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Wasps in the genus Sclerodermus are ectoparasitoids that typically attack the larvae of woodboring
coleopterans. Interest in these species is increasing as they are used in programs to control longhorn beetle
pests of economic importance in China and have invasive pest control potential in Europe. Wasps may be mass
reared for field release, but using the target host species can be time consuming and physically demanding.
There is thus a need for factitious hosts with lower production costs and that are easier to rear. The present
research focuses on Sclerodermus brevicornis, which was found in Italy in association with the invasive long-
horn beetle, Psacothea hilaris hilaris, and can be laboratory reared on this longhorn beetle and on a factitious
lepidopteran host, Corcyra cephalonica. As it is known that the biology of natural enemies can be influenced
by the host they emerge from and that the behavior of S. brevicornis is relatively complex due to its degree
of sociality (multiple foundress females cooperate to paralyze the host and produce offspring communally),
we explored whether, and how, performance and behavioral traits of adult females are influenced by the host
species on which they were reared, both when no choice or a choice of current host species was offered. We
evaluated the survival of foundresses and their movements between offered hosts and their tendency to form
groups with other foundresses according to kinship and host characteristics. We also evaluated the production
of offspring and the timing of their development. We found that S. brevicornis reared from C. cephalonica do
have some disadvantages compared with those that have developed on P h. hilaris but also that they recog-
nize, prefer, and can reproduce on P h. hilaris. We conclude that the use of the more convenient factitious host
for mass-rearing is unlikely to greatly compromise the potential of S. brevicornis to suppress longhorn beetle
pests in the field.
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Introduction brood hygiene and assist the larvae during their development and
the spinning of cocoons prior to pupation (Wheeler 1928, Hu et al.
2012, Yang et al. 2012). In S. brevicornis, the duration of brood de-
velopment is typically less than 1 month, depending on temperature,
host species, and the number of contributing foundresses (Lupi et al.
2017, Abdi et al. 2021). The sex ratios of Sclerodermus broods are
strongly female biased (Abdi et al. 2020a, 2020b, 2021, Malabusini
et al. 2022, Lehtonen et al. 2023). Males are the first offspring to
mature (protandry), and they fertilize newly maturing females while
they are still within their cocoons (Hu et al. 2012).

In China, Sclerodermus spp. have already been evaluated and

Parasitoids in the genus Sclerodermus Latreille (Hymenoptera
Bethylidae) are of interest to biological pest control practitioners due
to their ability to attack longhorn beetle larvae after finding them
within infested tree trunks and branches (Chen and Cheng 2000,
Yang 2004, Kaishu 2006, Tang et al. 2012, Yang et al. 2014, Jiang et
al. 2015). These parasitoids use volatiles to locate suitable habitats
and, consequently, their hosts (Yang et al. 2005, Wang et al. 2011,
Men et al. 2019). Species in the genus also exhibit quasi-sociality,
in which several adult females may cooperate in the attack of large
hosts, overcoming its defenses and gaining substantial resources for
offspring development (Tang et al. 2014, Wei et al. 2014, 2017, Lupi
et al. 2017). Furthermore, in the subsequent communal production
and care of large broods of offspring (e.g., Tang et al. 2014, Abdi
et al. 2020a, 2020b, Malabusini et al. 2022), foundresses maintain

deployed in the biological control of woodboring beetles in the
families Cerambycidae, Scolytidae, Anobiidae, and Bostrichidae.
Among these, the most commonly targeted pests are the longhorn
beetles, Monochamus alternatus Hope, 1843, Massicus raddei
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(Blessig, 1872), and Aromia bungii (Faldermann, 1835) (Wu et al.
2008a, Lai et al. 2012, Tang et al. 2012, Yang et al. 2014, Men et al.
2019), and also the emerald ash borer, Agrilus planipennis Fairmaire,
1888 (Buprestidae) (Wu et al. 2008b).

In Europe, current attention is centered on Sclerodermus
brevicornis Kieffer, which was found in Italy in association with the
invasive Asian longhorn beetle, P. hilaris hilaris (Pascoe, 1858) (Lupi
et al. 2014), and was subsequently successfully reared on this host in
the laboratory (Lupi et al. 2017).

However, rearing S. brevicornis on P. h. hilaris is labor intensive
and expensive, and the use of factitious hosts that are easier to rear
can assist the mass rearing of the parasitoids. Sclerodermus species
naturally attack coleopteran larvae and prior work has shown that
some coleopterans may be used as factitious hosts. For instance,
the mealworm, Tenebrio molitor L., can be used for S. guani and
S. sichuanensis (Kai et al. 2006, Zhuo et al. 2016, Guo et al. 2019).
Tenebrio molitor is, however, not suitable for S. brevicornis devel-
opment (D.L. personal observations). As some other bethylid wasp
species naturally attack lepidopterans (Mayhew and Hardy 1998),
speculative trials using larvae of the rice moth, Corcyra cephalonica
Stainton (Lepidoptera: Pyralidae), were carried out and showed that
this species could serve as a factitious host for S. brevicornis pro-
duction (Abdi et al. 2021). A parasitism rate of around 75% was
attained using C. cephalonica, which is similar to that achieved
by S. brevicornis when provided with its beetle hosts (Lupi et al.
2017, Abdi et al. 2021). Further aspects related to the capacity of S.
brevicornis reared on C. cephalonica to reproduce and survive low
temperature storage are reported by Jucker et al. (2020).

While rearing parasitoids on factitious hosts can be advantageous
in terms of short-term savings of space, time, and costs, there may be
longer-term negative effects. Changes in parasitoid performance can
arise immediately or after several generations of breeding on a given host
(van Lenteren 2003, Riddick 2009). For instance, development on dif-
ferent host species may affect the size of developed adults and size may
in turn influence subsequent host finding ability, longevity, and fecundity
(Hardy et al. 1992, Visser 1994, Harvey 2000, 2005, Luck and Forster
2003, Karsai et al. 2006). Furthermore, parasitoids may use chemical
cues associated with the host they developed from to inform their future
foraging behaviors (Pomari-Fernandes et al. 2015, Bertin et al. 2017).
Finding and recognizing hosts in the field can be a complex challenge for
female parasitoids (Fellowes et al. 2023, Quicray et al. 2023) and may
be more difficult for parasitoids that utilize cues associated with hosts
employed in artificial rearing systems (Gandolfi et al. 2003).

In the current study, we assess whether the behavior and perfor-
mance of adult female S. brevicornis, when presented with hosts of
the target species (no-choice tests) or with two different host species
(choice tests), are influenced by the species of host on which they have
developed (host of origin). As S. brevicornis is quasi-social, we study
groups of foundress females as well as the behavior of individuals
within groups. As recent studies have found that kinship between
Sclerodermus females influences host attack and reproductive be-
havior when a single host is presented (Abdi et al. 2020a, 2022b,
Guo et al. 2022,2023), we vary the foundress composition of groups
to assess whether the host from which females emerge influences
subsequent performance and the distribution of foundresses across
hosts when a choice of hosts is available.

Materials and Methods

Host Rearing
The naturally adopted (invasive exotic) host, Psacothea hilaris
bilaris (Pascoe) (Coleoptera: Cerambycidae) (Asian longhorn beetle),

and the factitious host, Corcyra cephalonica Stainton (Lepidoptera:
Pyralidae) (rice moth), were used in the present work to assess the
biology and behavior of the parasitoid. Both hosts have been shown
to be suitable for S. brevicornis development under laboratory
conditions (Abdi et al. 2020a, 2021, Jucker et al. 2020).

A colony of the xylophagous beetle, P. h. hilaris, was reared on
an artificial diet since 2013, as described in Lupi et al. (2015), in cli-
mate chambers at 26 = 1 °C, a 16L:8D photoperiod, and a relative
humidity of 60 = 5%. The P. b. hilaris larvae used in the experiments
reported here had a mean weight of 0.25 = 0.0044 g (digital preci-
sion balance TE64, Sartorius AG, Germany).

The moth C. cephalonica was reared on an artificial diet for more
than 30 generations prior to the current study (Limonta et al. 2009,
Abdi et al. 2020b). Adults were kept in a plexiglass cage (36 x 26 x
25 cm), and, in order to obtain eggs, the females were collected and
placed in a small glass container where they oviposited. After 2 days,
eggs were collected from the bottom of this container using a brush
and placed in a Petri dish (15 cm diameter, 2 cm height) filled to a
depth of 1 cm with the artificial diet to feed the larvae after hatching.
Corcyra cephalonica larvae used in the current experiment had a
mean weight of 0.029 = 0.0051 g.

Parasitoid Rearing

The rearing system of S. brevicornis was maintained in the labora-
tory since 2011 following the protocols detailed in Lupi et al. (2015,
2017) and Favaro et al. (2017). Two separate rearing systems were
set up: one using the “natural” host, P. h. bilaris, and other using
the factitious host, C. cephalonica, each for more than 30 parasitoid
generations. Colonies were maintained in a climate chamber at 25
= 1 °C, 16L:8D photoperiod, and 60 = 5% RH. Adult females were
collected shortly after emergence and stored, in groups in vials, in a
refrigerator at 4 = 1 °C for around 15 days (Jucker et al. 2020) until
used in the experiment.

Single Host: No-Choice Test

We evaluated host-of-origin effects when mature foundresses were
not offered a choice of hosts. Each replicate (N = 40) consisted of
one P. h. hilaris larva placed into a glass vial (8 cm height, 5 cm
diameter, closed with cotton wool and a gauze) (Fig. 1). In half of
the replicates, 2 S. brevicornis females that had developed on the
same individual P. b. hilaris host were introduced into the vial. In
the remaining replicates, 2 females that had developed on the same
individual C. cephalonica host were introduced. Replicates were
maintained inside a climate chamber (26 = 5 °C, 16L:8D photo-
period, and 60 = 5% RH) and were checked once per day, until
the death of both foundresses (of no offspring were produced) or
offspring emergence, for up to 50 days, under a stereo dissection mi-
croscope (MZ 12.5, Leica Microsystems GmbH, Wetzlar, Germany,
and Wild Heerbrugg MSA, Leica Geosystems GmbH, Heerbrugg,

==

Fig. 1. Schematic representation of the starting point of each no-choice test
replicate: a vial containing 1 Psacothea hilaris hilaris larva and 2 adult female
parasitoids.
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Switzerland). The following parameters were monitored and re-
corded: foundress mortality (females were considered to be dead
when no movement was detected when stimulated), offspring pro-
duction (numbers and sexes of emerged adult offspring), and timing
(days to host paralysis, days to oviposition, overall days taken for
offspring to develop to adulthood).

Two Hosts: Choice Test

We evaluated host-of-origin effects when foundresses were
offered a choice of hosts, with the hosts being of different spe-
cies. Each replicate (N = 42) used a 3-sector Petri dish (height: 1.5
cm, diameter: 9.0 cm) in which one P. h. hilaris larva and one C.
cephalonica larva were placed in separate sectors (Fig. 2). To pre-
vent their movement from the sector, C. cephalonica larvae were
pre-paralyzed by a female Goniozus legneri Gordh (Hymenoptera:
Bethylidae) (maintained in the laboratory since 2016), which was
removed once it had stung the host (following Abdi et al. 2021).
Four S. brevicornis were added into the third sector of each
Petri dish, with foundress group composition varied to be either
four females that had developed on the same P. h. hilaris host
(“4Psaco”,14 replicates), 4 females that had developed on the same
C. cephalonica (“4Corcy”, 14 replicates), or 2 females that had
developed on a P. h. hilaris plus 2 females that had developed on a
C. cephalonica (“2P+2C”, 14 replicates) (Fig. 2). Replicates were
maintained in a climate chamber at 26 = 1 °C, 16L:8D photope-
riod, and 60 = 5% RH.

The “barriers” (low walls) between the sectors within each
Petri dishes prevented the movement of host larvae between
sectors, but parasitoids could pass over them with ease and were
consequently free to move within the entire Petri dish and to have
contact with either or both of the hosts. To track foundress move-
ment and position, individual females were marked with a dot
of nontoxic colored paint (Posca Marking Pen, Japan, tip diam-
eter 0.9 cm) on the middle of the dorsal surface of the pronotum.
“Foundress movement” was defined as when a given female was
observed in association with a different host than in the previous
observation.

Each replicate was observed three times per day (at 10 am, 1
pm, and 4 pm) until offspring pupation, or for up to 50 days, under

Fig. 2. Schematic representation of the starting point of each choice test
replicate using a 3-sector Petri dish, viewed from above. Two sectors
contained a host (2 different species) and 4 adult female parasitoids (with
varying developmental backgrounds and relatedness) were released into the
third. Parasitoids were able to then move freely between sectors while each
host remained within its sector.

a stereo dissection microscope. Observations were ceased when all
adults emerged or when both hosts in a replicate dried up and no
parasitoid offspring survived (from eggs that had been laid on at
least one of the hosts); replicates that did not reach a given stage
were considered as censors in analyses of timing.

If one host larvae within a replicate died (became desiccated)
within the first week of monitoring, it was replaced by a fresh
host of the same species and of similar weight. Similarly, when a S.
brevicornis foundress died during the first week of the trial, it was
replaced by a female from the same brood. If at least one host larva
died after the first week of monitoring and if S. brevicornis females
had not laid eggs on either host, the replicate was excluded. If more
than one S. brevicornis female died between the end of the first week
of monitoring and the hatching of larval offspring, the replicate was
excluded. Replicates containing 2 pairs of sibling S. brevicornis were
excluded if one or more of the females died after the first week. These
adjustments were made to retain focus on the behavior of “full”
groups of females throughout the observation period, rather than
to document only the consequences of initial foundress group com-
position. To obtain the sample sizes given above, excluded replicates
were recreated and monitored following the same methodology.

At each observation time, the following information on each
S. brevicornis female was recorded: parasitoid position within
each sector (on the P. h. hilaris larva, on the C. cephalonica larva,
or “around” [i.e., on neither larvae and thus elsewhere within the
Petri dish]); the death of any foundresses; the presence and number
of parasitoid eggs, larvae, or pupae on each host; and the numbers
and sexes of any mature adults. Brood sex ratio was defined as the
number of adult males divided by the total brood size.

Statistical Analysis

We employed generalized linear models (GLMs) and generalized
linear mixed models (GLMMs) to explore the effects of experi-
mental treatments on parasitoid performance. GLMs were used for
analyses of a single response per replicate (Aitkin et al. 1989), and
GLMMs were used when analyses concerned multiple observations
per replicate (Bolker et al. 2009). Log-linear analysis, with a log
link function, was used for analyses of integer response variables
(Aitkin et al. 1989, Crawley 1993) and logistic analyses, with a logit
link function, were used for most analyses of proportional response
variables (Crawley 1993, Wilson and Hardy 2002). In log-linear
analysis and logistic analyses of grouped binary data, quasi-Poisson
and quasi-binomial distributions of residuals were adopted, using
empirically estimated scale parameters, to take potential over- or
underdispersion into account (Crawley 1993, Wilson and Hardy
2002, Hardy and Smith 2023).

For data on the proportion of observations of foundresses on
each host, angular transformation was used prior to Gaussian para-
metric analysis, with an identity link function, followed by post hoc
Tukey’s tests with a Type I error rate of <0.05. Nonparametric anal-
ysis using a contingency table was additionally employed to explore
the positional association of foundresses with host species according
to the host they developed on (we regard this analysis as illustra-
tive rather than formal, see Table 2). Parametric survival analyses
were used to identify factors affecting the timing of reproductive
events: these were Weibull models with a time-dependent hazard
function, with replicates that failed to attain a given developmental
stage treated as censors (Aitkin et al. 1989, Crawley 1993, Zhang
2016, Malabusini et al. 2022). All statistical tests were 2 sided. Data
were analyzed using the statistical software R (version 4.2.0), except
for data in contingency tables that were analyzed using a ¥ test in
Prism GraphPad.
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Table 1. Reproduction per host species provided and per replicate according to the hosts of origin of the group of foundresses

Psacothea hilaris hilaris

Corcyra cephalonica Totals per replicate

Foundress group composition (mean = SE) (mean = SE) (mean = SE)
(a) Eggs laid
2P+2C 27.21 = 5.98 11.00 = 3.69 38.21 = 6.06
4Corcy 34.50 = 6.46 6.50 = 3.99 41.99 = 6.54
4Psaco 32.79 £ 5.98 9.07 = 3.69 41.86 = 6.06
Overall mean for eggs 31.35 = 3.48 8.96 +2.15 40.33 = 3.50
(b) Adult offspring produced
2P+2C 13.27 = 7.09 3.54 + 1.66 16.36 = 6.50
4Corcy 12.75 = 8.32 4.10 = 1.74 23.08 = 7.02
4Psaco 7.00 = 9.60 6.00 = 1.94 33.29 £ 6.50
Overall mean for adults 11.6 = 4.54 4.41 = 1.00 24.30 = 3.92

“4Psaco” = 4 females developed on the same P. h. hilaris; “4Corcy” = 4 females developed on the same C. cephalonica; “2P+2C” = 2 females developed on a

P. b. hilaris plus 2 developed on a C. cephalonica.

Table 2. Summed frequencies of observations of individual
foundresses being on hosts of each species

Host of origin

Current host Corcyra cephalonica  Psacothea hilaris hilaris  Totals

C. cephalonica 834 855 1,689
P. h. bilaris 1,735 1,748 3,483
Totals 2,569 2,603 5,172

Foundresses were observed around twice as often on P. h. hilaris host larvae
as on C. cephalonica, and there was no significant association between the
host species that females developed on and current host preference (y? test
of 2 x 2 contingency table: y* = 0.086, P = 0.77. Note that this analysis is
pseudoreplicated and also that pseudoreplication tends to generate false sig-
nificance: despite this, we find non significance).

Results

No-Choice Test

Foundress mortality

Of the total of 80 foundresses, 28 died during the observation
period, and in all cases, dead females had been bitten into 2 parts,
although it could not be distinguished with certainty whether it was
the P. h. hilaris larvae host or another foundress that was respon-
sible. Foundress mortality occurred in 16/40 replicates. The proba-
bility of an individual foundress dying was not influenced by the host

on which it was reared (F. , = 0.86, P = 0.35).

1,82

Offspring production

Offspring were produced in 9/40 replicates (5 in replicates with S.
brevicornis from the C. cephalonica rearing system and 4 from the
P. h. hilaris rearing system). The numbers of adult S. brevicornis
offspring produced were significantly greater when foundresses de-
rived from P. h. hilaris rearing system (P. h. hilaris: mean = 46.25, SE
+6.84; C. cephalonica: 16.80 = 6.12; F,,=10.30, P = 0.015).

Timing of events

After presentation of the hosts, the mean time to host paralysis was
2.35 (SE +0.36) days, the mean ovipositional time was 12.70 (+0.46,
-0.44) days, and the total time to development (to the first emergence
of an adult) was 48.97 (+0.746, -0.735) days. The overall time was
calculated considering only those replicates in which S. brevicornis
reached the egg stage, and replicates that did not reach the adult

stage were treated as censors. The host species on which foundresses
had been previously reared did not influence the timing of paralysis,
oviposition, or offspring production (cohort survival analyses, with
hosts that did not become paralyzed treated as censors; time to pa-
ralysis: 4, = 0.78, P = 0.38; oviposition: ¥ = 0.73, P = 0.39; devel-
opment: ¥ = 0.23, P = 0.63).

ChoiceTest

Analyses were performed on data from 40 replicates, as 2 replicates
in the treatment “4 Corcy” were excluded due to the death of females
between the end of the first week of monitoring and the hatching of
larval offspring (see Methods).

Foundress mortality

Some foundresses died during the observation period, and in
all cases, dead females had been bitten into 2 parts, although it
could not be distinguished with certainty whether it was the P. h.
bilaris larvae host or another foundress that was responsible (as C.
cephalonica larvae were pre-paralyzed they were not responsible for
foundress death). However, all such deaths occurred before the P. h.
hilaris hosts were paralyzed, suggesting that deaths were caused by
defensive actions of the host. Within the first week of observations,
21 bisected foundresses (13.81% of the total) were counted. In
39.47% (15/40) of replicates, at least 1 foundress was killed during
the first week; in 23.68%, 1 foundress was killed, and in 15.79%,
2 foundresses were killed. The probability of an individual found-
ress dying was influenced by the group composition: mortality
was most common (25.00%) when foundresses originated from 2
different rearing systems, and least common (3.85%) when the 4
foundresses were siblings originating from the P. h. hilaris rearing
system (Logistic GLMM with replicate identity fitted as a random
factor: %%, = 7.63, P = 0.02, Fig. 3).

Egg production

Opviposition always occurred on at least one host in each replicate:
in 42.5% (17/40) of replicates, eggs were laid on just one host and,
among these, oviposition was more common the P. h. hilaris host,
although not significantly so (N = 11, 64.71%; > test of goodness
of fit: *, = 1.47, P = 0.23). Eggs were laid on both hosts in 57.50%
of replicates, and the probability of both hosts being used was not
influenced by the type of foundress group (logistic analysis: 2, =
5.45, P = 0.07; note the marginal nonsignificance and that estimates
of P-values obtained by logistic analysis are approximate rather than
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Fig. 3. Survival of Sclerodermus brevicornis foundresses during the first week
according to foundress group composition (4Psaco = 4 females developed
on the same Psacothea hilaris hilaris; 4Corcy = 4 females developed on the
same Corcyra cephalonica; 2P+2C = 2 females developed on a P h. hilaris
plus 2 developed on a C. cephalonica).The standard errors around the means
are asymmetric due to back-transformation from logit-scale estimates.
Significant differences are indicated by different letters (Tukey post hoc test).

exact [Crawley 1993]: laying on both hosts was most common when
2 P. h. hilaris larvae were provided). Considering all the replicates
(N = 40), the mean clutch size was 40.33 (SE +3.50, range: 6-86,
Table 1a). Clutch sizes were significantly larger on P. h. hilaris larvae
compared with C. cephalonica larvae (GLMM with replicate iden-
tity fitted as a random factor: ¥, = 436.63, P < 0.001). The total
number of eggs laid per replicate was not significantly different be-
tween foundress group treatments (F, . = 0.10, P > 0.05, Table 1a);
nor was the number of eggs laid on each host larva (x*,=127,P =
0.53, Table 1a).

Offspring production

Offspring were produced in 87.50% (35/40) replicates, and those off-
spring were produced from both hosts in 31.43% (11/35). The mean
number of adult offspring per replicate (brood size at adult eclosion,
combined across both hosts) was 24.30 (SE £3.92, range: 1-93, Table
1b). Considering only the replicates where adults emerged from
only one of the 2 larvae, the number of offspring produced on P. h.
bhilaris hosts was significantly greater than on C. cephalonica hosts
(F, ,, = 38.32, P < 0.001, Table 1b). There was no significant effect of
foundress group composition treatment on the total number of adult
offspring produced per replicate (F,;, = 1.73, P = 0.19), on adults
produced from each P. h. hilaris larva (F,,, = 0.15, P = 0.86) or on
numbers produced from each C. cephalonica larva (F,, = 0.49, P =
0.62). Considering only replicates with offspring from only one host
larva (N = 24), adult offspring production was not significantly af-
fected by the host species utilized (%, = 0.51, P = 0.78).

Sex ratio

Considering only the 35 replicates in which adult offspring emerged,
the mean number of emerged males was 1.43 (+SE = 0.22) and ranged
from 0 (20% [7/35] of replicates) to 6; no brood consisted entirely of
males indicating that at least one foundress in every group had mated.
The mean sex ratio per replicate was 0.06 (+SE =0.009) and was not
significantly influenced by either foundress group composition (F, ;,
=1.02, P=0.37) or by the species of host developed on (P. h. hilaris,
C. cephalonica, or both: logistic analysis: F, ,, = 1.74, P = 0.18). Sex
ratios declined as brood size increased (F, ; - 6.44, P = 0.02; Fig. 4).

0.25
0.20
015 | °

0.10

Sex ratio

0.05

0.0

0 20 40 60 80 100
Brood size

Fig. 4. Sexual composition of broods: relationship between brood sex ratio
and the size of the brood, line fitted by logistic regression.

Timing of events

The time taken to oviposit (from the presentation of the hosts to
the first egg being laid) on any one host varied between 6 and 30
days, with a mean of 10.78 (=SE = 0.57) days. Time to first ovipo-
sition was not significantly influenced by foundress group composi-
tion (cohort survival analysis, with hosts in which no eggs were laid
treated as censors: 2, = 4.28, P = 0.12) or by current host species (%,
=1.96, P = 0.16). The time to first oviposition was shorter when egg
laying occurred on both hosts (12.30 = 0.52 days) rather than on just
one host (32.79 = 0.75 days) in a replicate (cohort survival analysis
with censors: y? = 39.24, P < 0.001).

Analyzing data from only those host larvae on which S.
brevicornis broods reached the pupal stage (48/80), and considering
each host individually, we found that developmental time (from the
presentation of the host to adult offspring emergence) varied be-
tween 28 and 50 days (mean: 44.43, SE +0.72) and was influenced
by foundress group composition (cohort survival analysis, with
replicates in which no adult emerged treated as censors: x*, = 11.11,
P = 0.003; Fig. 5) and by an interaction between foundress group
composition and host species (host species main effect: x* = 0.16, P
= 0.69; Host species x Group composition interaction: y*; = 11.75,
P = 0.038, Fig. 6). Parasitoids matured most rapidly (44.70 = 1.12
days) in replicates in which the 4 foundresses had developed on P.
h. bilaris hosts.

Foundress position

We analyzed the positions of individual females at each observa-
tion time on each host. As there were multiple records per repli-
cate, replicate identity was included as a random factor (but see
Table 2).

We first considered foundresses’ positions in terms of the hosts
currently presented to them and the host species they had developed
on. Across the entire experimental period, females were observed
on P. h. hilaris larvae about twice as often as on C. cephalonica
larvae (GLMM with replicate identity fitted as a random factor,
¥?, = 54.30, P < 0.001, Table 2), and there was no significant ef-
fect of foundress group composition (y?, = 1.38, P = 0.71, Table 2).
Considering only the period between the presentation of the hosts
and the first observation of eggs, females spent significantly more
time (percentage of observations) on the P. h. hilaris larvae (y*, =
45.09, P < 0.001), and there was no effect of foundress group treat-
ment (x?, = 3.79, P = 0.29). During the periods from oviposition
to the first larval emergence (early brood stages) and from the first
larval eclosion to the first pupal emergence (late brood stages), there
were, again, significant preferences for the P. h. hilaris (Early: ¢
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Fig. 5. Cohort survival analysis of Sclerodermus brevicornis offspring emergence. Separate lines are shown for each foundress group treatment (“4Psaco” = 4
females developed on the same Psacothea hilaris hilaris; “4Corcy” = 4 females developed on the same Corcyra cephalonica; “2P+2C" = 2females developed on
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Fig. 6. Cohort survival analysis of Sclerodermus brevicornis offspring emergence. Separate lines are shown for each group foundress treatment (“4Psaco” = 4
females developed on the same Psacothea hilaris hilaris; “4Corcy” = 4 females developed on the same Corcyra cephalonica; “2P+2C" = 2 females developed
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these were significant (see main text).

=33.43, P < 0.001; Late: x>, = 16.83, P < 0.001) and no effect of
foundress group treatment (Early: x> = 6.57, P = 0.08; Late: %*, =
3.20, P = 0.36).

We next considered females’ positions in terms of the num-
bers of females on each host. We calculated the degree of devia-
tion from the null expectation that the 4 females would occupy the
hosts in 2 pairs of foundresses (an ideal free distribution, assuming
hosts to be of equal quality). Wasps were in this distribution only
3.14% of the time (68/2,163 observations) and deviations were
not influenced by foundress group treatment (logistic GLMM,
including replicate identity as a random factor: ¥?, = 0.93, P =
0.63). For P. h. hilaris hosts, there were similar percentages of oc-
currence of single females (28.38%), 2 females (29.63%), and 3
females (28.73%) on one host (Table 3). For C. cephalonica hosts,
females were most likely to be observed alone on a host (55.17%
of observations, Table 3).

Foundress group treatment levels varied both in terms of
foundresses developmental backgrounds and in terms of the related-
ness of foundresses within groups. Using the data from replicates with
2 pairs of sibling foundresses, we explicitly considered foundresses’
positions in terms of their relatedness to other foundresses by calcu-
lating a sibling aggregation score from each observation. This had

a value of zero if none of the females were observed together on
a host with their sibling, rising to 1 if all females were with their
sibling. The overall mean was 0.244 (+SE = 0.016), indicating that
in around one quarter of the observations, sibling foundresses were
associated with each other on the same host. This is lower than the
null expectation of 0.47 (assuming all spatial arrangements of the 4
wasps are equally likely), suggesting that siblings tend to dissociate
from each other.

Foundress movements

During the entire observational period, from host presentation to
pupation of offspring broods, females were observed to move be-
tween the presented hosts. The overall mean number of movements
per female in a replicate was 1.43 (+SE = 0.13), with a maximum
of 10 movements by an individual female. The total number of
foundress movements within replicates were influenced by found-
ress group composition (log-linear GLMM with replicate identity
fitted as a random factor, %, = 7.66, P = 0.02), being most frequent
when foundresses originated from the P. h. hilaris rearing system
(Fig. 7). Assessing the movements of each individual foundress sim-
ilarly showed that foundresses reared on P. h. hilaris moved more
often (GLMM 2, = 7.94, P = 0.005).
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Table 3. Frequencies of foundress numbers observed per host

Number of Corcyra Psacothea
foundresses on host cephalonica hilaris hilaris Overall
1 550 409 959
2 295 427 722
3 123 414 537
4 29 191 220
Overall 997 1,441 2,438
25 |
a
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Fig. 7. Mean number of movements made by individual foundresses within
replicates according to group foundress treatment (“4Psaco” = 4 females
developed on the same Psacothea hilaris hilaris; “4Corcy” = 4 females
developed on the same Corcyra cephalonica; “2P+2C" = 2 females developed
on a P h. hilaris plus 2 developed on a C. cephalonica). The standard errors
around the means are asymmetric due to back-transformation from log-scale
estimates. Significant differences are indicated by different letters (Tukey
post hoc test).

Discussion

The present research provides information about the reproductive
behavior and performance of S. brevicornis according to the species
of host that the wasps developed on and the species of hosts they
subsequently encounter. The longer-term consequences of rearing S.
brevicornis on C. cephalonica were not assessed in previous studies,
and thus there was no information on the likely effectiveness of fe-
male S. brevicornis reared on this host. The current study has begun
to address this knowledge gap, albeit within the laboratory environ-
ment. However, laboratory assays can be useful to predict the field
performance of mass-released parasitoids and to attune release rates
accordingly (Bourchier et al. 1993).

We found that the death of foundress females was a common
occurrence and that dead females were bitten into 2 parts. Although
foundresses may occasionally kill other potential foundresses by
biting them into two (as reported in S. guani, Guo et al. 2023), it is
common across several Sclerodermus—host associations that death
occurs as a result of defense by attacked hosts (summarized in
Abdi et al. 2020a). It seems most likely that the deaths we observed
were principally due to the actions of hosts, rather than of other
foundresses, as, in the choice test experiment, no foundress deaths
occurred after hosts were paralyzed. The no-choice tests (pres-
entation of a single “natural” host) indicated that the host that
foundresses developed on did not influence the probability of a fe-
male being killed. In the choice test, we similarly found no differ-
ence in mortality between groups of foundresses that all originated
from the natural host or all from the factitious host. Although these
results suggest that there is no host-of-origin effect on the ability
of S. brevicornis females to tackle P. b. hilaris larvae, in the choice

test we also found that foundress mortality was highest when the
females in a group originated from 2 different hosts and the form of
Fig. 3 suggests that developing on C. cephalonica might be a disad-
vantage in future host attack. Another candidate explanation is that
females with different origins recognized each other as nonsiblings
and exhibited heighted interfemale aggression (as reported in S.
guani, Guo et al. 2023), but, in terms of explaining high mortality,
this runs counter to the possibility that foundresses in less closely re-
lated groups are less likely to take risks in host attack (as previously
reported in S. brevicornis, Abdi et al. 2020a, 2020b). The propensity
to take risks can be reflected in the timing of host attack (Abdi et al.
2020a, 2020b), and our data indicated no effects of host-of-origin
on the timing taken to attack and suppress hosts or on the time
to oviposition. This not only suggests that higher mortality among
mixed-origin groups is not due to kin-correlated risk-taking in host
attack but also indicates that females are equally able to recognize P.
h. hilaris larvae as hosts, and may be equally able to suppress them,
whether or not they developed on a P. h. hilaris host themselves.
These are key considerations in the use of factitious hosts for the
production of biocontrol agents for field release.

Although foundresses took the same time to attack and ovi-
posit on hosts of either species, the production of offspring on P. h.
hilaris larvae in the no choice tests was considerably lower when
foundresses had developed on C. cephalonica. This suggests that C.
cephalonica hosts do not provide the same quality or quantity of
nutritional resources as P. h. hilaris, leading to adults that develop
on C. cephalonica having fewer teneral reserves (those available
on maturation as adults), and in consequence a lower capacity to
mature eggs. In the choice tests, we, in contrast, found no effect of
host-of-origin on the numbers of eggs laid or the number of adult
offspring ultimately produced. Clutch sizes (and, ultimately, brood
sizes) were larger on P. h. hilaris than on C. cephalonica hosts (and
brood sizes on C. cephalonica were broadly similar to those re-
ported by Abdi et al. 2021). As P. h. hilaris larvae were an order
of magnitude larger than the C. cephalonica provided, a difference
in resource quantity coupled with clutch size adjustment (Hardy
et al. 1992, Visser 1994, Zaviezo and Mills 2000, Haeckermann
et al. 2007, Tang et al. 2014) provides a straightforward candidate
explanation. Resource quality (biochemical/metabolomic compo-
sition) may also have differed, given the different diets of the 2
host species and that they belong to different insect orders. As well
as the size of broods produced in parasitoid mass-rearing systems,
the sex ratios of broods can be an important consideration for bi-
ocontrol potential: female bias is generally a positive attribute be-
cause only female parasitoids suppress hosts post-release (Ode and
Hardy 2008). We found that sex ratios were extremely female bi-
ased. Although sex ratios varied according to brood size, the effect
was not strong (as previously observed in S. brevicornis and many
other members of the genus; Tang et al. 2014, Abdi et al. 2020a,
2020b, Guo et al. 2022, Lehtonen et al. 2023, Malabusini et al.
unpublished data).

The distribution of foundresses across hosts indicated a clear
preference for P. h. hilaris, and this was not influenced by the host
species that foundresses had developed on. This is an encouraging re-
sult in terms of the use of factitious hosts for the production of field-
effective biocontrol agents. We further observed that S. brevicornis
commonly moved between hosts during the entire monitoring
period. This may indicate that in nature foundresses females do not
always remain with their own broods until the offspring complete
development. Movements may be influenced by foundresses con-
sidering the availability or quality of resources provided by their
current host and/or agonistic interactions between females (Guo et
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al. 2023). Our data also suggest that sibling females tend to avoid
each other rather than tend a brood together on a common host:
further experiments are needed to tease apart factors that influence
sibling-sibling interactions and foundress group formation in rela-
tion to expectations from kin selection theory (e.g., Thompson et al.
2017). In addition, females that had emerged from P. h. hilaris hosts
moved more frequently between hosts. One possibility is that P. h.
hilaris hosts are larger than C. cephalonica and wasps developing
from these have a greater physical capacity for movement, for in-
stance due to being larger or having greater energy reserves (Gao et
al. 2016, Wang and Keller 2020).

In conclusion, prior studies have shown that S. brevicornis can
be reared on C. cephalonica, but the subsequent performance and
preferences of adults reared from this factitious host species were not
evaluated. The current study suggests that S. brevicornis reared from
C. cephalonica do have some disadvantages compared with those
that have developed on P. h. hilaris but also that they nonetheless
recognize, and indeed have a preference for, P. h. hilaris, which they
are then able to produce offspring from. From the point of view of
biocontrol, the ability to develop on a factitious host is convenient
and a subsequent preference for, and ability to utilize, the target pest
as a host is highly desirable.

Acknowledgments

The research was partially supported by Linea 2 projects funded by
the University of Milan ‘Biodiversity a hint to sustain environment
(BIO-HIT)” and ‘New emergences in cultural heritage management
(ALERT)’. We also thank the referees for their helpful comments.

Author Contributions

Serena Malabusini (Conceptualization-Equal, Data curation-Equal,
Formal analysis-Equal, Investigation-Equal, Methodology-Equal,
Writing — original draft-Equal), Ian Hardy (Data curation-
Equal, Formal analysis-Equal, Writing — original draft-Equal),
Costanza  Jucker (Funding acquisition-Equal, Investigation-
Equal, Project administration-Equal, Writing — review & editing-
Equal), Greta Guanzani (Investigation-Equal), Sara Savoldelli
(Investigation-Equal, Writing — review & editing-Equal), Daniela
Lupi (Conceptualization-Equal, Methodology-Equal, Project
administration-Equal, Resources-Equal, Supervision-Equal, Writing
- original draft-Equal)

References
Abdi MK, Hardy ICW, Jucker C, Lupi D. Kinship effects in quasi-social

parasitoids II: co-foundress relatedness and host dangerousness interac-
tively affect host exploitation. Biol | Linn Soc. 2020b:130(4):642-660.
https://doi.org/10.1093/biolinnean/blaa047

Abdi MK, Jucker C, De Marchi B, Hardy ICW, Lupi D. Performance of
Sclerodermus brevicornis, a parasitoid of invasive longhorn beetles, when
reared on rice moth larvae. Entomol Exp Appl. 2021:169:64-78.

Abdi MK, Lupi D, Jucker C, Hardy ICW. Kinship effects in quasi-social
parasitoids I: co-foundress number and relatedness affect suppression
of dangerous hosts. Biol | Linn Soc. 2020a:130(4):627-641. https://doi.
org/10.1093/biolinnean/blaa046

Aitkin M, Anderson D, Francis B, Hinde J. Statistical modelling in GLIM.
Oxford (UK): Clarendon Press; 1989.

Bertin A, Pavinato VAC, Parra JRP. Fitness-related changes in labora-
tory populations of the egg parasitoid Trichogramma galloi and the
implications of rearing on factitious hosts. BioControl. 2017:62(4):435—
444. https://doi.org/10.1007/s10526-017-9795-y

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH,
White JS. Generalized linear mixed models: a practical guide for ecology
and evolution. Trends Ecol Evol. 2009:24:127-135.

Bourchier RS, Smith SM, Song SJ. Host acceptance and parasitoid size as
predictors of parasitoid quality for mass-reared Trichogramma minutum.
Biol Control. 1993:3:135-139.

Chen J, Cheng H. Advances in applied research on Sclerodermus spp. Chin |
Biol Control. 2000:16:166-170.

Crawley MJ. GLIM for ecologists. Oxford (UK): Blackwell Scientific
Publications; 1993.

Favaro R, Lupi D, Jucker C, Cappellozza S, Faccoli M. An artificial diet for
rearing three exotic longhorn beetles invasive to Europe. Bull Insectol.
2017:70:91-99.

Fellowes MDE, van Alphen JJM, Shameer KS, Hardy ICW, Wajnberg E,
Jervis MA. Foraging behaviour. In: Hardy ICW, Wajnberg E, editors.
Jervis’s insects as natural enemies: practical perspectives. Dordrecht (The
Netherlands): Springer; 2023, in press.

Gandolfi M, Mattiacci L, Dorn S. Mechanisms of behavioral alterations of
parasitoids reared in artificial systems. | Chem Ecol. 2003:29(8):1871-
1887. https://doi.org/10.1023/a:1024854312528

Gao S, Tang Y, Wei K, Wang X, Yang Z, Zhang Y. Relationships between
body size and parasitic fitness and offspring performance of Sclerodermus
pupariae Yang et Yao (Hymenoptera: Bethylidae). PLoS One.
2016:11(7):0156831. https://doi.org/10.1371/journal.pone.0156831

Guo X, Zhao Q, Meng L, Hardy ICW, Li B. Reproductive skew in quasisocial
parasitoids: how egalitarian is cooperative brooding? Anim Behav.
2022:186:191-206.

Guo X, Zhou B, Zhao R, Meng L, Hardy ICW, Li B. Agonistic responses to po-
tential co-foundresses in a cooperatively brooding quasi-social parasitoid.
Ecol Entomol. 2023:48:11-18.

Guo Y, Xi M, Li Y, Jiang M. Effects of different temperature treatments
of Tenebrio molitor L. pupae on artificial breeding of Scleroderma
sichuanensis. | Jiangsu Forestry Sci Technol. 2019:46:17-21.

Haeckermann J, Rott AS, Dorn S. How two different host species influence
the performance of a gregarious parasitoid: host size is not equal to host
quality. ] Anim Ecol. 2007:76:376-383.

Hardy ICW, Griffiths NT, Godfray HC]J. Clutch size in a parasitoid wasp: a
manipulation experiment. | Anim Ecol. 1992:61(1):121-129. https://doi.
org/10.2307/5515

Hardy ICW, Smith DR. Generalized statistical approaches. In: Hardy ICW,
Wajnberg E, editors. Jervis’s insects as natural enemies: practical perspec-
tives. Dordrecht (The Netherlands): Springer; 2023, in press.

Harvey JA. Dynamic effects of parasitism by an endoparasitoid wasp on
the development of two host species: implications for host quality and
parasitoid fitness. Ecol Entomol. 2000:25(3):267-278. https://doi.
org/10.1046/).1365-2311.2000.00265.x

Harvey JA. Factors affecting the evolution of development strategies in para-
sitoid wasps: the importance of functional constraints and incorporating
complexity. Entomol Exp Appl. 2005:117(1):1-13. https://doi.
org/10.1111/5.1570-7458.2005.00348.x

Hu Z, Zhao X, Li Y, Liu X, Zhang Q. Maternal care in the parasitoid
Sclerodermus — harmandi  (Hymenoptera: Bethylidae). PLoS One.
2012:7(12):e51246. https://doi.org/10.1371/journal.pone.0051246

Jiang Y, Yang Z, Wang X, Hou Y. Molecular identification of sibling species
of Sclerodermus (Hymenoptera: Bethylidae) that parasitize buprestid and
cerambycid beetles by using partial sequences of mitochondrial DNA cy-
tochrome oxidase subunit 1 and 28S ribosomal RNA gene. PLoS One.
2015:10(3):e0119573. https://doi.org/10.1371/journal.pone.0119573

Jucker C, Hardy ICW, de Milato S, Zen G, Malabusini S, Savoldelli S, Lupi
D. Factors affecting the reproduction and mass-rearing of Sclerodermus
brevicornis (Hymenoptera: Bethylidae), a natural enemy of exotic flat-
faced longhorn beetles (Coleoptera: Cerambycidae: Lamiinae). Insects.
2020:11:1-22.

Kai H, Zhiqiang X, Pingli D. The parasitizing behavior of Scleroderma guani
Xiao et Wu (Hymenoptera: Bethylidae) wasps on Tenebrio molitor pupae.
Acta Entomol Sin. 2006:49:454-460.

Kaishu D. Experiment in the control of Anoplophora chinensis (Foster) with
Scleroderma sichuanensis Xiao. | Anbui Agric Sci. 2006:34:3104.

€202 Joquiajdag 9z U Jasn S[elelS 1UN 8YdLjol[qig "PO0D SUOISIAI Aq G119/ 2//./S/EZ/RI01HE/99UIOSI08sUN/WOO"dNO"olWapede//:Sdny WOy papeojumoq


https://doi.org/10.1093/biolinnean/blaa047
https://doi.org/10.1093/biolinnean/blaa046
https://doi.org/10.1093/biolinnean/blaa046
https://doi.org/10.1007/s10526-017-9795-y
https://doi.org/10.1023/a:1024854312528
https://doi.org/10.1371/journal.pone.0156831
https://doi.org/10.2307/5515
https://doi.org/10.2307/5515
https://doi.org/10.1046/j.1365-2311.2000.00265.x
https://doi.org/10.1046/j.1365-2311.2000.00265.x
https://doi.org/10.1111/j.1570-7458.2005.00348.x
https://doi.org/10.1111/j.1570-7458.2005.00348.x
https://doi.org/10.1371/journal.pone.0051246
https://doi.org/10.1371/journal.pone.0119573

Journal of Insect Science, 2023, Vol. 23, No. 5

Karsai I, Somogyi K, Hardy ICW. Body size, host choice and sex allocation in a
spider hunting pompilid wasp. Biol | Linn Soc. 2006:87:285-296.

Lai Y, Wang Y, Wang X, Yang Z, Tang Y, Qin R, Zhang Y, Zhang Y. A
field test of controlling the pine wilt disease with the technique of iso-
lating Monochamus alternatus on forest spot and releasing parasitoid
Sclerodermus guani. Chin | Biol Control. 2012:28:460-465.

Lehtonen J, Malabusini S, Guo X, Hardy ICW. Individual and group level
sex ratios under local mate competition: consequences of infanticide
and reproductive dominance. Evol Lett. 2023:7(1):13-23. https://doi.
org/10.1093/evlett/qrac005

van Lenteren JC. Quality control and production of biological control agents:
theory and testing procedures. Wallingford (UK): CABI Publishing; 2003.

Limonta L, Locatelli DP, Broglia T, Baumgartner J. Cohort development
models for integrated Corcyra cephalonica (Stainton) population manage-
ment. Boll Zool Agrar Bachic. 2009:41:215-226.

Luck RF, Forster LD. Quality of augmentative biological control agents: a
historical perspective and lessons learned from evaluating Trichogramma.
In: van Lenteren JC, editor. Quality control and production of biological
control agents: theory and testing procedures. Wallingford (UK): CABI
Publishing; 2003. p. 231-246.

Lupi D, Bernardo U, Bonsignore CP, Colombo M, Dindo ML, Faccoli M, Maini
S. Insects and globalization: sustainable control of exotic species in Italian
agro-forestry ecosystems. In: IOBC/WPRS Working Group Landscape
Management for Functional Biodiversity. Darmstadt, Germany: IOBC-
WPRS; 2014. p. 87-90.

Lupi D, Favaro R, Jucker C, Azevedo CO, Hardy ICW, Faccoli M. Reproductive
biology of Sclerodermus brevicornis, a European parasitoid developing on
three species of invasive longhorn beetles. Biol Control. 2017:105:40-48.

Lupi D, Jucker C, Rocco A, Cappellozza S, Colombo M. Diet effect on
Psacothea hilaris hilaris (Coleoptera: Cerambycidae) performance under
laboratory conditions. Int | Agric Innov Res. 2015:4:97-104.

Malabusini S, Hardy ICW, Jucker C, Savoldelli S, Lupi D. How many
cooperators are too many? Foundress number, reproduction and sex ratio
in a quasi-social parasitoid. Ecol Entomol. 2022:47(4):566-579. https://
doi.org/10.1111/een.13141

Mayhew PJ, Hardy ICW. Nonsiblicidal behavior and the evolution of clutch
size in bethylid wasps. Am Nat. 1998:151:409-424.

Men J, Zhao B, Cao DD, Wang WC, Wei JR. Evaluating host location in
three native Sclerodermus species and their ability to cause mortality
in the wood borer Aromia bungii (Coleoptera: Cerambycidae) in lab-
oratory. Biol Control. 2019:134:95-102. https://doi.org/10.1016/j.
biocontrol.2019.04.007

Ode PJ, Hardy ICW. Parasitoid sex ratios and biological control. In: Wajnberg
E, Bernstein C, van Alphen JJM, editors. Behavioral ecology of insect para-
sitoids: from theoretical approaches to field applications. Oxford (UK):
Blackwell Publishing; 2008. p. 253-291.

Pomari-Fernandes A, Bueno AF, Queiroz AP, De Bortoli SA. Biological
parameters and parasitism capacity of Telenomus remus Nixon
(Hymenoptera: Platygastridae) reared on natural and factitious hosts for
successive generations. Afr | Agric Res. 2015:10:3225-3233.

Quicray M, Wilhelm L, Enriquez T, He S, Scheifler M, Visser B. The
Drosophila-parasitizing wasp Leptopilina heterotoma: a comprehensive
model system in ecology and evolution. Ecol Evol. 2023:13(1):€9625.
https://doi.org/10.1002/ece3.9625

Riddick EW. Benefits and limitations of factitious prey and artificial diets on
life parameters of predatory beetles, bugs, and lacewings: a mini-review.
BioControl. 2009:54:325-339.

Tang X, Meng L, Kapranas A, Xu F, Hardy ICW, Li B. Mutually beneficial
host exploitation and ultra-biased sex ratios in quasisocial parasitoids.
Nat Commun. 2014:5:4942.

Tang Y, Wang X, Yang Z, Jiang J, Wang X. Alternative hosts of Sclerodermus
pupariae (Hymenoptera: Bethylidae), a larval parasitoid of the long-horned

beetle Massicus raddei (Coleoptera: Cerambycidae). Acta Entomol Sin.
2012:55:55-62.

Thompson FJ, Cant MA, Marshall HH, Vitikainen EIK, Sanderson JL, Nichols
HJ, Gilchrist JS, Bell MBV, Young AJ, Hodge SJ, et al. Explaining negative
kin discrimination in a cooperative mammal society. Proc Natl Acad Sci
USA.2017:114:5207-5212.

Visser ME. The importance of being large: the relationship between size and
fitness in females of the parasitoid Aphaereta minuta (Hymenoptera:
Braconidae). | Amim  Ecol. 1994:63(4):963-978.  https://doi.
org/10.2307/5273

Wang T, Keller MA. Larger is better in the parasitoid Eretmocerus warrae
(Hymenoptera:  Aphelinidae). Inmsects.  2020:11(1):39.  https://doi.
org/10.3390/insects11010039

Wang XH, Yang ZQ, Tang YL, Zhang YL, Wang XY, Wang X]J, Liu YX, Li
JY. Learning behavior of two species of Sclerodermus (Hymenoptera:
Bethylidae) to the odor of the frass of Apriona swainsoni (Coleoptera:
Cerambycidae) and the phloem of host tree, Sophora japonica
(Leguminosae). | Environ Entomol. 2011:33:357-363 (in Chinese with
English abstract).

Wei K, Gao SK, Tang YL, Wang XY, Yang ZQ. Determination of the op-
timal parasitoid-to-host ratio for efficient mass-rearing of the parasitoid,
Sclerodermus pupariae (Hymenoptera: Bethylidae). J Appl Entomol.
2017:141:181-188.

Wei K, Tang YL, Wang XY, Cao LM, Yang ZQ. The developmental strategies
and related profitability of an idiobiont ectoparasitoid Sclerodermus
pupariae vary with host size. Ecol Entomol. 2014:39:101-108.

Wheeler WM. The social insects. Their origin and evolution. London (UK):
Kegan Paul, Trench, Trubner; 1928.

Wilson K, Hardy ICW. Statistical analysis of sex ratios: an introduction. In:
Hardy ICW, editor. Sex ratios: concepts and research methods. Cambridge
(UK): Cambridge University Press; 2002. p. 48-92.

Wu H, Wang X, Li M, Yang Z, Zeng F, Wang H, Bai L, Liu S, Sun J. Biology
and mass rearing of Sclerodermus pupariae Yang et Yao (Hymenoptera:
Bethylidae), an important ectoparasitoid of the emerald ash borer, Agrilus
planipennis (Coleoptera: Buprestidae) in China. Acta Entomol Sin.
2008b:51:46-54.

Wu W, Cheng S, Liu D. Study on optimal parasitoid host ratio of breeding
Bethylid with larvae of Monochamus alternatus. | Southwest For College.
2008a:28:25-29.

Yang W, Xie ZH, Zhou ZJ, Huang Q, Yang CP. The learning behavior of
Sclerodermus sichuanensis Xiao (Hymenoptera: Bethylidae) fed on the
fictitious hosts Tenebrio molitor L. (Coleoptera: Tenebrionidae). Acta
Entomol Sin. 2005:48:731-735 (in Chinese with English abstract).

Yang ZQ. Advance in bio-control researches of the important forest in-
sect pests with natural enemies in China. Chin ]| Biol Control.
2004:20:221-227.

Yang ZQ, Wang XY, Yao YX, Gould JR, Cao LM. A new species of
Sclerodermus (Hymenoptera: Bethylidae) parasitizing Agrilus planipennis
(Coleoptera: Buprestidae) from China, with a key to chinese species in the
genus. Ann Entomol Soc Am. 2012:105(5):619-627.

Yang ZQ, Wang XY, Zhang YN. Recent advances in biological control
of important native and invasive forest pests in China. Biol Control.
2014:68:117-128. https://doi.org/10.1016/j.biocontrol.2013.06.010

Zaviezo T, Mills N. Factors influencing the evolution of clutch size in a gregar-
ious insect parasitoid. ] Anim Ecol. 2000:69:1047-1057.

Zhang Z. Parametric regression model for survival data: Weibull regres-
sion model as an example. Ann Transl Med. 2016:4(24):484. https://doi.
org/10.21037/atm.2016.08.45

Zhuo ZH, Yang W, Xu DP, Yang CP, Yang H. Effects of Scleroderma
sichuanensis Xiao (Hymenoptera: Bethylidae) venom and parasitism on
nutritional content regulation in host Tenebrio molitor L. (Coleoptera:
Tenebrionidae). SpringerPlus. 2016:5:1-10.

€202 Joquiajdag 9z U Jasn S[elelS 1UN 8YdLjol[qig "PO0D SUOISIAI Aq G119/ 2//./S/EZ/RI01HE/99UIOSI08sUN/WOO"dNO"olWapede//:Sdny WOy papeojumoq


https://doi.org/10.1093/evlett/qrac005
https://doi.org/10.1093/evlett/qrac005
https://doi.org/10.1111/een.13141
https://doi.org/10.1111/een.13141
https://doi.org/10.1016/j.biocontrol.2019.04.007
https://doi.org/10.1016/j.biocontrol.2019.04.007
https://doi.org/10.1002/ece3.9625
https://doi.org/10.2307/5273
https://doi.org/10.2307/5273
https://doi.org/10.3390/insects11010039
https://doi.org/10.3390/insects11010039
https://doi.org/10.1016/j.biocontrol.2013.06.010
https://doi.org/10.21037/atm.2016.08.45
https://doi.org/10.21037/atm.2016.08.45

