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a b s t r a c t

We evaluated five herbivore-induced plant volatiles plus a male-produced pheromone as attractants for
adult green lacewings in Washington apple orchards in 2008. We found at least five attractants or com-
binations of attractants were attractive to the three most abundant green lacewing species in our trials.
Chrysopa nigricornis and Chrysopa oculata were attracted to the combination of methyl salicylate and
iridodial with iridodial alone being the second best attractant. Chrysoperla plorabunda was found in lower
numbers than C. nigricornis and C. oculata, but did exhibit a significant attraction to benzaldehyde. In
mid-summer, we added the herbivore-induced plant volatile squalene to the study and found it to
be exceedingly attractive, but only to male C. nigricornis. Whether alone or in combination, squalene
attracted 4–5-fold more C. nigricornis than any other compound tested. Our data have revealed
C. nigricornis to be an abundant orchard predator that can be readily monitored with squalene-baited
traps. Despite the obvious promise of HIPVs in biological control programs, we urge caution in their
deployment as large-scale attractants, at least until further studies have investigated potential disruption
of natural enemy population dynamics.

! 2010 Elsevier Inc. All rights reserved.

1. Introduction

While sex pheromone based monitoring programs for key pests
in agriculture or forest environments has been common for dec-
ades, the discovery and use of practical attractants for monitoring
natural enemies has been a slower process that has focused on
plant volatiles induced by herbivore feeding (known as herbi-
vore-induced plant volatiles or HIPVs). Most of these compounds
were discovered by chemical ecologists who compared volatile
profiles released by herbivore-damaged plants to those of undam-
aged control plants; specific combinations of volatiles were then
assayed in behavioral studies to determine activity (Dicke et al.,
2003; Turlings et al., 1998). The literature on HIPVs shows that
the ecological roles and behavioral interactions mediated by them
is considerably broader and more complex than those mediated by
sex pheromones alone (see reviews by Paré and Tumlinson (1999)
and Vet and Dicke (1992)).

Studies of HIPVs in agricultural systems have recently increased
in number, with the goal of using them as tools to induce host plant
resistance and/or to concentrate natural enemies in areas for pur-
poses of biological control (Gurr and Kvedaras, 2010; Kahn et al.,

2008). Most studies have been preliminary steps towards field
application, either by pairing a particular volatile (or mixture of
them) with a trap to determine the types of natural enemies at-
tracted, or by testing individual HIPVs in small plots to evaluate ef-
fects on natural enemy diversity and abundance (James, 2005; Lee,
2010). These approaches have been used to evaluate HIPVs as attr-
actants in hops (James, 2003a,b, 2005; James and Price, 2004),
grapes (James and Price, 2004), cotton (Williams et al., 2008; Yu
et al., 2008), pear (Scutareanu et al., 1997), cherry (Toth et al.,
2009), corn and sorghum (Kahn et al., 2008), and strawberry (Lee,
2010). From these studies and others, it is apparent that green lace-
wings (Neuroptera: Chrysopidae) as a group respond to a large
number of HIPVs, but two attractants generally stand out in the re-
cent literature. The first is the HIPVmethyl salicylate (MS), which is
considered to be attractive to a wide range of other natural enemies
(James, 2003a, 2005, 2006). The second compound is iridodial,
which is a male-produced male aggregation pheromone for certain
lacewing species. Iridodial has been reported to attract (at various
levels) several lacewing species including Chrysopa oculata Say,
Chrysopa nigricornis Burmeister, Chrysopa coloradensis Banks, Chrysopa
quandripunctanta Burmeister, and Chrysopa septempunctata Wesmael
(Chauhan et al., 2007, 2004; Zhang et al., 2004, 2006a,b).

Another powerful lacewing attractant was accidentally discov-
ered in early summer 2007 when one of us (NGW) evaluated
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several HIPVs as possible attractants for adult tachinid parasitoids
of obliquebanded leafroller, Choristoneura rosaceana (Harris) (Lep-
idoptera: Tortricidae). In those evaluations, squalene-baited traps
were found to be highly attractive to the lacewing C. nigricornis
(NGW, unpublished). The choice of squalene in this initial screen-
ing was prompted by the work of Dutton et al. (2002, 2000), who
showed that the chemical was released from golden delicious ap-
ples as the fruit was fed upon by the leafminer, Phyllonorycter
pomonella Zeller (Lepidoptera: Gracillariidae), and showed also
that the chemical attracted the leafminer parasitoid Pholetesor bi-
color Ness (Hymenoptera: Braconidae). Squalene was provided to
Curtiss (2008) (by NGW), who further evaluated it as an attractant
in ecological studies of the movement of natural enemies into ap-
ple and pear orchards. Curtiss’s studies showed the potential of the
attractant as a monitoring tool and compared squalene to MS and a
combination of MS + squalene. His results clearly showed that MS
by itself had limited attraction for C. nigricornis compared to either
squalene by itself or the combination of MS + squalene.

Our studies were designed to evaluate several promising HIPVs,
the lacewing pheromone iridodial, and squalene as tools for mon-
itoring abundance, diversity, and phenology of lacewings in tree
fruits. This focus was chosen as a way to expand our understanding
of the ecological role of the different natural enemy species and to
enhance biological control through conservation and potentially
spatial manipulation of natural enemy populations.

2. Materials and methods

2.1. Lure construction

We examined efficacy and release rates for six chemicals
(Table 1). The products were selected on the basis of literature ac-
counts suggesting that each might have some attractive properties
to some natural enemies. Lures were constructed using 5 cm wide
polyethylene tubing (PE) that were either 0.106 or 0.152 mm thick
(Associated Bag Company, Milwaukee, WI). We examined two
types of wicking material, either a 4 ! 4 cm piece of polyester felt
(Kunin Group, Hampton, NH), or a single 3.8 cm long dental wick
(large size – 12.5 mm dia.; Patterson Dental, St. Paul, MN). Wick
choice was based on the total volume of attractant needed for lure
longevity; dental wicks provided a greater capacity to absorb attr-
actants than the felt material, but the felt provided a greater sur-
face area for release of volatiles at low volumes. Tubing length
was 5 cm in length for lures containing the felt wicks and 7.5 cm
in length for lures containing dental wicks. To construct the lures,
we first heat-sealed one section of tubing at one end to create a
small bag. We added a wick to the bag, then dispensed a single

attractant on each wick at these rates: 0.5 ml per dispenser for
benzaldehyde; 4 mg for iridodial; and 2 ml for all other materials.
After the attractant was dispensed, the bag was heat-sealed at the
open end. If combinations of attractants were to be used, the indi-
vidual attractants were each placed in its own lure, and multiple
lures were placed in each trap. We used white plastic delta traps
(Trécé, Inc.; Adair, OK) to capture lacewings that approached the
lures. The final size of the attractant-containing section of the lure
lures; the 1.5 cm excess (i.e., unsealed) portion of the tubing was
used to attach the lure to the delta trap. Once constructed, lures
were stored in impermeable heat sealed metalized barrier pouches
(Associated Bag Company, Milwaukee, WI) and frozen at "20 "C
until use. Control lures were constructed the same way, but in-
cluded distilled water in place of attractant.

2.2. Evaluation of lure release rates

Release rates for lures dispensing benzaldehyde, cis-3-hexene-
1-ol, cis-3-hexenyl acetate, MS, squalene, and iridodial were
determined for 3–4 weeks under field conditions. Lures were
placed inside delta traps, and traps were placed in the canopy of
large (3.5–4.5 m tall) apple trees in an orchard at the Washington
State University Tree Fruit Research and Extension Center in
Wenatchee, WA. Lures were periodically brought into the labora-
tory, weighed with an Ohaus Pioneer analytical balance (0.1 mg
accuracy) (Pine Brooke, NJ) and returned to the field. Tests were
run during the early spring (16 May to 13 June), summer (30 July
to 27 August) and fall (3 October to 17 October) of 2008. We used
four packets per lure/attractant combination and calculated aver-
age weight loss per day over a period extending to 28 d. If cumula-
tive weight loss of a lure leveled out before the full 28 d had
elapsed, we considered the lure to be depleted at the time the
change occurred. We used linear regression to determine the rela-
tionship between cumulative weight loss and time; the slope of the
regression provides an estimate the mean daily release rate. The
longevity of the lure was calculated by dividing the total attractant
weight by the average weight loss per day.

2.3. Long-term comparison of different attractants

The 2008 field studies were conducted using a randomized
block design with the lures tested, orchard locations, test dura-
tions, and lure replacement intervals shown in Table 1. We had
four blocks per orchard. Within each block, traps were separated
by a minimum of 20 m; adjacent blocks were separated by at least
40 m. Treatments were randomly allocated among trap locations
within blocks. Traps were placed 1.5–3 m high in the tree canopy

Table 1
Lures evaluated for lacewing attraction during summer 2008 in Central Washington apple orchards.

Attractantsa Source Replacement interval
(weeks)

Quincy WSU-Sunrise Moxee Wenatchee Valley College

cis-3 Hexenyl acetate Sigma–Aldrich W317101 3 8 May–9 October 8 May–7 October 28 May–1 October 9 May–7 October
Benzaldehyde Sigma–Aldrich 418099 1 8 May–9 October 8 May–7 October 28 May–1 October 9 May–7 October
cis-3-Hexen1-ol Sigma–Aldrich W256307 4 8 May–9 October 8 May–7 October 28 May–1 October 9 May–7 October
Iridodial (IR) Sterling International 4 8 May–9 October 8 May–7 October 28 May–1 October 9 May–7 October
Methyl salicylate (MS) Sterling International 4 8 May–9 October 8 May–7 October 28 May–1 October 9 May–7 October
MS + IR Sterling International 8 May–9 October 8 May–7 October 28 May–1 October 9 May–7 October
Squalene (SQ) Sigma–Aldrich S3626 4 18 July–9 October – – –
SQ + MS 18 July–9 October 17 July–7 October – –
SQ + IR 17 July–7 October – –
SQ + IR + MS 18 July–9 October – – –
Control 8 May–9 October 8 May–7 October 28 May–1 October 9 May–7 October
Orchard size (ha) 7.5 6.0 1.0 1.6

a Attractant combinations used separate lures of the same composition and source as the single component lures. All lures were made of 0.106 mm thick polyethylene
tubing and used felt wicks as described in Section 2.
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(generally in the top third of the canopy). The traps were rotated
weekly to reduce location effects. During each rotation of the traps,
the traps were moved to trees offset from trees previously contain-
ing a lure. This rotation minimizes chances that contamination of a
tree (or induction of HIPVs) caused by the presence of an earlier
lure would affect subsequent lure performance. Each experiment
was dismantled and completely re-randomized monthly. Trap lin-
ers were removed each time the traps were checked, covered with
saran wrap (S.C. Johnson & Son, Inc., Racine, WI), marked with loca-
tion, block and lure type, and placed in a freezer until lacewings
were identified and counted.

Trials were done at four orchards located in central and north-
central Washington State: Moxee, Quincy, the Washington State
University Sunrise Orchard (WSU- Sunrise) near Rock Island, and
the Wenatchee Valley College (WVC) orchard in East Wenatchee.
All of the orchards were used to evaluate the same seven lures or
combination of lures (Table 1). Traps at the Moxee orchard were
checked weekly, and traps at the other three locations were
checked twice weekly.

Attractants that caught <20 lacewings at each location over the
entire trial duration were excluded from statistical analysis. We
also eliminated attractants that had a trap catch that was less than
one-half of the control traps at a particular orchard. We censored
the data because we were interested only in biologically active
materials. For example, at the Moxee orchard (checked only once
a week), we monitored 76 traps (4 reps ! 19 weeks) over the sea-
son. Thus, a total of 20 lacewings collected over the duration of
season provided an average of 0.26 lacewings per week, well below
counts that would allow the attractant to be used as a monitoring
tool. Even with this censoring, some of the remaining attractants
were only weakly attractive. To overcome this problem, we ana-
lyzed lacewing numbers collected per trap summed across the en-
tire trapping period, rather than weekly counts. Normality and
homogeneity of variance was assessed in each analysis. When
departures from assumptions occurred, we transformed the data
(typically using log e(x + 0.5)); if transformation failed to improve
departures from normality and heterogeneity, we performed
ANOVA on the ranks of the data. All post hoc tests used Tukey’s
HSD test to separate treatment means (Anonymous, 2009). Means
were transformed back into the original units for presentation.

2.4. Mid-season squalene comparisons

The WSU-Sunrise and the Quincy blocks were large enough to
test several squalene-based attractants. These tests began in mid-
July (Table 1), once traps began to consistently collect lacewings.
Squalene-based attractants were compared to the best performing
materials of the long-term study, evaluated specifically over the
period that the squalene-based lures were present (i.e., 17 July to
7 October at the WSU-Sunrise orchard and 18 July to 9 October
at the Quincy orchard; Table 1). Data analysis was as described
above (Section 2.3).

2.5. Effect of squalene lure age and wick type on trap captures

The longevity of the squalene lures was tested by aging lures in
an orchard located in Quincy, WA. Lures were aged 1, 8, 15, 22, and
29 d before testing them for attractiveness. We tested both felt and
dental wick dispensers (Section 2.1). All wicks were placed in
0.106 mm thick PE tubing using the methods described previously.
Traps were checked every 3–4 d from 7 August to 19 August 2009.

Data were analyzed in two ways. First, we used a two-way AN-
OVA to evaluate the main effects of wick type, age of lure, and the
interaction of lure age #wick type for the first sampling period and
the last sample periods. For the second analysis, we coded each
lure by its relative age so that 1 was the youngest lure, 2 the next

youngest, to the oldest lure. We then used a three-way ANOVA and
evaluated the main effects of wick type, date sampled, relative lure
age and all the two and three way interactions.

2.6. Effect of squalene release rate on trap captures

The release rates of the lures are generally a function of the PE
tubing thickness and the surface area of the tubing that houses the
wick. To reduce the release rate below that obtained with
0.152 mm PE tubing (the thickest available), we constructed a
pouch composed of the 0.152 mm membrane heat-sealed along
one side to an impermeable metalized ‘‘barrier” material (de-
scribed in Section 2.1). This construction resulted in a release area
of 50% smaller than provided by an unaltered pouch. To obtain
even lower release rates, we constructed lures using the metalized
barrier encompassing small ‘‘windows” of PE tubing, heat-sealed
together.

We were unable to estimate release rates of the squalene lures
gravimetrically, as weight loss was insignificant. Thus, to indirectly
evaluate release rates for squalene, we conducted field bioassays
using the different lure constructions. The first trial was run from
29 June to 24 July 2009 and consisted of five treatments: a stan-
dard 0.106 mm thick PE lure with 1 ml of squalene, 0.152 mm thick
PE tubing + foil lure, and grey halo butyl rubber septa (West
Pharmaceutical Services, Lionville, PA) dosed with either 1, 10, or
100 ll of squalene diluted in an equal volume of hexane. The septa
were placed in a fume hood for 7 d to allow the squalene to be ab-
sorbed completely into the septa. The second trial was done from
24 July to 19 August 2009 and included the same first two lure for-
mulations, but with the septa replaced by foil lures having a
0.106 mm thick PE window that was 0.5, 1.0, or 1.5 cm wide by
3.8 cm long; all lures had 1 ml of squalene added. The lures were
placed in an orchard in Quincy, WA using the field protocols dis-
cussed Section 2.3.

2.7. Selectivity of attractants

Selectivity of the attractants was evaluated by determining the
relative abundance of each species associated with each attractant,
calculated as percentage of the total lacewing capture composed of
each species. The data were collected as part of the experiments in
Sections 2.3 and 2.4. We did not test if there were differences in the
proportion of the three different lacewing species captured be-
tween attractants because we do not have accurate estimates of
the relative abundance of each species that was independent of
the attractant traps. Instead, we were interested in the relative
selectivity of the different attractants at each location.

2.8. Sex ratio of C. nigricornis attracted to squalene-baited traps

We also examined the sex ratio of C. nigricornis caught in the
squalene traps in 2008. We determined sex of 2119 lacewings on
a total of 200 traps collected 13 June to 28 August at an orchard
in the Quincy area. Trapping protocols (trap height, spacing, servic-
ing methods) were the same as those described for experiments in
Section 2.3. In 2009, we expanded this study to evaluate sex ratio
of lacewings caught on traps in which squalene or the mixture of
MS + squalene were used as attractants. This trial was done to as-
sess whether sex ratio changed with addition of MS to squalene.
We sampled a commercial orchard in the Quincy area from 31 July
to 28 August and determined the sex in 4195 specimens (1959
from the squalene traps, 2154 from the MS + squalene traps). Trap-
ping protocols were the same as described in Section 2.3.

100 V.P. Jones et al. / Biological Control 56 (2011) 98–105



2.9. Lacewing identification

Lacewings were identified using the keys in Brooks (1994),
Brooks and Barnard (1990), and Penny et al. (2000). Representative
specimens have been stored as vouchers in 70% ETOH at the WSU-
Behavior and Ecology lab in Wenatchee, WA.

3. Results

3.1. Lure release rates

Tests with the iridodial and squalene lures did not show suffi-
cient weight loss to calculate release rates. However, for the
remaining lures the release rate of each attractant was linear until
depleted. The release rates were typically highest in the summer,
followed by the spring, and then the fall, most likely because of
the different temperature profiles during those periods (Table 2).
The cis-3-hexene-1-ol lures had longevities >1 month at both bag
thicknesses and overall testing periods, so that release rates could
be readily controlled. Benzaldehyde is probably the most problem-
atical of the lures, because it underwent a slow change from liquid
to crystalline form starting $5–7 d after placement of lures in the
field; at that point, the release rates lowered dramatically. This
change in state caused us to replace those lures at 1-week intervals
throughout our experiments. Increasing the volume or lure thick-
ness did not seem to affect the rate of crystallization (data not
shown). The cis-3 hexenyl acetate lure released very quickly, espe-
cially during the summer when the lures were found to be de-
pleted the first time they were checked (3–4 d old). During the
fall and spring, 0.152 mm thick lures of cis-3-hexenyl acetate had
longevities of 19 d (spring) and 34.4 (fall). Release rates by the
MS lures were $3–3.4-fold higher in summer than spring and fall
(Table 2).

3.2. Long-term comparison of different attractants

Species composition of lacewings on traps varied among orch-
ards. C. nigricornis was easily the most abundant lacewing species

captured at the three orchards in north-central Washington and
accounted for 85%, 72%, and 87% of the total lacewings at the
Sunrise, Quincy, and WVC sites, respectively (Table 3). At the
Moxee site, C. oculata comprised 56% and C. nigricornis 40% of the
captures. At the other three orchards, C. oculata was the second
most common species at WVC and Quincy and roughly equal in
numbers to Chrysoperla plorabunda (Fitch) at the WSU-Sunrise
orchard. C. plorabunda was caught in numbers only at the WSU-
Sunrise and Quincy orchards (Table 3).

The attractants cis-3 hexenyl acetate, benzaldehyde, and cis-3-
hexen-1-ol caught only 16 C. oculata summed over all sites, thus
these compounds were dropped from further analysis for this
species. The largest numbers of captures occurred in the iridodial
(619 lacewings) and MS + iridodial (1252 lacewings) treatments.
MS by itself appeared to be nearly inactive with only 32 C. ocu-
lata caught over the trapping periods in the four orchards. We
analyzed statistically the iridodial, MS + iridodial, MS, and water
treatments to evaluate the effects of all possible combinations of
MS and iridodial lures (Fig. 1A). The data were highly non-
normal because of the low trap catches in the water and MS treat-
ments and could not be transformed, so that we used the ranked
ANOVA. In all four orchards, the attractant effect was highly signif-
icant, with the number captured always MS + iridodial > irido-
dial > MS > water. In three of the orchards, all materials were
statistically different from each other. In the fourth orchard
(Quincy), the MS and water treatments were not significantly dif-
ferent (Fig. 1A).

Numbers of C. nigricornis collected in the cis-3-hexen-1-ol or
benzaldehyde baited traps were very low, thus these compounds
were dropped from statistical analysis. The MS + iridodial treat-
ment was again the best numerically at all locations, but was sta-
tistically better than iridodial in only one orchard and better than
MS in only three of the four orchards (Fig. 1B). MS by itself and cis-
3 hexenyl acetate were statistically better than the control in one
orchard each.

The low numbers of C. plorabunda on traps made it difficult to
evaluate the attractants (Fig. 1C). We found benzaldehyde had
the highest number of captures in all four orchards, with MS,
MS + iridodial, and the controls following (Fig. 1C). At the Sunrise
orchard the benzaldehyde treatment was statistically better than
the MS and MS + iridodial treatments. At the other locations, MS
was generally the second best material and was not statistically
different than the benzaldehyde treatment.

3.3. Mid-season squalene comparisons

Squalene + MS and squalene + iridodial were added to the
Sunrise orchard on 17 July 2008 and squalene, squalene + MS,

Table 2
Release rates of various attractants determined by weight loss over time in the field at different times in 2008.

Attractant PE tubing thickness
(mm)

Lure load
(ml)

Spring Summer Fall

Release rate
(mg/day ± SEM)

Longevity
(d)a

Release rate
(mg/day ± SEM)

Longevity
(d)a

Release rate
(mg/day ± SEM)

Longevity
(d)a

Benzaldehyde 0.106 0.5 67.3 ± 5.2 7.4 61.4 ± 3.7 8.1 24.0 ± 0.5 20.8
0.152 53.0 ± 3.5 9.4 57.4 ± 3.0 8.7 15.4 ± 0.2 32.5

cis-3-Hexene-1-ol 0.106 2 7.9 ± 0.2 >50 12.0 ± 0.4 >50 ntb ntb

0.152 5.2 ± 0.1 >50 9.6 ± 0.3 >50 ntb ntb

cis-3-Hexenyl acetate 0.106 2 139.2 ± 9.4 14.4 –c <7 83.6 ± 1.6 23.9
0.152 105.2 ± 2.4 19.0 –c <7 58.1 ± 1.5 34.4

Methyl salicylate 0.106 2 51.1 ± 0.5 39.1 175.3 ± 4.4 11.4 56.7 ± 1.4 35.3
0.152 ntb ntb 116.2 ± 1.8 17.2 39.6 ± 0.9 >50

Mean temperature ("C ± SD) 17.6 ± 3.4 22.0 ± 3.4 10.2.4 ± 2.7
Period 16 May–13 June 30 July–27 August 3 October–17 October

a Amount of attractant in lure/release rate; longevities >50 d not reported.
b Not tested during this period.
c Lure was completely depleted at first check interval.

Table 3
Total number of green lacewings caught at four orchards with seven different
attractants during summer 2008.

Location C. oculata C. nigricornis C. plorabunda

Moxee 895 635 64
Sunrise 63 1305 175
Quincy 277 1056 145
Wenatchee Valley College 255 2157 64
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and squalene + iridodial + MS were added to the Quincy orchard on
18 July 2008. Evaluation of the mean trap catch from those periods
to the end of the season at each orchard clearly demonstrated that
squalene was extremely attractive to C. nigricornis either alone or
when found in combination with MS or iridodial (Fig. 2A and B).
At the Sunrise orchard, we caught an average of 10.4 and 23.5 C.
nigricornis per trap day, respectively, for squalene + iridodial and
squalene + MS over the 82 d the traps were in the field. At the
Quincy orchard, we caught an average of 8.0, 7.6, and 8.6
C. nigricornis per trap day, respectively, for the squalene, squa-
lene + MS, and squalene + iridodial + MS lures over the 83 d traps
were in the field.

3.4. Effect of squalene lure age and lure type

The analysis on the first sampling interval showed no signifi-
cant differences occurred by wick type (p = 0.90, df = 1, 30), lure
age (p = 0.11, df = 4, 30) or the interaction of wick type # lure age
(p = 0.17, df = 4, 30). The last sampling interval showed similar
trends with no significant differences found in any of the three fac-
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Bars with the same letters indicate significant differences within a location
according to ANOVA based on ranks and Tukey’s HSD test.
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Fig. 3. Effect of different lure types on trap catch of C. nigricornis during summer
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indicate no significant differences according to ANOVA and Tukey’s HSD test.
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tors tested. Analysis on the entire data set showed that the only
significant effect was the sampling date (p < 0.0001, df = 4, 150).
Thus over the entire course of the experiment, lure age out to
44 d did not affect trap capture and there were no significant dif-
ferences related to wick type.

3.5. Squalene dose effects

The first trial showed an increasing dose–response with
increasing trap catch as the septa load varied from 1 to 100 ll
(Fig. 3A). The 100-ll septa load was significantly poorer than the
0.106 mm thick PE tubing lure, but not significantly different than
the 0.152 mm PE tubing + foil lure. Although we were able to cre-
ate the 100-ll septa lures for this study, absorption required a
1 week period, which makes this loading impractical for anything
but experimental purposes.

The second test showed that trap catch could be lowered by use
of foil packets with small windows of PE tubing added (Fig. 3B).
There were no significant differences between any of the foil bag
treatments, suggesting that the easiest way to reduce lure effi-
ciency is to use a 0.152 mm PE tubing + foil lure, which still caught
significant numbers of C. nigricornis, but is easier to make than the
lures with the smaller size windows.

3.6. Sex ratio of C. nigricornis collected on traps baited with squalene

Of the 2119 specimens of C. nigricornis collected in 2008, 2037
were male and 82 were female (3.3% female). A 2 ! 2 contingency
table analysis showed that female and male distributions were not
independent (G = 10.96, df = 1, p = 0.001). Females occurred only on
traps that had also captured at least four males.

In our comparisons of sex ratios on traps baited with squalene
versus squalene + MS, we captured 4 females out of 1959 total cap-
tures of C. nigricornis on the squalene traps (0.21%) and 79 females
out of 2154 C. nigricornis (3.5%) on the squalene + MS baited traps.
These two sex ratios were significantly different (G = 74.4, 1 df = 1,
p < 0.001). Females were captured only on traps that had collected
a minimum of 21 and 28 males for the squalene and squalene + MS
baited traps, respectively.

3.7. Selectivity of the lures for different lacewings

Relative capture rates of the three species among the different
lures were tabulated for each location (Table 4). It was apparent
that lures containing squalene attracted primarily C. nigricornis
(14,472 caught), with only 94 C. oculata and 18 C. plorabunda
trapped. This result may in part be due to the relative size of the

Table 4
Selectivity of different attractants to three lacewing species collected in Washington apple orchards in summer 2008.

Location Attractant % C. oculata % C. nigricornis % C. plorabunda N

Moxee
cis-3 Hexenyl acetate 12.5 83.0 4.5 88
Benzaldehyde 5.6 5.6 88.9 36
cis-3-Hexen-1-ol 25.0 0.0 75.0 4
Iridodial (IR) 64.2 35.2 0.6 466
Methyl salicylate (MS) 8.6 69 22.4 58
MS + IR 62.4 37.4 0.2 925
Control 0.0 58.8 41.2 17
Total 1594

Quincy
cis-3 Hexenyl acetate 0.0 98.0 2.0 51
Benzaldehyde 0.0 32.1 67.9 53
cis-3-Hexen-1-ol 0.0 0.0 0.0 0
IR 37.7 62.3 0.0 382
MS 9.6 55.8 34.6 52
MS + IR 25.8 73.4 0.7 983
Squalene (SQ)a 0.1 99.9 0.0 2849
SQ + MSa 0.0 99.9 0.0 2511
SQ + MS + IRa 2.5 97.1 0.3 3152
Control 0.0 100 0.0 102
Total 10,135

WSU-Sunrise
cis-3 Hexenyl acetate 0.0 93.6 6.4 78
Benzaldehyde 0.5 29.0 70.5 183
cis-3-Hexen-1-ol 0.0 80.0 20 30
IR 17.9 81.3 0.9 235
MS 2.4 87.2 10.4 335
MS + iridodial 12.6 85.4 2.0 1047
SQ + IRb 0.4 99.5 0.1 2096
SQ + MSb 0.1 99.8 0.1 3866
Control 0.6 99.4 0.0 157
Total 8027

Wenatchee Valley College
cis-3 Hexenyl acetate 0.0 96.1 3.9 51
Benzaldehyde 0.0 45.3 54.7 53
cis-3-Hexen-1-ol 0.0 100 0.0 4
IR 18.8 80.8 0.4 490
MS 2.2 91.5 6.3 272
MS + IR 10.1 89.0 0.9 1556
Control 0.0 100 0.0 50
Total 2476
Grand total 22,232

a Only out from 18 July to end of test.
b Only out from 17 July to end of test.
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different lacewing populations in each orchard, however, relatively
large numbers of C. oculata were found in both the iridodial and
iridodial + MS lures in these orchards. Thus, it appears that squa-
lene has limited attraction to C. oculata unless it was mixed with
iridodial. Iridodial attracted relatively high numbers of C. nigricor-
nis as well as C. oculata, so that use of iridodial along with squalene
in a monitoring program would require identification of lacewings
to species. C. plorabunda was most commonly found in the benzal-
dehyde containing lures.

4. Discussion

Our data show that we can easily monitor populations of all
three lacewing species common in Washington apple orchards.
C. plorabunda was captured only in low numbers in our studies,
but this may be due to a number of different factors: the need
for a better lure, different seasonal phenology (our recent tests
show it emerges very early in the season compared to the other
two species), differential susceptibility to pesticides, or simply be-
cause it is less abundant than the other two species.

The release rate and longevity of the lures used for the various
attractants are key factors that need further research. It is clear that
the 0.106 mm thick PE tubing lure with 2 ml of cis-3-hexenyl ace-
tate became depleted during the summer well before we changed
the lures. Thus, our lack of response to this lure should be viewed
with caution. Recent studies (V.P.J. and C.C.B., unpublished) show
that a higher initial load of the attractant (3 ml) and use of a
0.152 mm PE tubing + foil lure controls release rates during the
summer and lasts >1 month. While we were able to regulate most
of the other compounds well, there is no guarantee that the release
rates we achieved were optimal for attracting these lacewing spe-
cies. Having accurate estimates of release rates will be crucial for
comparison of effects among different studies and lacewing species.

Our results with MS, iridodial and the other HIPVs mirror many
of the results reported by Zhang et al. (2006a). MS by itself ap-
peared to have no attraction for C. oculata, and was only statisti-
cally better than the control in one orchard for C. nigricornis.
Iridodial was attractive to both C. oculata and C. nigricornis, but
the combination of MS + iridodial was statistically more attractive
than either iridodial or MS alone. These results appear to conflict
with other studies in Washington State, where James (2003a,
2006) found MS was attractive to both C. nigricornis and C. oculata.
We cannot explain the differences other than to note the likely dif-
ferences in release rates between James’ studies and ours; our
studies (and those of Zhang et al. (2006a)) used the PE tubing lures,
while James’ studies used glass vials with cotton loosely packed in
the opening.

Our studies showed that squalene is a highly attractive semio-
chemical that provided nearly species and sex-specific attraction
of male C. nigricornis. Female C. nigricornis were never found on
traps without >4 males present, which suggests that the females
are being attracted (weakly) to the males (either chemically, visu-
ally, or acoustically). The cause of the low female capture may be
similar to that observed with C. oculata attraction to iridodial,
where females were found attracted to the vicinity of traps but
rarely entered them (Chauhan et al., 2007); studies are ongoing
to investigate whether female C. nigricornis exhibits a similar re-
sponse to squalene-baited traps.

The extreme attractiveness of squalene to C. nigricornis is also
notablewhencompared to anyof thematerials reported for a variety
of natural enemies either in the literature or fromtheMS, iridodial or
the combination of MS and iridodial in our trials. Mean trap capture
per trap day easily exceeded 20 adult male C. nigricornis over long
periods of time. While the high trap capture is impressive and pro-
vides uswith an excellent toolwithwhich to track C. nigricornispop-

ulation density and phenology, it is also clear that lower release rate
lures may be necessary to prevent removal of C. nigricornis in such
numbers that its populationdynamics are affected.Our studies of re-
lease rates provide several lure formulations that can either reduce
or increase the trap sensitivity; the longevity studies show that all
of them were stable for at least 44 d.

Although some may see squalene as a perfect candidate for
manipulating spatial distribution of C. nigricornis in an attempt to
maximize predation in the tree canopy, there are many potential
pitfalls with this approach. First, if the attractant is uniformly dis-
tributed throughout the orchard, it may reduce predator efficiency
at low prey densities if C. nigricorniswere no longer able to use her-
bivore-induced squalene production to narrow its search area. This
effect may actually increase the overall prey density, resulting in
greater economic damage. Secondly, if females are not attracted
at least near to the locations where squalene lures are placed,
then the lures may disrupt the mate finding process, which would
reduce numerical response in subsequent generations. Third,
C. nigricornis appears to be primarily found in the tree canopy
(Horton et al., 2009), so that cover crops are unlikely to be a
high-density source that can be used in a push–pull type strategy.
Thus, assuming a long-range attraction (of which we have no proof
at this point), movement of C. nigricornis from adjacent blocks will
result in a ‘‘robbing Peter to pay Paul” scenario. If the attraction is
much more local, then manipulating spatial distribution may have
practical applications (if the other objections in this paragraph are
satisfied). Our objections to use of squalene are primarily against
its use as a season-long tool to concentrate C. nigricornis. We do
see benefits to aggregating the population for shorter periods of
time (e.g., 1–2 weeks) to augment functional and numerical re-
sponses to help suppress pest populations in a small portion of
the environment or to move populations to areas that will not be
subject to pesticide treatments.

Irrespective of the use of squalene as a tool to change spatial or
temporal aggregation in the orchard, having a lure that attracts
natural enemies reliably has broad consequences for studies of
population dynamics and for implementing conservation biologi-
cal control tactics in agricultural and forestry environments. In par-
ticular, the implementation of biological control is hindered by
many IPM consultants’ perception that it is ineffective, at least in
part because of the inefficiency of normal sampling methods
(e.g., beat trays). For example, we sampled five commercial orch-
ards 2–3 times a week using beat trays from 1 March to mid-
October 2009 and captured only 12 adult C. nigricornis. In the same
orchards during the same time period, four squalene traps cap-
tured a total of 25,604 adult C. nigricornis. The large number of C.
nigricornis captured in the traps and the ability to detect changes
in adult population levels before and after treatment should pro-
vide a powerful tool for that will help IPM practitioners to under-
stand the role of C. nigricornis in biological control and its
sensitivity to different management programs.
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