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A B S T R A C T

Classical biological control relies on the deliberate introduction of natural enemies to reduce pest populations
below damage thresholds. Knowledge on key aspects of the behavior of antagonists and their population den-
sities through time can be important to increase the efficiency of control programs. The woodwasp Sirex noctilio
is a global threat to pine forests and biological control can be based, among other agents on two parasitoids,
Ibalia leucospoides and Megarhyssa nortoni, with variable success. Currently no sensitive and standardized
monitoring method exists for these control agents and little is known on their behavior, such as their vertical
flight-distribution. Our aims were: firstly, assess the efficiency in capturing the parasitoids of four methods (two
passive traps based on flight-path interception or caging previously-attacked trees to retain emerging insects,
and two active traps baited with pine volatiles), and secondly establish the parasitoids vertical flight distribution.
Ibalia leucospoides (females) was captured by all methods but intercept panel traps registered the highest cap-
tured individuals when accounting for effort. Conversely M. nortoni did not respond to baited traps, and low
numbers were recorded in passive traps. Males of both species flew higher than females of I. leucospoides.
Intercept traps baited with pine volatiles could be used to monitor I. leucospoides, but M. nortoni is not captured
in these traps. We suggest that both species could be monitored by passively trapping insects at the moment of
emergence from previously-infested trees. Further research is needed, especially on the chemical ecology of both
species, to further develop inexpensive and standardized monitoring methods.

1. Introduction

Classical biological control is often implemented as part of in-
tegrated pest management (IPM) programs to help prevent economic
losses caused by non-native pests (Orr, 2009). The method relies on the
deliberate introduction of natural enemies, collected from the area of
origin of the pest, into the new habitats in which the pest has estab-
lished, with the aim of persistently reducing its population below a
damaging threshold (Bale et al., 2008). Since local conditions can affect
natural enemy performance, a critical component of any biological
control program should be post-release monitoring and evaluation of
natural enemy establishment, prevalence and impact on the pest. In
addition, it is important to assess the degree of dispersal from release
sites as both high and low dispersal rates can affect the establishment
and suppression capacity of natural enemies (Kidd and Jervis, 2007;
Heimpel and Asplen, 2011). Information on local population densities
through time can guide re-inoculation practices, the prevention of ge-
netic bottlenecks, negative impacts from Allee effects, ultimately

facilitating the adaptation of IPM programs to local conditions for in-
creased chances of success (Hopper and Roush, 1993).

The woodwasp Sirex noctilio Fabricius (Hymenoptera: Siricidae)
constitutes a major threat to cultivated pine forests throughout the
world, being the only species of the Siricidae family capable of killing
healthy trees (Spradbery, 1973). Native to Europe and Northern Africa,
the woodwasp has invaded in the past century Oceania, South Africa,
South America and more recently North America (Boissin et al., 2012).
Tree death occurs when females lay eggs into pine stems (normally
stressed trees are preferred, but vigorous individuals can occasionally
be attacked (Haavik et al., 2018), together with a venom and mycelia of
a symbiotic fungus that weaken and eventually kill the tree. In South
America, the woodwasp was first detected in the early ́80 and since then
it has spread considerably being found in most regions with cultivated
pines, causing severe damage throughout the years (Martinson et al.,
2018).

In response to S. noctilio spread and impact, IPM programs have
been implemented with varying degrees of success (Slippers et al.,
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2012). These programs include, among other actions, silvicultural
practices aimed at minimizing the proportion of susceptible trees within
a stand and the use of specific natural enemies (Corley et al., 2018). In
addition to the parasitic nematode Deladenus siricidicola, a number of
parasitoid species originating from Europe, Asia, North Africa and
North America were initially introduced as biocontrol agents in many of
the affected regions (Taylor, 1976; Bain et al., 2012; Cameron, 2012).
Two of these parasitoid species, Ibalia leucospoides (Hochenwarth)
(Hymenoptera: Ibaliidae) and Megarhyssa nortoni (Cresson) (Hyme-
noptera: Ichneumonidae) are considered among the most effective
biocontrol agents and in some occasions, are reared for introduction,
redistribution or augmentative biological control purposes (Corley
et al., 2018; Cameron, 2012). Despite the variety of measures applied,
the pest continues to be a significant threat and is still causing severe
economic losses to pine plantations in many invaded regions. For in-
stance, in Argentina despite the presence of the nematode and para-
sitoids, S. noctilio continues to be widespread and outbreaks associated
with drought events are observed (Corley et al., 2018).

Often, the parasitoids used in Sirex noctilio biological control plans
are reared off-site, using different effort-intensive methods such as lo-
cating and felling trees that have been naturally-attacked by the Sirex
woodwasp and antagonists. Alternatively billets are obtained from ar-
tificially-weakened trees (i.e., “trap trees”, Neumann et al., 1982;
Neumann and Morey, 1984) that have attracted S. noctilio and the
parasitoids. These same methods are used to monitor parasitoid es-
tablishment in new regions and to obtain a crude estimate of their
impact on the pest population (i.e., number of parasitoids/total number
of emergences). These protocols are labour-intensive and costly, and
more importantly, results are difficult to compare across sites and re-
gions. These limitations highlight the absence of a standardized and
cost-effective method to assess antagonist population levels over time
used in S. noctilio biocontrol programs.

Although occasional parasitoid captures have been reported in
studies aimed at assessing S. noctilio trap/lure effectiveness (Bashford,
2008; Barnes et al., 2014), none of the studies have addressed this
subject specifically. Furthermore, studies focused on understanding the
behavior of S. noctilio parasitoids to improve capture methods are
scarce. The objective of the present study was twofold: (i) to evaluate
the capture rates of different approaches to retain I. leucospoides and M.
nortoni, two of the most widely used parasitoid species in biocontrol
programs of S. noctilio, and (ii) to assess their natural flight paths (i.e.,
vertical distribution patterns) in order to gain further insights that
could improve trapping protocols, such as trap placement.

2. Material and methods

2.1. Study sites and trapping methods

The study was conducted in three pine plantations, each between 10
and 14 ha in size, located in northern Patagonia, separated by at least
20 km. Plantations consisted of Pinus contorta and Pinus ponderosa of a
similar age (25–30 years) and height (13–16 m), infested by Sirex noc-
tilio and both parasitoids. Between 5 and 15 % of trees had evidence of
recent attack (e.g. resin beads), in addition to having established po-
pulations of both I. leucospoides and M. nortoni (J. Villacide pers. obs.).
Average tree density was 970 ± 90 trees/ha (mean ± standard error
(se)), and diameter at breast height was 23 ± 4 cm (mean ± se,
n = 100 trees/site). Two types of passive traps (sticky and sheath traps)
and two types of active devices (baited intercept panel and Lindgren
multifunnel traps) were installed in the field during the S. noctilio and
parasitoid flight period, for 2 months between February and April 2013.

2.1.1. Sticky traps
A total of 28 unbaited sticky traps (i.e. 28 replicates) were placed in

the three sites mentioned above (site a: 10 traps, site b: 9 traps, and site
c: 9 traps). Traps consisted of a black plastic netting (mesh size: 1 cm)

covered with sticky material (Tute gel, Tute S.A. Argentina) and were
distributed within each plantation separated by a minimum distance of
20 m between traps and 20 m from the plantation edge. Each trap was
0.4 m wide × 6 m high (intercept surface accounting both
sides = 4.8 m2) and the top edge of each trap was hung at 6 m high
from two trees separated by ca. 2 m edge (see Martínez et al., 2014 for
more trap details). All facing branches within the 6 m vertical section of
the main stems were removed so that traps hung freely. To reduce
movement due to wind, traps were secured to tree bases with ropes. A
pulley was secured on each tree so the trap could be lowered and
checked for captured insects and then raised again. The stickiness of the
material was such that wasps remained in the initial position where the
interception occurred. Insect collections were carried out every-two
weeks.

2.1.2. Sheath traps
A second type of passive trap was placed in the field (Fig. 1), thirty

trees with previous-year attack symptoms (i.e., with presence of fresh
resin beads as indicators of S. noctilio oviposition) were located
throughout the plantations (10 infected trees/site at least 20 m from
other traps) and branches removed in a section a section between 1 and
2.5 m above ground. This cleared portion of the main stem was sur-
rounded with a 1.2 m wide plastic net (mesh 2 mm) separated 8 cm
from the main stem with a ring of nails and thin wire joining them. In
this way, a 1 m section of the trunk was “sealed” and any wasps
emerging from the tree were retained between the trunk and the mesh
(surface considering the circumference = 1 m2). Insect collections were
carried out every 2 weeks.

Fig. 1. The “sheath trap”. Capture method used to retain emerging S. noctilio, I.
leucospoides and M. nortoni adults from previously naturally-infested trees. The
trap consists of a plastic mesh, secured around a 1 m portion of the main stem.
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2.1.3. Intercept and Lindgren funnel traps
Two types of baited traps were installed in the three sites. Intercept

panel traps and eight-unit Lindgren funnel traps (0.25 m wide × 0.72 m
high, intercept surface = 0.7 m2) baited with volatile compounds nor-
mally emitted by stressed pine trees, these compounds are commonly
used in monitoring S. noctilio (Bashford and Madden, 2012). We mixed
(-)-α-pinene and (-)-β-pinene in a ratio of 70:30 respectively (99%,
Aldrich Inc. UK), and 5 ml of the blend were introduced in a 5 × 5 cm
Ziploc® bag. Fifteen traps of each model were placed per site (45 in-
tercept and 45 funnel replicates in total). Traps were located at least
20 m away from each other/other traps and the same distance from the
plantation edges. Trap collections and bait renewal were done every
15 days.

2.2. Data collection and analysis

Number, species and sex of each captured individual of S. noctilio, I.
leucospoides and M. nortoni was recorded for each of the traps. For
parasitoids retained in sticky traps, the height of capture (cm from the
ground) was also recorded. To evaluate the efficiency of trapping
methods within species and sex, data was analyzed with zero-inflated
Poisson (ZIP) models. Count data (i.e., captured individuals) presented
more zero observations than expected by the Poisson model, hence,
zero-inflated models that account for the excess of zeros were fitted
with the zeroinfl function from the pscl package (Zeilis et al., 2008) for
R (version 3.5.1; R Foundation for Statistical Computing, Vienna,
Austria). Zero inflated Poisson models are divided into two parts: first, a
Poisson count model predicts the number of individuals captured by
traps accounting for true zeros (i.e., those traps that did not capture
individuals of a given species or sex because the trap did not work for
them) and second, a logistic regression model that predicts the excess
zeros (for instance, those traps that did not capture individuals because
the trap is inefficient or captures are lower than that expected for the
given population densities). For the first part of the model, a significant
result denotes differences in capture levels between treatments (i.e.,
trapping methods). For the latter model, the null hypothesis is that the
predictor (trap type) has no effect on the zero-inflation component of
the model, hence, if p < 0.05 then the predictor does significantly
contribute with excess zeros. An important point to mention here, is
that due to the fact that trapping effort differed considerably between
some methods, captures were adjusted to a common scale considering
the surface of the trap (number of insects captured per trap replicate/
m2 of trap). This correction was accounted for in the ZIP model as an
offset variable to fit the expected number of captured individuals per
square meter of trap. It is important to mention that the working
principle of the sheath trap is based on locating infested trees and
preventing emerging insects to disperse, whereas the other models are
based on the interception of flying insects. Despite this difference, we
consider that using the surface of the trap is an acceptable measure of
“trapping effort” and a suitable way to normalize across methods.

Because height-of-flight data did not fit the normality assumption,
data was analyzed using non-parametric statistics with contrasts be-
tween sexes within species by using Mann-Whitney-Wilcoxon (one way
test with chi-square approximation). Data was analyzed with R pro-
gramme, version 3.5.1; R Foundation for Statistical Computing, Vienna,
Austria.

3. Results

3.1. Captures

A total of 433 individuals of the three species were captured
(Table 1). Most captured insects were S. noctilio (345 individuals) fol-
lowed by I. leucospoides (68 individuals), while the least captured spe-
cies was M. nortoni (20 individuals). Sirex noctilio and I. leucospoides
were captured at all sites (S. noctilio: site a = 207 individuals, site

b = 49 individuals and site c = 89 individuals; I. leucospoides: site
a = 27 individuals, site b = 10 individuals and site c = 31 individuals)
while M. nortoni was only captured at two sites (site a = 12 individuals,
site b = 8 individuals).

3.2. Captures

With trap surface (i.e. trapping effort) accounted for, baited panel
traps captured significantly more I. leucospoides females in comparison
with all other methods (Fig. 2, Table 2). Additionally, more I. leucos-
poides males were captured in sheath traps than sticky traps, while
baited traps did not capture males of this species. Megarhyssa nortoni
females were only captured in sheath traps while there was no statis-
tical difference in captures/m2 of M. nortoni males between sticky traps
and sheath traps. More S. noctilio females were captured per m2 in panel
traps than in sticky and funnel traps while in equal amounts vs sheath
traps. Furthermore, sticky traps captured significantly fewer individuals
per m2 of trap than funnel or sheath traps. Except for sticky traps, both
funnel and sheath traps had no false zero effects. For S. noctilio males,
sheath traps captured more individuals per m2 than sticky traps.

3.3. Parasitoid vertical flight path

Ibalia leucospoides males were found at higher altitudes than females
(male median height = 405 cm, n = 22; female median height =
180 cm, n = 30; χ2 = 27.4, P < 0.0001). In turn, only males of M.
nortoni were captured in sticky traps, at a median height of 495 cm
(n = 13) from the ground (Fig. 3).

4. Discussion

We evaluated different methods to capture I. leucospoides and M.
nortoni, two parasitoid species frequently used in biological control
programs of the pest S. noctilio. We additionally assessed their vertical
flight-paths in order to gain further insights that could improve trap-
ping protocols. The study involved four types of traps with different
capture principles: two passive traps based either on flight-path inter-
ception or via partially caging previously-attacked trees to retain
emerging adults, and two types of traps baited with pine volatile
compounds, normally used to capture and monitor forest insects, such
as S. noctilio (Haavik et al., 2014; Allison and Redak, 2017).

Our results indicate that the number of individuals of each species
caught, varied according to the method used. In terms of absolute
captures, unsurprisingly the most captured species was S. noctilio, given
that selected sites were affected by the pest. Nevertheless, parasitoids
were also captured, albeit in lower numbers. Both sexes of I. leucos-
poides were captured on passive traps, with most individuals found on
sticky traps. Conversely, baited traps only captured females of I. leu-
cospoides, with panel traps retaining most individuals. The least caught
parasitoid species was M. nortoni, as only males were reported on sticky
traps and both sexes on sheath traps. No individuals of this species were
captured in the baited traps.

Table 1
Total captures of two parasitoid species, Ibalia leucospoides and Megarhyssa
nortoni, and their host, Sirex noctlio with two passive and two active trapping
methods.

Trap type Ibalia leucospoides Megarhyssa nortoni Sirex noctilio

♀ ♂ Total ♀ ♂ Total ♀ ♂ Total

Sticky 30 22 52 0 13 13 184 11 195
Sheath 2 4 6 5 2 7 22 39 61
Panel 7 0 7 0 0 0 64 0 64
Funnel 3 0 3 0 0 0 25 0 25
Total 42 26 68 5 15 20 295 50 345
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Generally, sticky traps captured most the individuals, due to the
relatively larger sampling effort (note that a single sticky trap had an
intercept surface of 4.8 m2, while each panel/multifunnel trap consisted
of 0.7 m2). With these size differences accounted for, panel traps
showed a higher efficiency at capturing I. leucospoides females than
sticky traps. This suggests the attractiveness of the terpene blend us as
bait for I. leucospoides females. Interestingly, funnel traps did not work
as efficiently as panel traps, even though the same volatile blend was
used. Lower capture rates were registered not only for I. leucospoides but

also for S. noctilio females in this type of trap. These lower capture rates
observed in funnel traps vs panel traps are similar to those previously
reported for Siricids (Bashford, 2008; Allison and Redak, 2017).
Nevertheless other studies have reported equal number of captures of S.
noctilio and S. nigricornis between these two trap types (Haavik et al.,
2014). There is no certainty as to why these differences were registered
in this study, but since the same volatile compounds were used, it is
likely that construction and/or material differences between traps could
have affected factors such as the odor plume, visual attraction and/or

Fig. 2. Captures of Ibalia leucospoides and Megarhyssa nortoni, two parasitoid species used in biocontrol programs of Sirex noctilio, using four different trapping
methods. Because the trapping effort was different between methods, the number of captured individuals was statistically compared by normalizing data using each
trapś intercept surface (individuals/m2 of trap). Traps that did not capture individuals are not included in the figure, but were included in the statistical analysis.
Statistical comparisons were done within each species/sex. The top of bars indicate the mean value and error bars the standard error. Different letters above the box
plots denote statistical differences in captures between trap types within species/sex (zero inflated data analysis with trap surface as offset variable, p < 0,05).

Table 2
Results of the Zero-inflated Poisson (ZIP) analysis to assess the effect of trap-type on the number of captured individuals within each sex of each species. An offset
variable was included in the ZIP model to account for different trapping effort, allowing comparison across methods. Regression coefficients (B), standard errors (SE),
statistics (Z) and p-values (P) are shown for the count model on the left of the “/”, while the zero-inflated part of the model on the right. Il = Ibalia leucospoides,
Mn =Megahryssa nortoni, Sn = Sirex noctilio. St = Sticky, Sh = Sheath, P = Panel and F = Funnel. Asterisks following p-values denote significant differences
(*** = P < 0.001, ** = P < 0.01, * = P < 0.05).

Species Sex Trap type Β SE Z p-value

Il ♀ P vs F 2.37/8.08 0.89/92.65 2.65/−0.07 0.0078 **/0.930
Sh vs F −0.33/−3.19 0.92/567.53 −0.37/−0.006 0.713/0.996
St vs F −0.92/6.08 0.63/92.65 −1.46/0.06 0.142/0.948
P vs St 3.29/1.99 0.71/1.00 4.624/1.98 < 0.0001***/0.046*
Sh vs St 0.59/−7.38 0.75/217.73 0.788/−0.03 0.431/0.972
P vs Sh 2.71/8.93 0.98/173.57 2.76/0.05 0.005 **/0.959

♂ St vs Sh −4.51/−3.04 0.58/1.12 −7.73/−2.71 < 0.0001***/0.007**
Mn ♂ St vs Sh 0.39/8.74 0.77/104.54 0.51/0.08 0.61/0.933
Sn ♀ P vs F 0.70/−0.67 0.35/0.78 2.03/−0.85 0.042*/0.393

Sh vs F 0.16/0.45 0.42/0.80 0.38/0.56 0.702/0.575
St vs F −2.11/−2.28 0.32/0.98 −6.57/−2.33 < 0.0001***/0.019*
P vs St 2.82/1.61 0.16/0.87 16.71/1.85 < 0.0001***/0.063
Sh vs St 2.27/2.73 0.28/0.88 7.94/3.07 < 0.0001***/0.002**

♂ Sh vs St −4.48/0.65 0.41/0.66 −10.98/0.98 < 0.0001***/0.325
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insect retention capacity.
As indicated by previous studies, terpene-baited traps attract and

retain S. noctilio females, (Simpson, 1976; Simpson and Mcquilkin,
1976; Bashford and Madden, 2012), in addition to I. leucospoides fe-
males. Captures of parasitoids via traps aimed at capturing Siricids,
have been reported on several occasions. Allison et al. (2011) assessed
the effect of lubricant sprays (e.g., fluon and silicone) in the capture
efficiency of panel and funnel traps baited with commercial lures
known to attract multiple genera and families of forest insects. Among
the 22 species captured in their study, I. leucospoides was captured in
addition to 2 species of Siricids. Interestingly, lubricant-treated traps
did not increase the capture of Siricids, but did increase those for I.
leucospoides. Barnes et al. (2014) tested the efficiency of different cap-
ture methods (i.e., “trap trees” and baited intercept/multi-funnel traps)
for North American native Siricids and their parasitoids, reporting low
captures (2 individuals) of I. leucospoides in baited traps, while sig-
nificant captures were recorded in trap trees (486 individuals).

The semiochemicals used in the above studies, and in our study,
consist of a combination of terpenes (mainly α and β pinene) that si-
mulate some of the compounds released by stressed and S. noctilio-at-
tacked trees. These compounds have been proven successful in at-
tracting S. noctilio and frequently are used in monitoring programs in
some parts of the world (Corley et al., 2018; Bashford and Madden,
2012). Although the role of the terpenes functioning as a kairomone is
well-established in S. noctilio females, knowledge on the relevance of
these pine volatile-emissions in I. leucospoides is scarce. Previous studies
have established that females of S. noctilio rely on specific volatiles
produced by the hostś fungal symbiont, Amylostereum areolatum, to
locate oviposition sites (Spradbery, 1974; Martinez et al., 2006) and to
assess larval age and suitability while searching for eggs and early-in-
star larvae (Jofré et al., 2016). In addition to these specific cues, current

results also confirm that α and β pinene are of relevance during the
host-location process in this parasitoid species. As such, future S. noc-
tilio monitoring programs that rely on baited traps, could incorporate
recording captures of I. leucospoides, with little additional effort.

Interestingly, relatively few M. nortoni individuals were captured.
No individuals of this species were found on terpene-baited traps. This
negative result, could have been affected by trap design: the size of the
opening of the collecting jar in both trap models could have been too
small affecting specimen retention for this species, since females can
measure up to 15 cm in body length (including the ovipositor). In ad-
dition to this, our results suggest that the blend of terpenes used, could
not have been attractive to this species. Recall that females of M. nortoni
parasitize late-instar larvae and pupae, stages that occur considerably
later in the season and consequently it is likely that relevant volatiles
involved in the attraction of females could be others than those asso-
ciated with S. noctilio recent attacks. Previous studies have shown that
the quantity and quality of the tree volatile profile changes as the Sirex
woodwasp attack develops with time (Böröczky et al., 2012). Even
though there is scant information on the cues used by this species
during the host location process, one study indicates that semi-
ochemicals emitted by the fungal symbiont could be of relevance
(Fischbein et al., 2018). Using baited traps to monitor M. nortoni po-
pulations seems a limited possibility today, and research aimed at un-
derstanding the chemical ecology of the species could in the long run
help guide the development of a semiochemical-based capture method
for the species.

Flight path data indicate that male and female I. leucospoides have
contrasting flight-paths, with males flying at significantly higher alti-
tudes than females. A previous study (Martínez et al., 2014) recorded a
similar pattern for S. noctilio, with males flying higher than females. In
the case of S. noctilio, this was explained by the species mating beha-
vior, where males form mating leks in the higher branches of trees after
emerging (Madden, 1988), and remain at high altitudes. Conversely,
female S. noctilio after copulating, perform horizontal flights at lower
altitudes, searching for suitable trees where to oviposit. In the case of I.
leucospoides, the mating behavior has not been studied in detail,
therefore, there is room for speculation: Males could respond positively
to sun-light, and tend to move upwards, while females perform host-
searching flights at lower altitudes. Megarhyssa nortoni natural flight
path was only established for males, and found to be at the higher end
of the measured range. Interestingly no females of the species were
captured in this type of trap. The reason for the lack of female captures
remains unknown, with a possible explanation being that females could
have actively avoided sticky traps (e.g., volatiles from sticky substance
could have repelled them).

When designing sampling protocols to monitor insects of economic
importance, trap attributes such as sensitivity, ease of installation,
portability, weight and ease of insect collection are sought. The baited
traps used in our study have all these attributes, but regrettably only
captured one of the parasitoid species. Our study indicates that current
S. noctilio monitoring programs have the potential to incorporate
tracking I. leucospoides populations with no additional effort or cost. On
the other hand, unbaited traps had higher success at capturing both
targeted insects (Table 3), albeit in lower numbers. Sticky traps, even
though require a higher installation and revision effort, have the ad-
vantage of retaining the host while capturing both parasitoid species
(but no M. nortoni females). Installation of these traps can be labour-
intensive, since trees need to be pruned, with a ladder. Sheath traps
have the added advantage of capturing individuals of both sexes of the
three species, and installation can straight forward, especially if trees
are weakened using herbicides (Neumann et al., 1982) at pre-defined
accessible locations ahead of the flight season (i.e. spring) and sheaths
set up in autumn. Once installed, revisions are straightforward and
results comparable across regions once calibration and validation trials
are made (e.g. correlation of host/parasitoid trap catches with actual
population levels; required densities of trap trees).

Fig. 3. Average height flight of Ibalia leucospoides and Megarhyssa nortoni,
captured in sticky traps. No M. nortoni females were captured. The top and
bottom of the box indicate the interquartile range. The line across the middle
indicates the median value. Filled circles indicate individuals captured. Vertical
lines indicate spread of data. Different letters above the box plots denote sta-
tistical differences (Wilcoxon rank sums test, p < 0,0001).
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Although many aspects of the biology and ecology of S. noctilio
parasitoids used in biological control programs are well-known, we
believe further knowledge on specific aspects of parasitoid behavior,
specifically their chemical ecology, are warranted. The implementation
of active traps to monitor both species of S. noctilio parasitoids is critical
to determine establishment of introduction and quantify population
level for sustainable biological control. Further studies are needed to
offer improvements of the protocols that look at pest natural enemies,
including specific monitoring through baited traps, in addition to
complementary strategies such as push–pull protocols designed to re-
tain parasitoids within desired areas (Cook et al., 2007; Rodriguez-
Saona and Stelinski, 2009; Rodriguez-Saona et al., 2012).
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