exp. 4 tested the 

attractiveness of (9-(-)-ipsenol and (2)-ipsdienol, alone or in combination. Treatments 

were: 1) unbaited control traps; 2) (S)-(-)-ipsenol; 3) (2)-ipsdienol; and 4) (q-(-)- 

ipsenol plus (2)-ipsdienol. 

2 4  Role of Hexanol 

Two more laboratory bioassay experiments were conducted to test the effect 

of adding low and high doses of hexanol to ipsenol and ipsdienol. See Table 2 for 

treatments. 

Ipsdienol was tested in combination with hexanol released at low, 

intermediate and high rates in Field Exp. 5. Treatments were: 1) unbaited control 

traps; 2) (2)-ipsdienol; 3) (2)-ipsdienol plus low hexanol; 4) (?)-ipsdienol plus 

intermediate hexanol; and 5) (2)-ipsdienol plus high hexanol. Field Exp. 6 examined 

the effect of adding hexanol to (S)-(-)-ipsenol plus (5)-ipsdienol. Treatments were: 

1) unbaited control traps; 2) (S)-(-)-ipsenol plus (2)-ipsdienol; 3) (S)-(-)-ipsenol plus 
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(2)-ipsdienol plus very low hexanol; and 4) (q<-)-ipsenol plus (2)-ipsdienol plus low 

hexanol. 

2 5  Statistical Analysis 

Chi-square analysis was performed on the laboratory bioassay results, 

wherein the response by the pooled test population for each treatment was compared 

with that of the control population (see Stock 1981 for validation of procedure). The 

results from the field experiments were analyzed by two-way analysis of variance 

(ANOVA) using PROC GLM in SAS (SAS Institute 1994) and the means were 

compared using the Ryan-Einot-Gabriel-Welsch multiple-range test (REGWF) (Day 

and Quinn 1989). The numbers of beetles caught in the traps were transformed to 

X' = log @+I) to stabilize the variance and normalize the data if needed (Zar 1984). 



3. Results 

3.1 Pheromone Components 

In Bioassay Exp. 1, female P. knechteli were highly attracted to pentane 

extracts of males at a dose of 1.0 male eq; no other stimulus elicited a significant 

response (Table 2). This result justified further analysis of male extracts. Three 

male-produced compounds elicited an antennal response in females (Fig. 1). Retention 

indices of the three compounds suggested that they were hexanol, ipsenol and 

ipsdienol. The identity of the compounds was confirmed using GC-MS-EI by 

comparison of their spectra to that of authentic samples. Synthetic and male-produced 

compounds elicited similar antennal responses (Fig. 1). 

Females in Field Exp. 1 were captured at a significant level only to traps 

baited with the combination of (2)-ipsdienol and hexanol (Fig. 2). Males did not 

respond to any treatment. Addition of (2)-ipsenol to (2)-ipsdienol plus hexanol 

caused no significant change in the numbers of beetles captured. (2)-Ipsenol alone was 

unattractive (Fig. 2, Field Exp. 2) 



Table 2. Response of Pityogenes knechteli in Bioassay Exp. 1-6. Fifty females 
tested per stimulus in Bioassay Exp. 1 and 40 beetles of each sex tested in 
Bioassay Exp. 2-6. 

Bioassay 
Exp. No. Stimulus 

Perant Response ' 
Dose 

Males Females 

male extrad 

pen- 

(=)-ipadienol 



Bioassay 
Exp. No. Stimulus 

Percent Response ' 
Dose 

Male Female 

' Asterisk indicates significant difference Erom response to pentane control, Chiaquare test, P < 0.05. 



Figure 1. Gas chromatograms of male extract (top) and of a standard solution 

consisting of hexanol, (2)-ipsdienol and (2)-ipsenol in a 25:l:l ratio (middle). A 

female Pityogenes knechfeli antenna was used in the e~sdroante~ographic detector 

( E m  @ottom). 



Retention time (min) 



Figure 2. Number of Pityogenes knechteli caught in multiple funnel traps, in spring 

1994 (Field Exp. 1) and in fall 1994 (Field Exp. 2). Within an experiment, bars with 

the same letter for each sex are not significantly different, two-way ANOVA and 

REGWF test on data transformed by X' = log ( X + I), P < 0.05. In both 

experiments, hexanol was released at a rate of approximately 3 mg per 24 h. 
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3.2 ErrPntiorne~ic Specificity 

Analyses by GC-MS-CI-SIM of male extract and of synthetic ipsdienol and 

ipsenol on the chiral column resulted in retention time and ion ratio matches of 

synthetic and male-produced ipsdienol. Both (S)-(+)- and (R)-(-)-ipsdienol are 

produced by the beetle (Fig. 3). The ion ratio of synthetic and male-produced ipsenol, 

however, did not match. This result could be due to the presence of another 

compound contributing to one ion, and therefore distorting the ratio. The quantity of 

extract available was too small for further analyses to be conducted, and it cannot be 

concluded for certain whether male P. knechteli produce ipsenol. A compound eluting 

at approximately the same retention time as ipsenol, and having characteristic ions for 

ipsenol, suggested that the (S)-(-)- enantiomer might be present in the extract (Fig. 3). 

In Bioassay Exp. 2, males and females were significantly attracted to (S)- 

(-)-ipsenol, but only at doses of 1.0 and 0.01 ng, respectively (Table 2). (2)-Ipsdienol 

at 0.001 and 0.01 ng doses was attractive to males, and females responded positively 

to (2)-ipsdienol at doses of 0.1 and 1.0 ng (Table 2, Bioassay Exp. 3). When both (S)- 

(-)-ipsenol and (2)-ipsdienol were tested together (Bioassay Exp. 4) the 1.0:l.O ng 

combination was the most attractive for both males and females (Table 2). 

In Field Exp. 3, P. knechteli males and females responded significantly in 

equivalent numbers only to traps with (2)- or (S)-(+)-ipsdienol as part of the stimulus 

(Fig. 4). (R)-(-)-ipsdienol was neither attractive nor inhibitory. When (S)-(-)-ipsenol 

and (5)-ipsdienol were tested alone and in combination in Field Exp. 4, only (2)- 

ipsdienol was attractive to both males and females (Fig. 4). The presence of 



Figure 3. Selected ion chromatograms ( mlz 137 and mlz 155 for ipsenol, and mlz 135 

and m/z 136 for ipsdienol) of synthetic (top) and beetle-produced (bottom ) 

compounds. Ions were monitored in the full-scan mass spectrum in CI mode. The 

Cyclodex-B column was used. 
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Figure 4. Number of Pityogenes knechteli caught in multiple funnel traps in fall 1994 

(Field Exp. 3) and in summer-fall 1995 (Field Exp. 4). Within an experiment, bars 

with the same letter for each sex are not significantly different, two-way ANOVA and 

REGWF test on data transformed by X' = log ( X + I), P < 0.05. In Field Exp. 3, 

hexanol was released at a rate of approximately 3 mg per 24 h. 
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(S)-(-)-ipsenol decreased catches to (2)-ipsdienol-baited traps to levels not significantly 

different from those to the unbaited control traps (Fig. 4). 

3 3  Role of H e x a d  

In Bioassay Exp. 5, a 1:l combination of (S)-(-)-ipsenol and (2)-ipsdienol 

was significantly attractive compared to the pentane control, for both males and 

females (Table 2). In this experiment, hexanol, at doses ranging from 0.01 to 1.0 ng, 

decreased the response to this blend to levels not significantly different from those to 

the pentane control stimulus. For Bioassay Exp. 6, hexanol at high doses again 

decreased the response by both sexes to (S)-(-)-ipsenol with (2)-ipsdienol. At the 

highest dose of hexanol the response by females dropped to lower than that to the 

pentane control (Table 2). 

Although traps baited with (2)-ipsdienol and low hexanol in Field Exp. 5 

captured numerically more females than traps baited with any other stimulus (Fig. 5), 

this result was not statistically significant (power, 1-f5, > 80 %). As the amount of 

hexanol released increased, the response declined significantly. Males responded to 

traps baited with (2)-ipsdienol alone. In Field Exp. 6, a very low release rate of 

hexanol in combination with ipsenol and ipsdienol was most attractive for both male 

and female P. knechteli but again, not significantly so for females (power, l -P,> 80 %) 

(Fig. 5). 



Figure 5. Number of Pityogenes knechteli caught in multiple funnel traps in fall 1994 

(Field Exp. 5) and in summer-fall 1995 (Field Exp. 6). Within an experiment, bars 

with the same letter for each sex are not significantly different, two-way ANOVA and 

REGWF test on data transformed by X' = log ( X + I), P < 0.05. Release rates of 

hexanol were as follows: 0.5, 3.8, 15 and 300 mg per 24 h for very low, low, 

intermediate and high rates respectively. 
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3.4 Associated bark beetles 

Ips pini were captured in Field Exp. 2, 3 and 5 Fable 3). In Field Exp. 2, 

inclusion of (2)-ipsenol in the stimulus inhibited the response of I. pini to (2)- 

ipsdienol. In Field Exp. 3, both males and females were attracted in significantly 

greater numbers to (5)-ipsdienol than to either enantiomer alone or to unbaited traps. 

Females were slightly attraded to (RH-)-ipsdienol. Finally, both sexes responded at 

statistically equivalent levels to all treatments in which (2)-ipsdienol was included in 

the bait stimulus in Field Exp. 5. At no dose did hexanol cause any change in 

response in this experiment. 

All three associated species were captured in Field Exp. 4 (Table 3). Ips 

pini was attracted by (2)-ipsdienol but was repelled by (S)-(-)-ipsenol. Ips Zatidens 

was attracted by (5')-(-)-ipsenol and repelled by (2)-ipsdienol, whereas I. mexicanus 

was attracted to (94-)-ipsenol alone, but significantly more so when it was released in 

combination with (2)-ipsdienol. The combination of the two components was 

synergistic in attrading I. mexiamus females, i.e. the response to the two components 

together was greater than twice that to (5')-(-)-ipsenol alone. Ips mexicanus were also 

captured in Field Exp. 6, in which a low dose of hexanol significantly decreased the 

response to (2)-ipsdienol plus (5')-(-)-ipsenol. 



Table 3. Catches of associated bark beetles in Field Exp. 2-6 in multiple funnel 
traps baited with candidate pheromones for Pityogenes knechteli. See Table 
1 for release devices and rates. 

Field 
Exp. Species 
No. 

Number of beetles captured 
Stimulus (Mean 2 SE) ' 

Males Females 
- - - -- --- -- 

2 Ips pini Unbaited control traps 0.1 2 O.la 0 3  2 0.3 b 

(2)-ipsdienol + hexanol 0 3  + 0.2 a 4.0 2 1.4 a 

(2)-ipsdienol + hexanol + 0.1 + O.la 0.7 2 0.4 b 
(2)-ipsenol 

Ips pini Unbaited control traps O + O b  O + O c  

(R)-(-)-ipsdienol + hexanol 0.2 + 0.2 b 0.9 + 0 3  b 

(S)-(+)-ipsdienol + hexanol 0.4 + 0.2 b 0.1 + O.lc 

(2)-ipsdienol + hexanol 2 5  2 0.5 a 7 5  f 1.8 a 

Ips p h i  Unbaited control traps 0.1 + 0.1 b 0 3  2 0.2 b 

(S)-(-)-ipsenol 0.1 + 0.1 b 0.2 2 0.1 b 

(2)-ipsdienol 13.1 + 3.4 a 45.0 + 10.9a 

(94-)-ipsenol + (2)-ipsdienol 0.2 + 0.2 b 1.7 + 0.8 b 

Ips &&N Unbaited control traps 0 . 2 2 0 . l b  0.220.1b 

(S)-(-)-ipsenol 9.2 2 2.7 a 14.2 2 5.0 a 

(2)-ipsdienol 0 3  2 0.2 b 0.4 2 0.2 b 

(S)-(-)-ipsenol + (2)-ipsdienol 1.0 2 0.4 b 0 3  2 0.2 b 



Field 
Exp. species 
No. 

- - -  - 

Number of beetles captured 
Stimulus (Mean a SE) ' 

Males Females 
- - 

4 Ips mCric~us Unbaited control trap 0.1 a 0.1 c 0.1 a 0.1 c 

Ipp phi Unbaited oontrol traps OfOb OaOb 

(a)-ipadienol 3 3  a 0.6 a 10.7 a 2.2 a 

(f )-i@enol+ low hexad 3 3  f 1.4 a 12.8 f 4.0 a 

(a)-ipsdienol + int. hexan01 2 3  a 0.6 a 6 3  a 1.6 a 

(a)-ipsdieaol + high hexanol 2.0fOJa 5 . 8 f l . l a  

6 Ips mcljc~us Unbaited control trap OfOc 0.1 a 0.1 c 

(S)-(-)-ipsenol + (i)-ipsdienol + 113 $2.6 a 283 a 5.7 a 
very low bexaml 

(S)-(-)-iml + (a)-ipsdiet~l + 4.9 2 1.0 b 14.7 2 3.9 b 
low hexam1 

Means within an experiment followed by the seme letter are not sigoificantly different, REGWF test, 
P < 0.05. 



4. Discussion 

The laboratory and field results indicate that ipsdienol is the principal 

aggregation pheromone component for P. knechteli. Males produce (?)-ipsdienol, 

which is attractive to both males and females. However, only the (9-(+)-enantiomer is 

used by the beetles, while (R)-(-)-ipsdienol is benign (Fig. 4). Ipsdienol is produced 

by several other members of the tribe Ipini, including several Ips species (D.L. Wood 

1982; Borden 1989, and two other Pityogenes species in Europe (Baader 1989; 

Francke et aL 1995). 

Ipsenol is another terpene alcohol commonly found as part of the 

pheromone components of several members of the tribe Ipini (D.L Wood 1982; 

Borden 1985), but it has not been previously reported in the genus Pityogenes. 

(S)-(-)-Ipsenol may or may not be produced by male P. knechteli. Evidence suggesting 

that P. knechteli produces ipsenol include: (1) presence, in the male extract, of a 

compound eluting at approximately the same retention time as synthetic ipsenol, and 

which produces an antennal response in GC-EAD analyses; (2) an antennal response to 

synthetic ipsenol; (3) presence of ions in the EI spectrum, which are characteristic of 

ipsenol; and (4) attraction of both males and females to synthetic ipsenol in the 

laboratory (Table 2). When the extract was analyzed on a third column, a compound 

eluted at the same time as Q-(-)-ipsenol (Fig. 3), but the ion ratio did not match with 

that of synthetic ipsenol. Therefore absolute confirmation of the presence of ipsenol 

in the extract cannot be claimed. Most likely, P. knechteli produces ( 9 < - ) - i ~ n o l ,  but 
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in a much lower amount than ipsdienol. This would explain why (q-(-)-@en01 was 

unattractive in the field when it was tested at an unnaturally high dose and a 1:1 ratio 

with ipsdienol (Fig. 4, Field Exp. 4). 

Hexanol is the other sex-specific compound produced by male P. knechteli 

(Fig. 1). In the cool spring of 1994, when release rates from traps in the shade would 

have been lower than the rate determined in the laboratory (Table I), hexanol 

contributed significantly to the attraction of females when in combination with 

ipsdienol (Fig. 2). At a very low release rate in the fall of 1995, it also contributed to 

the attraction of males to a 1:l blend of ipsenol to ipsdienol (Fig. 5). In all other 

experiments, however, hexanol was unattractive at low rates and repellent at higher 

rates. Hexanol was also identified as a male-specific peak in P. chalwgraphw 

(Francke 1977) and P. quadridens (Francke et aL 1995). Baader (1989) reported that 

hexanol reduced response by P. chalwgraphus, although Francke (1977) had observed 

no apparent effect. It is likely that hexanol is used at very low doses as part of P. 

knechteli pheromone blend to promote aggregation in a newly-attacked host. At high 

doses it could be employed as an epideictic pheromone (Prokopy 1981) to prevent 

overpopulation. It would therefore be classed as a multifunctional pheromone, with 

functions similar to those proposed for several other compounds, e.g., MCH (3-methyl- 

2cyclohexen-1-one) in the Douglas-fir beetle, Dendroctonus pseutiotsugae Hopkins 

(Rudinsky 1973). 

Pityogenes knechteli, I. phi, I. latidens and I. mexicanw all co-inhabit the 

lodgepole pine forest. All four species compete for a scarce phloem resource, and this 
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competitive pressure has led to a partitioning of the resource which helps them 

minimize detrimental interactions with each other. This resource partitioning is 

mediated by several factors, including semiochemical interactions. When the response 

of all four species to ipsenol and ipsdienol is compared (Fig. 6), it becomes clear that 

the two terpene alcohol pheromone components are interacting to maintain species- 

specific communication and to partition host resources. 

Pityogenes knechteli and I. phi have very similar host requirements, 

breeding in weakened or downed trees, or at the top of trees attacked by the mountain 

pine beetle, Dendroctonus ponderosae Hopkins, and the two species often co-exist 

within the same host, partitioning the phloem resource mostly on the basis of tree 

diameter (Fig. 7) (Poland and Borden 1994a). Ips phi is slightly more aggressive than 

P. knechteli, and will sometimes attack live, standing trees (Furniss and Carolin 1977; 

A. Savoie, pen. observation). Ipsdienol is the main pheromone component of both 

species, accounting for the attraction of P. knechteli to I. pini-infested bolts (Fig. 7, no. 

1) (Poland and Borden 1994b). In British Columbia, I. pini produces both enantiomers 

of ipsdienol (Miller et al, 1989), but in California, it produces (R)-(-)-ipsdienol and is 

repelled by the antipode, a pheromone component for I. poraconfusus (Birch et al. 

198Oa). Thus, one would expect I. pini and P. knechteli to be incompatible in 

California unless P. knechteli also produces only (R)-(-)-ipsdienol in the southern part 

of its range. 

In the field, I have observed co-attack by I. latidens and I. mexicanus in 

trees unsuccessfully attacked by the mountain pine beetle, but co-existence of the two 



Figure 6. Comparative responses in Field Exp. 4 of Pityogenes knechfeli, Ips phi, I. 

laticiens and I. mexicanrcs to pheromones produced by male P. knechteli. Data 

normalized for clarity: Similarity of response by sex (Fig. 4, Table 3) justifies pooling 

of data. 



u n b a i i  traps 4 
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Figure 7. Diagram depicting the interactions between -genes knech&l& Ips p h i  I. 

latidens and I. mexicanus, and their relationship to the relative diameter of host trees 

or logs usually infested by each species. 
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species within the same host tree does not appear to be as common as for P. knechteli 

and I. pin4 and the frequency of its occurrence remains to be investigated. Ips latidens 

uses ipsenol as an aggregation pheromone (Miller et al. 1991). Although the 

pheromone produced by I. mexicanus has not been investigated, my results suggest that 

both ipsenol and ipsdienol are part of that species' pheromone system, with ipsenol as 

the main component (Fig. 6). Coexistence of I. latidens and I. mexicanus within the 

same host is surprising if I. mexicanus indeed produces ipsdienol, since I. latidens is 

strongly repelled by ipsdienol (Fig. 6) (Miller and Borden 1992). However, this type 

of interadion is not unusual and has been found in other species. Byers and Wood 

(1980), for example, found that D. brevicsmir LeConte and I. prawnfirsus, which 

frequently inhabit the same tree, are repelled by each other's pheromone. It is possible 

that I. latidens colonizes the tree first, followed by I. mexicanus, which thereby 

exploits I. latidens' pheromone, ipsenol (Fig. 7, no. 2). Testing of this hypothesis 

awaits definitive information on I. mexicanus life history and chemical ecology. 

No evidence exists from the literature, or from personal observations, that 

either I. l a w n s  or I. mexicanus are ever found breeding in the same tree as I. pini or 

P. knechteli. These species likely avoid detrimental competitive interactions by 

breeding in different hosts. The repellency of both P. kreJrteli and I. pini by ipsenol 

in the field would thus allow them to detect and avoid hosts colonized by their 

competitors I. latidens and I. mexicanus (Fig. 7, no. 3-6). Ipsenol is a known 

inhibitor of I. pini attraction, indicating the presence of I. latidens (Fumiss and 

Livingston 1979; Borden et aL 1992). Similarly, the presence of ipsdienol in the 
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pheromone blend of l. pini and P. knechteli would also serve as a synomone, 

detemng I. latidens (Fig. 7, no. 3 and 5). Ipsdienol without ipsenol is unattractive to 

I .  mexicanus (Fig. 6), thereby minimizing interactions with I .  phi (Fig. 7, no. 6). Ips 

mexianus has different host requirements than P. knechteli, attacking mostly the bole 

of living, injured or dying trees, and thus competitive interactions between the two 

species might not be pronounced. Furthermore, low levels of hexanol are repellent to 

I. mexicanus (Table 3, Field Exp. 6), suggesting that hexanol could contribute to 

maintaining species-specific communication between I. mexicanus and P. knechteli. It 

appears, then, that ipsdienol, ipsenol and hexanol play an important role for P. 

baechteli, in partitioning host resources with competing species such as I. latidens and 

I. mexicanus. 

Co-inhabiting the same host, P. Anechteli and I. phi need some way to 

maintain close-range specificity. I hypothesize that ipsenol is produced in a very low 

amount and used as a short-range attractant by P. knechteli, accounting for its 

attraction in the laboratory (Table 2), and therefore is a repellent synomone for I. pini. 

Ipsenol is likely produced in a lower amount than ipsdienol (Fig. 1 and 3), making the 

ratio of ipsenol to ipsdienol critical for optimal response to occur. In the genus Ips, 

for example, maintenance of species specificity is achieved, in part, through variations 

in the chirality of ipsdienol, and in the relative proportion of ipsenol produced by the 

males (Vanderwel and Oehlschlager 1987). The attraction of the small southern pine 

engraver, Ips avulsus (Eichhoff), the six-spined ips, I. calligraphus (Germar), and the 

eastern five-spined ips, I. grondicollis (Eichhoff), to ipsenol and ipsdienol in the field, 
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varies with the dose of each semiochemical. A 1:10 ratio of ipsdienol to ipsenol, in 

combination with cis-verbenol, is most attractive to I. mlsw and I. grandicollis, 

whereas a 10:l ratio of the same components is most attractive to I. calligraphur 

(Kohale et aL 1994). Similarly, the European bark beetle I. amitinus, which uses (-)- 

ipsdienol as a pheromone, also produces ipsenol in trace amounts (Francke et al. 

1980). Because P. Rnechteli produces very low amounts of its pheromone components, 

the presence of ipsenol in the blend would probably not inhibit I. phi from 

responding to a host colonized by P. knechteli but might deter it at close range from 

superimposing its galleries on those of P. knechteli. This would explain the results 

obtained by Poland and Borden (1994b), wherein I. phi showed no attraction to P. 

knechteli-infested lop,  but the presence of P. knechteli did not decrease its attraction 

to l o p  infested by both species. 

I suggest that the pheromone produced by P. knechteli is not the most 

important tool used by the beetles in location of host material. During the two years 

of this study, trap catches have always been extremely low in the spring, whereas a 

relatively large number of beetles were trapped in late summerearly fall. Thus in the 

spring, when fresh uninfested host material is abundant and before the emergence of I. 

phi, P. knechteli might rely more heavily on host volatiles such as fbphellandrene 

(Miller and Borden 1990) or ethanol (Klimetzek et aL 1986) than on pheromone to 

locate suitable hosts. Later in the season, however, when fresh uninfested hosts are 

less abundant and I. phi is also seeking the same type of breeding material, P. 

knechteli probably uses mostly ipsdienol as a long-range attractant, and being a less 
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aggressive species than I. phi, exploits the pheromone produced by I. p h i  as an aid in 

host location. In the southern pine bark beetle guild, I. grandicollis, the least 

aggressive of the five co-habiting species, shows the most cross-attraction to the other 

species' pheromones, which may facilitate its ability to locate and occupy the wide 

range of host conditions used by the other species (Smith et aL 1990). 

It is presumed that the genus Pityogenes originated in Eurasia and reached 

North America rather recently, whereas a North American origin is postulated for the 

genus Ips (S.L. Wood, 1982). In two European studies examining volatiles produced 

by six species of Pityogenes, ipsdienol was found to be produced by two of them, and 

ipsenol by none (Baader 1989; Francke et al. 1995). This information, along with my 

results, leads me to a final hypothesis about the chemical ecology of P. knechteli. 

Ipsdienol without ipsenol, might have been the main pheromone component of this 

species, or its ancestor, before its migration to North America. When it reached North 

America, however, its attraction to ipsdienol would have brought it to trees also 

colonized by I. phi. Due in part to its shorter generation time and its ability to utilize 

small diameter portions of the host tree, P. knechteli would have been able to 

capitalize on ipsdienol produced by I. pini to locate hosts, while avoiding detrimental 

effects of competition. Ensuing evolution would have reduced the need for a strong 

attractant in P. knechteli, and favored individuals with characteristics that further 

reduced negative competition with I. pini. Thus, Pityogenes males that produced 

ipsenol, made via the same pathway as ipsdienol (Vanderwel and Oehlschlager 1987), 

and females that responded to ipsenol might have been selected over those that only 
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produced and responded to ipsdienol, since it would allow them to attract and find a 

mate more efficiently. This, in turn, would have helped partition resources with I. 

pini, and led to species-specific communication. 
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