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Caloptilia fraxinella Ely (Lepidoptera: Gracillariidae), the ash leaf-cone roller, is an
aesthetic pest of horticultural ash trees (Oleaceae, Genus Fraxinus) in prairie
communities across Canada. Because pesticide use is undesirable in urban centers,
biological control of C. fraxinella is a preferred approach. The native parasitoid wasp,
Apanteles polychrosidis Vierek (Hymenoptera: Braconidae), has shifted hosts and is
the primary parasitoid of C. fraxinella in Edmonton, Alberta, Canada, and has potential
as a biological control agent. Here, in an effort to increase parasitism of C. fraxinella,
lures releasing methyl salicylate (MeSA) and two green leaf volatiles (GLVs), [(Z)-3-
hexenol, and (Z)-3-hexenyl-acetate], at both low and high release rates, were tested
to enhance attraction and retention of A. polychrosidis in infested ash trees. Attraction
of A. polychrosidis to baited trees was measured by capture on yellow sticky cards
positioned in the tree canopy, and wasp activity was assessed by the parasitism
rate of C. fraxinella. More male and female A. polychrosidis were captured on yellow
sticky traps positioned in trees baited with the low dose of both MeSA + GLVs than
to unbaited, infested ash trees. The increased attraction of wasps did not correlate
with an increase in parasitism of C. fraxinella. The high release rate lures did not
enhance attraction of A. polychrosidis to infested ash trees. Parasitism rate, however,
was negatively correlated with host density in both field experiments. There was no
evidence of close-range attraction to lures in an olfactometer assay. Synthetic HIPVs
attract A. polychrosidis to ash trees infested with C. fraxinella, but the effect of wasp
attraction on parasitism rate requires further research if HIPVs are to be used to enhance
biological control in this system.
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INTRODUCTION

Plants produce a variety of volatile organic chemicals (VOCs).
Many of these compounds are by-products of plant metabolism
and play a number of roles in plant fitness, including above and
below ground herbivore defense, plant-plant communication,
and attraction of herbivores and their natural enemies (Dudareva
et al., 2006). Parasitoids, in particular, use herbivore-induced
plant volatiles (HIPV) released by host plants attacked by
herbivores as long-range signals for insect host-finding (Turlings
et al., 1991). The ability of parasitoids to perceive differences
in HIPVs seems linked to the level of host specialization, with
those having a narrow host range better able to detect variation
than generalist parasitoids (De Moraes et al., 1998; Röse et al.,
1998; Ngumbi et al., 2009). While chemicals produced by the
insect host, such as frass or cuticular compounds are reliable
signals due to their specificity, they are often less detectable
to foraging parasitoids at long range (Vet et al., 1991). Since
the discovery of the important role of HIPVs in the foraging
behavior of parasitoids of herbivorous insects (Turlings et al.,
1991), research efforts have examined the response of potential
biological control agents to synthetic HIPVs in lab and then
field experiments (Rodriguez-Saona et al., 2012; Turlings and
Erb, 2018). Relatively few studies have determined if enhanced
attraction of parasitoids to HIPVs subsequently leads to higher
parasitism rates and better biological control (Kaplan, 2012;
Rodriguez-Saona et al., 2012).

Methyl salicylate (MeSA) is a HIPV that is released by the
plant when fed upon by insects. Methyl salicylate plays many
roles in both direct and indirect plant defenses (Garrido et al.,
2009; Tang et al., 2015). As an indirect defense, MeSA attracts a
broad range of predatory and parasitic insects of herbivores to
infested plants (Rodriguez-Saona et al., 2011). Synthetic MeSA
lures attract braconid wasps in maize, Zea mays (Poaceae)
(Simpson et al., 2010) and grapes (James and Price, 2004). The
aphid parasitoid, Aphidius ervi (Hymenoptera: Braconidae), is
attracted to MeSA, and response increases with dose (Sasso
et al., 2009). Varieties of maize that release more MeSA enhance
parasitism of Spodoptera frugiperda (Smith) (Lepidoptera:
Noctuidae) by the generalist parasitoid Cotesia marginiventris
(Cresson) (Hymenoptera: Braconidae) (Degen et al., 2012).

Green leaf volatiles (GLVs) are ubiquitous, constitutive, short-
chain (C6) alcohol, acetate and aldehyde components released
by plants. They are released continuously in small amounts
and are emitted in much higher amounts immediately after
leaf damage (Turlings and Erb, 2018). Green leaf volatiles are
implicated in the regulation of plant defense genes, and defense
priming in a variety of plants (Engelberth et al., 2004; Farag
et al., 2004), and also the attraction of beneficial insects (Scala
et al., 2013). Cotesia marginiventris orients to varieties of maize
that release high amounts of the GLVs (Hoballah et al., 2002).
In addition, C. marginiventris prefers artificially damaged cotton
plants, Gossypium hirsutum (Malvaceae), that release more GLVs
than undamaged plants (Röse et al., 1998). This species is also
attracted, in a dose dependent manner, to a blend of volatiles
comprised of over 70% GLVs (Turlings et al., 1991). A specialist
braconid parasitoid, C. glomerata (L.) is attracted to Arabidopsis

sprayed with the synthetic GLVs (Z)-3-hexenal, (Z)-3-hexenol,
and (Z)-3-hexenyl acetate (Shiojiri et al., 2006).

There is evidence that a blend of volatile chemicals released
from herbivore-infested plants is important for parasitoid
attraction. Tamiru et al. (2015) found that, although Cotesia
sesamiae (Cameron), detect 13 HIPVs, only three of those
compounds are behaviorally active alone. Cotesia marginiventris
is attracted to both the natural and synthetic blend of plant
volatiles released from plants fed on by beet armyworm,
Spodoptera exigua (Hübner) (Lepidoptera: Noctuidae), and the
response is dose-dependent (Turlings et al., 1991). In the
field, HIPV dispensers emitting a synthetic blend of volatiles
which mimics the compounds emitted from herbivore-damaged
cabbage, Brassica oleracea (Brassicales: Brassicaceae), attract
Cotesia vestalis (Haliday) (Hymenoptera: Braconidae) (Uefune
et al., 2011). A spray application of a mixture of several HIPVs
to different crops attracts a variety of parasitic Hymenoptera
(Simpson et al., 2010).

Here, we tested MeSA and two GLVs as lures to attract a
native parasitoid Apanteles polychrosidis Vierek (Hymenoptera:
Braconidae), to increase parasitism of an invasive pest of
ash trees, the ash leaf-cone roller, Caloptilia fraxinellla Ely
(Lepidoptera: Gracillariidae) in Edmonton, Alberta, Canada. The
ash leaf-cone roller was first recorded in Edmonton in 1999 (Pohl
et al., 2004). The ash leaf-cone roller overwinters as an adult
in reproductive diapause (Evenden et al., 2007). In the spring,
moths emerge from overwintering sites, females produce a sex
pheromone signal (Evenden and Gries, 2008), and mating occurs
prior to orientation to newly flushed ash (Fraxinus) trees for
oviposition (Evenden, 2009). Moths are constrained to oviposit
on newly flushed ash leaflets as hatched larvae must penetrate
the leaf tissue for leafmining. Young larvae are leafminers, but
larvae emerge from leaflets at the fourth instar and disperse on
silken threads to new leaflets which are rolled by mature larvae
into aesthetically displeasing cones (Pohl et al., 2004; Evenden,
2009). Fourth instar larvae are nuisance pests when they hang
from silk threads to disperse. Pupation occurs within the leafrolls
and adults emerge in mid-July and aestivate prior to dispersing to
overwintering sites in the fall (Evenden, 2009).

The primary parasitoid of C. fraxinella in Edmonton is
A. polychrosidis (Wist and Evenden, 2013). This solitary,
konobiont parasitoid has a broad Nearctic range (Fernández-
Triana and Huber, 2010) and is native to Edmonton. Previous
host records of A. polychrosidis include larvae from the
moth family Tortricidae, including Choristoneura rosaceana
(Harris), Choristoneura fumiferana Walsingham, Pandemis
limitata Robinson, Pandemis pyrusana Kearfott, Platynota
idaeusalis (Walker), and Endopiza viteana Clemens (all
Lepidoptera:Tortricidae) (Seaman et al., 1990; Biddinger et al.,
1994; Li et al., 1999; Cossentine et al., 2004; Fernández-Triana
and Huber, 2010; Pfannenstiel et al., 2012). In Edmonton,
A. polychrosidis shifted hosts to exploit the introduced pest,
C. fraxinella, as its larval host during the summer. Field
host-association studies suggest that A. polychrosidis target
dispersing fourth-instar C. fraxinella larvae for oviposition
(Wist and Evenden, 2013). There are two generations per
year of A. polychrosisdis in Edmonton, a generation in which
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larvae overwinter in native caterpillar hosts and a summer
generation in which the larvae use C. fraxinella as a host and
emerge as adults in mid-late summer to mate and lay eggs in the
native overwintering host (Wist and Evenden, 2013). Apanteles
polychrosidis females can parasitize ∼60 Choristoneura rosaceana
larvae under optimal temperature conditions (Cossentine et al.,
2005), but it is not known how many C. fraxinella larvae are
parasitized by a single female.

Apanteles polychrosidis detect and orient to VOCs released
from ash trees. The headspace volatiles from intact and damaged
green ash seedlings contain 13 VOCs that elicit a response from
both male and female A. polychrosidis antennae (Wist et al.,
2015). Those VOCs were identified as: (1) (Z)-3-hexenal, (2) (Z)-
3-hexenol, (3) (Z)-3-hexenyl-acetate, (4) ocimene, (5) linalool,
(6) (E)-4,8-dimethyl-1,3,7-non-atriene, (7) methyl salicylate, (8)
bourbonene, (9) (E)-β-farnesene, (10) α-farnesene, and (11)
dendrolasin. Two other compounds detected by wasp antennae
were not identified. Intact, mechanically damaged, and leaf-
mined green ash leaflets produce different VOC profiles (Wist
et al., 2015). Release of GLVs [(Z)-3-hexenal, (Z)-3-hexenol,
(Z)-3-hexenyl acetate], decreases after leaf-mining, but increases
after mechanical damage of leaflets (Wist et al., 2015). Methyl
salicylate release is greater in both mined and mechanically
damaged green ash leaflets than from intact leaflets (Wist
et al., 2015). Black ash leaves mined by C. fraxinella larvae
attract more A. polychrosidis than unmined leaflets, indicating
that the wasp is attracted to HIPVs (Wist et al., 2015). The
GLVs (Z)-3-hexenol, and (Z)-3-hexenyl acetate, and the HIPV,
MeSA, may have potential to attract A. polychrosidis, as they
are attractive to other braconid parasitoids, and other parasitic
Hymenoptera (James and Grasswitz, 2005). We evaluated MeSA
and two GLVs known to be detected by A. polychrosidis, as
lures to attract wasps and increase parasitism of C. fraxinella
in infested ash trees. We considered lure release rate and
combinations of HIPVs as long and short-range attractants
and measured levels of parasitism of C. fraxinella in treated
trees. Attraction of other non-target parasitic Hymenoptera in
treated trees was also recorded. We also tested the short-range
response of A. polychrosidis to these same compounds in an
olfactometer study.

MATERIALS AND METHODS

We tested synthetic lures releasing MeSA and two GLVs
[(Z)-3-hexenol, and (Z)-3-hexenyl acetate] both alone and
in combination on the attraction of, and parasitism by
A. polychrosidis in horticultural green ash trees (Fraxinella
pennsylvanica) infested with C. fraxinella. Field experiments were
conducted with both low and high release rate lures (Table 1).

Experiment 1: Low Release Rate HIPV
Lures Field Study (2016)
In the summer of 2016, ten horticultural green ash sites
were selected in Edmonton, Alberta, Canada (53.5444◦ N,
113.4909◦ W) at least 600 m apart, on boulevards or in parks
in areas known to have C. fraxinella infestation. Trees were

TABLE 1 | Release rates1 of synthetic HIPV lures placed in Caloptilia fraxinella
infested green ash trees for Experiments 1 (2016) and 2 (2017).

Compound Experiment 1:
Low release rate
(mg/day, 21◦C)

Experiment 2:
High release rate

(mg/day, 20◦C)

Methyl salicylate 2.2 5

(Z)-3-hexenol 0.024 3.7

(Z)-3-hexenyl acetate 0.43 13

1Release rates measured gravimetrically in Experiment 1 and provided by lure
manufacturer (Contech Inc.) in Experiment 2.

approximately 10–15 years old with a canopy that could be
sampled from the ground using 1.8 and 2.4 m long ladders. At
each site, one tree was randomly assigned one of the following
treatments: (1) one 250 µl Eppendorf lure containing 200 µl
of MeSA (99% purity, Fisher Scientific, Ottawa, ON, Canada);
(2) one 250 µl Eppendorf lure of each of the GLVs [(Z)-
3-hexenol and (Z)-3-hexenyl acetate] containing 200 mg of
each individual compound (Contech Enterprises Inc., Delta,
BC, Canada); (3) both MeSA and GLV lures together, or (4)
a blank control without lures. Experimental trees at each site
were separated by 14–35 m, depending on the tree planting
regime at each site. Each individual lure, or set of lures for
combined treatments, was secured with wire on a random
side of the tree trunk in the low to mid-canopy. To assess
the attraction of A. polychrosidis to each of the treated trees,
three yellow sticky cards (18 cm x 9cm, 2cm x 2cm grid)
(Alphascents Insect Monitoring Systems, West Linn, OR) were
equidistantly positioned in the low-mid canopy in each tree
at each site. Previous work has shown that the number of
A. polychrosidis wasps captured on yellow sticky cards does
not vary with position within the tree canopy (Wist and
Evenden, 2013). Sticky cards were positioned in trees after
bud flush when it is expected that C. fraxinella oviposition
will have already occurred (Evenden, 2009). Sticky cards were
changed weekly from 10 May through 21 July, 2016. This
trapping period encompasses capture of the generation of
A. polychrosidis, that parasitize C. fraxinella, and the generation
that emerge from parasitized C. fraxinella in July (Evenden,
2009). After collection, the traps were wrapped in plastic and
frozen until they could be processed. Wasps were identified
as A. polychrosidis based on wing characters and femur colour
(Fernández-Triana and Huber, 2010), under a dissecting scope
at 40X magnification. Apanteles polychrosidis were separated by
sex based on the presence of an ovipositor in females. Trap
catch per tree was based on the average trap catch from all
traps in each tree. In the 2016 experiment, some of the other
parasitic Hymenoptera captured on traps were also identified
and counted. These included Sympiesis sericeicornis and other
Sympiesis (Hymenoptera: Eulophidae) wasps that are known to
parasitize C. fraxinella and be hyperparasitoids of A. polychrosidis
(Wist and Evenden, 2013). Wasps in the genus Diadegma
(Hymenoptera: Ichneumonidae) that have also been recorded
to parasitize C. fraxinella (Wist and Evenden, 2013), were also
identified and counted.
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The percent parasitism of C. fraxinella by A. polychrosidis
on each experimental tree at each site was assessed after wasp
emergence, in August 2016. One hundred leaf rolls, or all
the leaf rolls on trees with fewer than 100, were haphazardly
collected throughout the tree canopy. The C. fraxinella and
A. polychrosidis pupal cases were identified (after Wist et al.,
2015) per each 100-roll sample to obtain the percent parasitism
as the number of A. polychrosidis/total pupal cases sampled.
The overall density of C. fraxinella infestation was visually
estimated in August by scanning one side of the canopy for
∼10 s to obtain the percentage of ash leaflets rolled per
treated tree, as per City of Edmonton monitoring protocols
(BC Ministry of Forests, 1998).

Experiment 2: High Release Rate HIPV
Lures Field Study (2017)
In 2017, a similar experiment was conducted at the same field
sites as in 2016. Attraction of the generation of A. polychrosidis
that parasitizes C. fraxinella was targeted from 3 May to 21 June,
2017. The HIPV lures were bubble packs (Contech Enterprises
Inc., Delta BC, Canada) which released compounds at a higher
release rate than lures used in the 2016 experiment (Table 1).
Apanteles polychrosidis wasps were captured and identified as
in Experiment 1, but they were not separated by sex. Measures
of C. fraxinella density and parasitism rate of C. fraxinella
by A. polychrosidis were obtained as in 2016. The non-target
parasitic Hymenoptera were not identified or counted in 2017.

Olfactometer Bioassay
An olfactometer bioassay was conducted under laboratory
conditions to test close range attraction of A. polychrosidis to the
same semiochemicals tested in the field studies.

Insects
Apanteles polychrosidis were collected between 13 and 28 June,
2016 from sites across Edmonton. Leaf rolls without emergence
“windows” were selected following the protocol of Wist et al.
(2015) to identify rolls that contained parasitoids. Leaf rolls were
placed individually in 36 ml plastic cups positioned on trays.
Ten-15 trays were stacked in black plastic bags with moistened
paper towels to maintain humidity and maintained at room
temperature in the laboratory (∼22◦C). Leaf rolls were examined
daily for wasp emergence and newly emerged males and females
were paired within a single cup. Each pair of wasps was provided
with a sucrose solution (25%, v/v) through a dental wick. Paired
wasps were maintained at room temperature (∼22◦C) positioned
next to the window to provide a natural ambient light cycle.
Female wasps were assumed to be mated 24 h after pairing, as
they mate shortly after eclosion (Wist and Evenden, 2013). Wasps
were maintained as pairs until females were used in trials at 9–
11 days old, as A. polychrosidis is capable of parasitism up to
20 days post eclosion (Cossentine et al., 2005).

Bioassay Methods
Methyl salicylate (Sigma-Aldrich, 99% purity) was diluted to
1 µg/µl in HPLC-grade hexane. Each of the two GLVs, were
extracted from unused Eppendorf tube lures (described in field

experiments above) and diluted to 1 µg/µl in HPLC-grade
hexane. Five µl of each solution was applied with a micropipette
to 1 × 1 cm filter paper (Whatman no. 1) on a straight pin, and
allowed to evaporate for ∼10 s in a fume hood. The treatments
were 5 µg MeSA, 5µg of each GLV (separate filter paper squares
on 2 pins), 5 µg MeSA + 5 µg each GLV (separate filter paper
squares on 3 pins), or 5 µl of the solvent, hexane, as the clean air
control. After solvent evaporation, filter papers were positioned
in separate arms of a six-arm olfactometer and a female wasp was
introduced to the bioassay within 1 min.

The six-arm olfactometer (Analytical Research Systems Inc.,
Gainsville, FL.) had two airflow passages blocked to provide
access to four odor sources. A circular hole in the center of the
arena served as both the entrance point for the insect, as well
as the attachment point for the air outflow. Airflow into the
arena was 1 L/min from each separate arm containing each of
the four odor sources, and outflow at the center of the arena
was 3L/min, as regulated with a vacuum pump airflow system
that filters and purifies air entering the bioassay (Model OLFM-
6C-ADS + VAC, Analytical Research Systems Inc., Gainsville,
FL.). Six 100-watt incandescent light bulbs diffused through white
paper provided bright (600–650 lux), even light throughout the
bioassay arena. Females were individually tested in 15 min trials
conducted between 9 am and 4 pm. Odor sources were replaced
for each wasp tested. A Logitech web camera was adhered to a
ring clamp and positioned on a clamp stand at 50 cm above the
platform, with the lens aiming downward at 45◦, to record the
wasp movement in each assay. The stand with the camera was
placed to have the whole olfactometer arena in the frame, but with
the camera out of view of the arena. Following each day of trials,
the olfactometer was cleaned with 70% ethanol, glassware was
rinsed three times with acetone, and three times with hexane, and
dried in the oven at 60◦C overnight. Treatment positions were
randomly rearranged for trials conducted on each of 3 days. Each
wasp was only used once (n = 21).

Statistical Analyses
Field Studies
All statistical analyses were conducted in R version 3.4.2 (R Core
Team, 2017 Vienna, Austria). Data were evaluated visually for
normality and heteroscedasticity with Q-Q plots, and residual
variance plots. In Experiment 1 conducted in 2016, the average
number of A. polychrosidis captured on all yellow sticky traps
positioned in trees baited with different low release HIPV lures
over the wasp generation that attacks C. fraxinella (May 10
to June 8, 2016) was square-root transformed to approach
normality. Average A. polychrosidis count captured on all yellow
sticky cards among trees was the dependent variable in a
linear mixed-effects model. Fixed explanatory variables were
semiochemical treatment and the sex of A. polychrosidis. Site was
included as a random variable. Non-significant interaction terms
were removed from the original model: lmer[sqrt(avg#wasps) ∼

HIPV treatment ∗ sex + (1 | site)]. Analyses were conducted using
lme4 package version 1.1-11 (Bates et al., 2015). Post hoc multiple
comparison Tukey tests were conducted with multcomp, version
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1.4-8 (Hothorn et al., 2008), to determine differences between
significant factors.

A second linear mixed model compared average
A. polychrosidis counts in trees treated with the high release rate
HIPV lures, in Experiment 2 conducted in 2017. The average
wasp count was square-root transformed. The fixed explanatory
variable was semiochemical treatment, and site was included as
a random variable. Analysis was conducted using lme4 package
version 1.1-11 (Bates et al., 2015).

The parasitism rates of C. fraxinella by A. polychrosidis in
ash trees treated with the different low (2016) and high (2017)
HIPV lure release rates, were compared with separate generalized
linear mixed-effects models with a binomial error distribution
in lme4 package version 1.1-11 (Bates et al., 2015). A vector
(y), was constructed, binding the number of parasitized larvae,
and the number of unparasitized larvae into a single object,
to act as the response variable (Crawley, 2012), with HIPV
lure treatment as the explanatory variable, host density as a
covariate, and site specified as a random factor. The model
including interaction between HIPV treatment and host density
had a higher AIC than without the interaction for Experiment
1, and the interaction was removed from the model. Without
the interaction term, HIPV treatment was marginally significant,
the host density significantly affected parasitism, and multiple
comparisons Tukey test was conducted using lsmeans package
(version 2.27-2, Lenth 2016). For Experiment 2, the interaction
between explanatory variables was significant, and multiple
comparisons Tukey test was conducted using lsmeans package
(version 2.27-2, Lenth 2016). Linear models for both Experiments
1 and 2 were used to show the relationship between parasitism
level and host density.

A Welch’s t-test compared the overall mean number of first-
generation A. polychrosidis captured between years.

Olfactometer Bioassay
A grid dividing the arena into 6 triangular segments was
superimposed to each recording with Adobe Photoshop (Adobe
Creative Cloud) and the time spent in each sector was recorded.
Female A. polychrosidis that did not move from their initial
position were counted as non-responders (n = 3). The proportion
of time each female spent in the sector of each treatment was
calculated and standardized over the observation period of 900 s
(15 min). The number of seconds spent by each female wasp
in the segment closest to each HIPV treatment was cube-root
transformed, and compared in a linear mixed model using lme4
package version 1.1-11 (Bates et al., 2015).

RESULTS

Experiment 1: Low Release Rate HIPV
Lures Field Study (2016)
Semiochemical treatment affected capture of A. polychrosidis
on yellow sticky cards positioned in ash trees baited with
the various low release rate lures in 2016 (HIPV treatment:
χ2 = 14.80, df = 3, p = 0.002). Trap catch also varied by
wasp sex (sex: χ2 = 34.84, df = 1, p < 0.0001) (Figure 1),

FIGURE 1 | Mean number of Apanteles polychrosidis captured in trees baited
with low release rate HIPV lures in Experiment 1 (2016). One green ash tree at
each site (n = 10) was treated with a single low release rate lure releasing (1)
methyl salicylate (MeSA) (2.2 mg/day 21◦C): (2) green leaf volatiles (GLVs)
(Z)-3-hexenol (0.024 mg/day, 21◦C) and (Z)-3-hexenyl acetate (0.43 mg/day,
21◦C); (3) both MeSA and GLVs (MeSA and GLVs); or (4) no lures (Control).
The mean number of wasps captured on sticky traps in experimental trees
were compared with a linear mixed model. Significantly more female than
male wasps were captured. Significant differences are indicated by different
lower-case letters for male wasps and upper-case letters for females (Tukey
pairwise comparisons, p < 0.05).

as more females were captured than males. Post hoc analysis
showed more wasps were captured in trees baited with low release
rate MeSA + GLVs lures, compared to control trees without
lures (Figure 1). The number of A. polychrosidis attracted to
trees baited with MeSA or GLV lures alone was intermediate.
Sticky traps positioned in the variously treated trees in 2016
also captured other parasitic Hymenoptera including Sympiesis
sericeicornis (80), other Sympiesis spp. (309), and Diadegma spp.
(91) (Table 2).

Although more A. polychrosidis were attracted to trees
baited with the MeSA + GLV combined lures compared to
unbaited trees in 2016, the parasitism rate of C. fraxinella by
A. polychrosidis was only marginally affected by HIPV treatment.

TABLE 2 | Mean (+SE) capture of non-target parasitoids on yellow sticky cards
positioned in Caloptilia fraxinella infested green ash trees baited with synthetic
HIPV lures in Experiment 1 (2016).

Parasitoid HIPV Lure Treatment

Control MeSA GLV MeSA + GLV

Sympiesis
sericeicornis

1.40 ± 0.40 2.60 ± 0.78 2.00 ± 0.84 2.00 ± 0.56

Sympiesis spp. 9.10 ± 1.45 7.90 ± 1.72 7.40 ± 2.26 6.50 ± 1.66

Diadegma spp. 3.20 ± 0.83 0.80 ± 0.39 2.50 ± 0.54 2.60 ± 0.54
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FIGURE 2 | Parasitism by Apanteles polychrosidis, as affected by density of Caloptilia fraxinella in green ash trees in Experiment 1 (A) and Experiment 2 (B).
Parasitism rate is the backtransformed value of the weighted vector, y = (parasitized, not parasitized). Points represent parasitism in all experimental trees for each
experiment with a smoothed mean line. (A) p = 0.0028, adjusted R2 = 0.20 (B) p = 0.0001, adjusted R2 = 0.29.

Parasitism in trees treated with GLV lures (30.9 ± 7.78%)
was marginally higher than that in trees treated with MeSA
(21.83 ± 6.12%) lures (p = 0.059). Trees treated with the
low release rate MeSA had the lowest parasitism rate of the
experimental trees. Parasitism by A. polychrosidis was negatively
correlated with C. fraxinella density (y = 33.027−0.49x,
p = 0.0028, adjusted R2 = 0.20) in 2016 (Figure 2).

Experiment 2: High Release Rate HIPV
Lures Field Study (2017)
There were no significant differences among treatments in the
number of A. polychrosidis captured on yellow sticky cards
positioned in ash trees treated with the high release rate lures in
2017 (χ2 = 1.82, df = 3, p = 0.61) (Figure 3). Wasp capture was
highly variable in trees treated with the high release rate lures.
There was a non-significant trend of less wasp capture on traps
positioned in unbaited control trees than in treated trees.

There was a significant interaction between high release rate
HIPV treatment in 2017 and host density (χ2 = 11.607, df = 3,
p = 0.0089) that affected the parasitism rate of C. fraxinella by
A. polychrosidis (Figure 4). Host density could not be directly
impacted by HIPV treatment because lures were placed in trees

following host orientation by C. fraxinella. Trees treated with
the high release rate GLV lures alone had the lowest parasitism
rates at higher host density. Parasitism rate was least affected by
host density in trees with high release rate MeSA lures alone,
and MeSA decreased the negative effect of high host density on
parasitism rate in the trees with both lure types. As in Experiment
1, the overall linear model showed parasitism rate to be negatively
correlated with host density (y = 36.7–0.54x, p < 0.0001, adjusted
R2 = 0.29) in Experiment 2 (Figure 2).

The number ofA. polychrosidiswasps captured while orienting
to infested ash trees in 2016 was significantly higher than that in
2017 (t = -9.14, df = 196.83, p < 0.0001).

Olfactometer Bioassay
Wasps in the olfactometer exhibited detection and orientation
behaviors (Klomp, 1981; Colazza et al., 1999) to the tested odors
including arrestment, antennal drumming and frequent turning.
There were, however, no significant differences in the time spent
by mated female wasps in the various sections of the olfactometer
supplied with the different odor treatments or blank controls in
the 15 min assay. There was a trend toward less time spent in the
GLV-treated segment, but it was not significant (χ2 = 3.24, df = 3,
p = 0.36) (Figure 5).
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FIGURE 3 | Mean number of Apanteles polychrosidis captured in trees baited
with high release rate HIPV lures in Experiment 2 (2017). One green ash tree
at each site (n = 10) was treated with a single high release rate lure releasing
(1) methyl salicylate (MeSA) (5 mg/day 20◦C): (2) green leaf volatiles (GLVs)
(Z)-3-hexenol (3.7 mg/day, 20◦C) and (Z)-3-hexenyl acetate (13 mg/day,
20◦C); (3) both MeSA and GLVs (MeSA and GLVs); or (4) no lures (Control).
The mean number of wasps captured on sticky traps in experimental trees
were compared with a linear mixed model, but a statisitcally equal number of
wasps were captured in the variously treated trees.

DISCUSSION

We illustrated that both male and female A. polychrosidis are
attracted to trees baited with the low release rate combined
MeSA and GLV lures, but not the high release rate lures.
Release rate of HIPVs from individual lures or per treated
area is known to affect natural enemy recruitment (Kaplan,
2012). Many studies illustrate that natural enemy recruitment
increases with release rate of the attractant, but some studies
on parasitoid response to HIPVs indicate that optimal attraction
occurs at intermediate release rates (Whitman and Eller, 1992).
The difference in results obtained by the low and high release
rate lures in our study, might also be attributable to other
factors, like climate, as the experiments were conducted in
separate years. The mechanism by which A. polychrosidis are
attracted to HIPV-treated trees cannot fully be determined from
this study, as yellow sticky cards were positioned within the
tree canopy and not directly adjacent to the lure. Lures can
directly attract natural enemies or act as indirect attractants
that trigger plants to alter their volatile profile (Kaplan, 2012;
Rodriguez-Saona et al., 2012). Both MeSA (Ozawa et al., 2000)
and GLVs (Farag et al., 2004) can induce HIPV production in
plants. Gaseous application of MeSA to lima bean plants induces
VOC production similar to HIPVs released by feeding spider
mites, Tetranychus urticae Koch (Trombidiformes: Tetraychidae)
(Ozawa et al., 2000). Exogenous application of (Z)-3-hexenol

on corn plants upregulates production of (Z)-3-hexenyl acetate
and MeSA (Farag et al., 2004). Tomato plants exposed to (Z)-
3-hexanol produce and release the HIPVs 2-carene, and β-
phellandrene (Farag and Paré, 2002). The synthetic lures used in
these experiments cannot, however, act through the mechanism
of herbivore attraction and increased prey density (Kaplan, 2012)
in the treated trees, as oviposition by C. fraxinella females occurs
at bud flush (Evenden, 2009), prior to lure placement in trees.

Our results indicate that HIPV attraction of A. polychrosidis
is best to a combination of low release rate lures releasing
MeSA and GLVs. More wasps were captured in trees treated
with the combined lures than in the unbaited control trees, and
yellow sticky cards positioned in trees treated with the MeSA
or GLV lures alone caught an intermediate number of wasps.
Yu et al. (2008) tested various HIPVs alone and together for
attraction of different cotton pest natural enemies, and found
differential response to compounds depending on the species
of natural enemy. A combined lure releasing both nonanol
and (Z)-3-hexenol attracted more Microplitis mediator (Halliday)
(Hymenoptera: Braconidae) wasps than the same compounds
alone (Yu et al., 2008). As both specialist and generalist
parasitoids are known to use complex information provided
by blends of HIPVs for foraging (Turlings and Erb, 2018), it
is likely that a combination of HIPVs will be more effective
than the constituent compounds for long range attraction of
parasitoids (Kaplan, 2012). There was no visible close-range
attraction to HIPVs by mated female A. polychrosidis in the
olfactometer study, and it is possible that the HIPVs tested do
not mediate short range attraction. Lures releasing HIPVs in the
field are presented in the background of natural semiochemicals
released by infested ash trees. A blend of plant compounds
may be required to elicit oriented attraction in this species
(D’Alessandro et al., 2009). Most efforts to manipulate natural
enemy behavior with HIPVs to augment biological control
have evaluated response to individual compounds separately
(Rodriguez-Saona et al., 2012), but the results of the current
study suggest that testing a combination of HIPVs warrants
further attention. Herbivore-induced plant volatile blends that
more specifically target attraction of A. polychrosidis may be
worth further development in this system, as we detected
hyperparasitoids in the genus Sympiesis in trees treated with the
tested HIPV lures. An increased density of hyperparasitoids as
a result of HIPV treatment could negatively impact parasitoid
population density and subsequent biological control.

Few studies have illustrated the effect of natural enemy
recruitment to a managed ecosystem on subsequent biological
control (see Yu et al., 2010 for exception). Our experimental
design allowed us to both monitor attraction to baited trees
and to measure parasitism of C. fraxinella by A. polychrosidis
(Wist et al., 2015). Enhanced attraction of male and female
A. polychrosidis to trees treated with the combined low release
rate HIPV lures did not correlate to higher parasitism in treated
ash trees. Increased aggregation of parasitoids at a host patch does
not always lead to more parasitism of insect hosts in the patch
(Morrison and Strong, 1980). More encounters with conspecifics
in a host patch can lead to more time spent making oviposition
decisions (Visser et al., 1999). Time may also be spent avoiding
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FIGURE 4 | Interaction plot of parasitism rate by Apanteles polychrosidis, as affected by Caloptilia fraxinella density and high dose HIPV lure treatment in green ash
trees in Experiment 2. Rate of parasitism is the value of the weighted vector, y = (parasitized, not parasitized). Green ash trees were treated in 2017 with HIPV high
release rate lures of either methyl salicylate (MeSA) (5 mg/day, 20◦C), green leaf volatiles (GLVs) (Z)-3-hexenol (3.7 mg/day, 20◦C) and (Z)-3-hexenyl acetate
(13 mg/day, 20◦C), both MeSA and green leaf volatiles (Both), or no lures (Control).

FIGURE 5 | Mean (± SE) number of seconds spent by mated female
Apanteles polychrosidis (n = 20) in proximity to various HIPV treatments
presented in an olfactometer. A linear mixed model compared the mean time
spent closest to each HIPV treatment. Herbivore-induced plant volatile
treatments were: (1) 5 µg methyl salicylate (MeSA); (2) 5 µg of each GLV
[(Z)-3-hexenol and (Z)-3-hexenyl acetate]; (3) 5 µg MeSA + 5 µg of each GLV;
or (4) 5 µl of HPLC grade hexane (Control). Females were in the trial for 900 s.
There were no significant differences in time spent by female wasps in
proximity to the treatments.

encounters with conspecifics. Venturia canescens (Gravenhorst)
(Hymenoptera: Ichneumonidae) avoid conspecific wasps with or
without the presence of host kairomones (Castelo et al., 2003).
Competition between conspecific females decreases longevity
of Diaeretiella rapae (McIntosh) (Hymenoptera: Braconidae), a
parasitoid of the cabbage pest Brevicoryne brassicae (Linaeus)
(Hemiptera: Aphididae) (Kant and Minor, 2017). It is also
possible that the attraction of more A. polychrosidis to trees
treated with HIPVs results in superparasitism of larval hosts by
more than one female (Godfray, 1994). Detection and selection
of unparasitized hosts increases foraging time and may decrease
the efficiency of the female parasitoid under levels of high
competition (Visser et al., 1992).

Parasitism was marginally lower in trees treated with low
release rate MeSA lures, compared to those with the GLV lures.
Methyl salicylate is an important volatile signaling compound
in plant-plant communication (Shulaev et al., 1997) and plant-
produced MeSA can signal herbivore host quality to parasitoids.
Koinobiont parasitoids rely on high quality host larvae for
development (Quicke, 2015), and poor plant quality that
negatively affects herbivore performance can also impact the
third trophic level (Godfray, 1994). Parasitoid larval growth
and adult weight of two ichneumonid koinobiont parasitoids
of Plutella xylostella (Linnaeus) (Lepidoptera: Plutellidae) larvae
were reduced when the host larvae were reared on herbivore-
damaged cabbage (Bukovinszky et al., 2012). The amount of
synthetic MeSA released from lures in this study may induce
further release from infested ash trees and signal low quality
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C. fraxinella to A. polychrosidis. Methyl salicylate lures attract
predatory insects such as lacewings (Order Neuroptera), ladybird
beetles (Coleoptera: Coccinellidae), and syrphid flies (Diptera:
Syrphidae) (James and Price, 2004; Mallinger et al., 2011). The
quality of the prey item is less important to insect predators than
parasitoids as they generally gain nutrition from more than one
prey item. Although MeSA lures are attractive to other braconid
wasps (James and Price, 2004), they also repel at least one species
of ichneumonid parasitoid (Snoeren et al., 2010).

Parasitism by A. polychrosidis was negatively correlated with
the density of C. fraxinella in both Experiments 1 and 2.
These findings support previous parasitism studies in this system
in which parasitism of C. fraxinella was negatively correlated
with host density on green ash, but not black ash trees (Wist
et al., 2015). Laboratory experiments suggest that the differential
parasitism of C. fraxinella on the two ash hosts is mediated
by HIPVs (Wist et al., 2015). It is possible that this negative
correlation occurs because parasitoids are swamped by high host
numbers (Lessells, 1985), that result in an overall decrease in
parasitism rate with host density. High levels of HIPV released
by plants attacked by many herbivores may potentially mask
foraging cues (Schröder and Hilker, 2008), and inhibit close-
range foraging behavior of parasitoids. The olfactometer study
illustrated that A. polychrosidis detected the HIPVs but did not
orient to odor sources at close range.

The high release rate HIPV lures interacted with host density
to affect parasitism rate in Experiment 2. The high release rate
GLV lures alone led to further decreased parasitism rates in trees
with high C. fraxinella density, compared to other treated trees.
In the olfactometer study, mated female wasps spent marginally
less time close to the GLV sources compared to other treatments.
Defense chemical pathways are induced in plants exposed to
a number of GLVs. It may be that the higher doses of GLVs
in Experiment 2 induced the production of multiple HIPVs
by trees, which affect A. polychrosidis foraging and parasitism
behavior, and this effect is amplified with HIPV release as a
result of high herbivore attack on the tree. In contrast, high
release rate MeSA lures modulated the negative relationship
with host density on parasitism rates. Methyl salicylate is well
known to induce defenses against plant pathogens (Deng et al.,
2004) and sucking insects (Saad et al., 2015). Further research
is needed to determine if plant pathogen pathways may have
been induced in ash trees exposed to high release MeSA lures
and if this may have affected parasitism levels in this experiment.
Cross-talk between the salicylic and jasmonic acid pathways
(Turlings and Erb, 2018), affect pathogen-herbivore interactions
that have been linked to effects on parasitism in some systems.
Tischeria ekebladella Bjerkander (Lepidoptera: Tischeridae), a
leaf miner on oak, experiences higher parasitism on mildew-
infected than uninfected oak leaves (Tack et al., 2012). The

induction of plant pathogen pathways in ash trees exposed to
high release MeSA lures may have affected parasitism levels in
this experiment.

It is clear that long range attraction of A. polychrosidis to
ash trees infested with C. fraxinella can be enhanced with
synthetic HIPVs. Attractiveness of HIPV lures depends on both
the chemical constituents and the release rate, and further work
is necessary to produce an optimally attractive lure that targets
A. polychrosidis. The relationship between wasp attraction and
close-range foraging behavior that leads to parasitism also needs
to be explored further if HIPVs are to be employed to enhance
parasitism of C. fraxinella.
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