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ABSTRACT Spathius agriliYang (Hymenoptera: Braconidae) can be successfully reared on emerald
ash borer,Agrilus planipennisFairmaire (Coleoptera: Buprestidae), larvae feeding in chambers drilled
in small ash twigs that are wrapped with ßoral tape. Females maintained in groups with males for one
week can receive enough sperm for production of female progeny throughout their lives. Volatiles
released by emerald ash borer adults feeding on ash foliage increased parasitoid fecundity over ash
foliage alone or no stimulus. The temperature at which the parasitoids were reared ranged from 20
to 25�C in a daily cycle; however, raising the daily maximum temperature to 28�C did not affect
parasitoid longevity or fecundity. Adult females lived between 12 and 127 d, with an average of 60.8 �
4.5 d. Males lived slightly longer, with an average of 66 � 4.5 d. The Þrst clutch of eggs was laid when
the female was between 2 and 42 d old, with the average preoviposition period lasting 11.4 � 1.4 or
19.5 � 2.0 d in 2007 and 2009 trials, respectively. A higher proportion of the emerald ash borer larvae
were feeding and thus attractive to parasitoids in the 2009 trial, and female S. agrili laid an average
of 9.5 � 1.0 clutches containing 5.4 � 0.2 eggs, for an average of 51.2 eggs per female. Approximately
three quarters of the progeny were female. The number of eggs per clutch was signiÞcantly greater
when deposited on larger emerald ash borer larvae, further highlighting the need for quality larvae
in rearing. Chilling S. agrili pupae at 10�C to stockpile them for summer release was not successful;
chilling resulted in lower survival and lower fecundity of emerging progeny. Female S. agrili proved
capable of attacking emerald ash borer larvae through even the thickest bark of an ash tree that was
30-cm diameter at breast height. Even emerald ash borer larvae that were creating overwintering
chambers in the outer sapwood of the tree were successfully attacked, suggesting that S. agrili could
be reared on Þeld collected logs infested with emerald ash borer.
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The emerald ash borer, Agrilus planipennis Fairmaire
(Coleoptera: Buprestidae), has destroyed tens of mil-
lions of ash (Fraxinus spp.) trees in the United States
since its accidental introduction in the early 1990s
(Poland and McCullough 2006). Because of its con-
cealed life history and long-distance dispersal via
movement of ash products, it has proven nearly im-
possible to control this invasive pest or slow its spread
using a combination of survey, mechanical control,
and chemical control (Poland and McCullough 2006).
Since its discovery in Michigan in 2002, the emerald
ash borer has been found in 15 states in the Midwest
and eastern United States (USDAÐAPHISÐPPQ 2010).
Classical biological control is an important tool being
developed to control this insidious pest.

Three promising parasitoids have been discovered
in China since foreign exploration began in 2003 (Liu

et al. 2003; Yang et al. 2005, 2006; Zhang et al. 2005).
Two larval parasitoids, Spathius agrili Yang (Hyme-
noptera: Braconidae) and Tetrastichus planipennisi
Yang(Hymenoptera:Eulophidae)were imported into
quarantine in the United States along with the egg
parasitoid Oobius agrili Zhang (Hymenoptera: En-
cyrtidae). All three species underwent host speciÞcity
testing (Bauer and Liu 2006, Liu and Bauer 2006, Yang
et al. 2008), and an application for release permits was
submitted (Federal Register 2007). The release of all
three species commenced in summer 2007 in Michi-
gan; however, few individuals could be released be-
cause of rearing limitations. These studies were un-
dertaken to optimize rearing methods for S. agrili so
that large numbers could be reared and released as
part of an areawide biocontrol effort.
S. agrili is a gregarious, ectoparasitic idiobiont. Fe-

male parasitoids Þnd their hosts by detecting vibra-
tions produced by larvae feeding beneath the bark of
ash trees (Wang et al. 2010). The emerald ash borer
larva is paralyzed and a clutch of from one to 20 eggs
is deposited on the surface of the larva (Yang et al.
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2010). S. agrili larvae feed externally on their host and
form cocoons in the host gallery. They either emerge
as adults during the two or three generations during
the summer, or overwinter as larvae or pupae in the
host gallery. The requirement of actively feeding em-
erald ash borer larvae for oviposition was a particular
rearing challenge.

We designed a series of experiments to 1) describe
the longevity and fecundity of S. agrili, 2) develop
procedures to ensure mating, 3) determine the effect
of ash and emerald ash borer volatiles on S. agrili
oviposition, 4) investigate theeffectof temperatureon
reproduction, 5) determine whether S. agrili could be
stored in chill, and 6) examine the effect of bark
thickness on oviposition success.

Materials and Methods

General Maintenance of S. agrili and Emerald Ash
Borer Colonies. S. agrili were originally collected by
the Chinese Academy of Forestry from Guangang
Forest Park (38� 56� N, 117� 29� E), Dagang District,
Tianjin Municipality, China, in 2003. Since then, a
colony has been maintained in the quarantine facility
at the APHIS Otis Center for Plant Health Science
Technology Laboratory in Buzzards Bay, MA. Yearly
shipments of 100 or more S. agrili from China have
been incorporated into the colony to prevent labora-
tory selection. The fourth instar emerald ash borer
larvae on which the S. agriliwere reared were initially
collected in southern Michigan, placed on artiÞcial
diet, and shipped via express mail. Beginning in Jan-
uary 2009, emerald ash borer larvae also were reared
on an artiÞcial diet based on Blossey et al. (2000).
S. agrili females detect their hosts via sound or

vibration and will only oviposit on emerald ash borer
larvae that are actively feeding (Wang et al. 2010).
This presented a rearing challenge because naked
emerald ash borer larvae or larvae reared on soft
artiÞcial diet might not be used. The solution was to
present emerald ash borer larvae in an �8-cm-long,
7-mm-diameter ash twig with a groove (3.5 cm in
length, 5 mm in width, and 2 mm in depth) cut along
the long axis beginning 1 cm from one end of the stick.
One mature emerald ash borer larva was inserted in
each groove and ßoral tape (Panacea Stem Wrap
Tape, Panacea Products Corp., Columbus, OH) was
wrapped securely around the twig to hold the larva in
place. The emerald ash borer larva fed on the ash twigs
and the S. agrili female oviposited through the ßoral
tape.

For rearing studies, one twig was placed in a 10- by
2.5-cm-diameter glass vial, and a single S. agrili female
(and depending on the experiment, a male) was
added. Each glass vial was sealed with a tightly Þtting
plastic lid with a 1.8-cm-diameter hole covered with
organdy. Honey was streaked on the side of the vial to
provide food. The parasitoids were reared in an en-
vironmental chamber (model I30BLLC9, Percival Sci-
entiÞc Inc., Perry, IA) held at 75% RH and a photo-
period of 16:8 (L:D) h. The temperature ramped up
and down daily in a sine wave manner from a low of

20�C at 0400 hours to a high of 25�C at 1500 hours.
Every Monday, Wednesday, and Friday, the twigs
were removed from the rearing vials, the ßoral tape
was removed, and the emerald ash borer larvae were
examined for S. agrili eggs. Because S. agrili are ecto-
parasitoids, clutches of eggs were deposited on the
surface of the larvae and could be counted easily. If no
eggs were laid, the emerald ash borer larva was placed
in a fresh ash twig and used again.

Except for experiments explicitly testing the neces-
sity of rearing S. agrili in the same chamber as emerald
ash borer, emerald ash borer adults were reared in the
same growth chambers as S. agrili in groups of 10 in
four 11- by 12- by 19-cm plastic grip jars (item no.
66024, U.S. Plastic Corporation, Lima, OH). The em-
erald ash borer adults were fed leaves of shamel ash,
Fraxinus uhdei (Wenzig) Lingelsh, the petiole of
which was kept in a 30-ml plastic cup with a plastic lid
to maintain leaf freshness. A hole was cut in the plastic
lid of the cup for insertion of a 7.5-cm-long dental
wick, which provided water to the emerald ash borer
adults.
Group Versus Single Mating. S. agrili has a female-

biased sex ratio, and in general there are not enough
males to provide a male for each female when females
are reared individually. However, it was not known if
the females could store sperm or required repeated
mating over their life span to continue producing
fertile eggs. We tested the fecundity and progeny sex
ratio of 1) females held in groups of males and females
for 1 wk or 2) females reared singly with males present
throughout their life. Fifteen female S. agrili to be
mated in groups were placed in a 7.2- by 6-cm plastic
specimen cup with a 4-cm-diameter hole in the lid
covered with organdy beginning on 12 November
2008. The females emerged over time and were not all
in the same cup at the same time; however, a 5:1 ratio
of females:males was always maintained. The females
remained in the cup for 1 wk and then were trans-
ferred to glass vials and presented with emerald ash
borer larvae in twigs as described above. We chose to
allow mating for 1 wk before providing larvae because
preliminary evidence indicated that S. agrili females
rarely oviposit before they are 1 wk old. The emerald
ash borer larvae were checked for eggs three times per
week until the female parasitoid died, and the number
of eggs was recorded. Parasitized emerald ash borer
were kept in the growth chamber and the sex of
emerging progeny was recorded. The 15 females
reared singlywereplacedwithmales in theglass tubes,
and larvae in twigs were provided after one week. If
the male died before the female died he was replaced
with another male.
Effect of Volatiles on Oviposition by S. agrili. Pre-

liminary observations suggested that S. agrili females
may deposit more eggs when reared in the same
growth chamber as adult emerald ash borer feeding on
ash leaves. To test the effect of ash and emerald ash
borer volatiles on S. agrili fecundity, we reared 15 S.
agrili females in a growth chamber along with four
screened, plastic grip jars containing emerald ash
borer adults feeding on ash leaves. As a control, 15 S.
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agrili females were reared in a separate growth cham-
ber without any emerald ash borer or ash leaves pres-
ent. The experiment commenced on 3 January 2008. In
a second experiment initiated on 7 April 2008, 15 S.
agrili were reared in growth chambers with jars of
emerald ash borer feeding on ash leaves, and controls
were reared with jars of ash leaves only. Each exper-
iment was repeated twice, for 30 females in total per
treatment. We alternated chambers between trials to
control for chamber effects. Three times per week the
emerald ash borer larvae were checked to determine
whether they were feeding and whether they were
paralyzed, and the number of S. agrili eggs was re-
corded.
Longevity and Daily Fecundity. S. agrili females

were reared following the general rearing guidelines
and monitored daily to determine the number of eggs
laid until they died to calculate adult longevity and
fecundity under rearing conditions. The presence of
sawdust or frass in the emerald ash borer larval cham-
bers was recorded as evidence that the emerald ash
borer larvae had been feeding. The study was con-
ducted starting 20 August 2007 and again beginning 10
December 2009. In 2007, 30 females were reared with
males present throughout their lives, but the longevity
of males was not recorded because a sufÞcient number
of newly emerged males were not available. In 2009,
one newly emerged male and one newly emerged
female were placed together in each of 30 vials, and
after 1 wk the males were removed to a separate vial
and reared until they died. In 2009, we monitored each
clutch of eggs daily and recorded the percentage of
eggs that formed cocoons, the percentage of cocoons
that produced adults, the timing of adult emergence,
and the sex ratio of the progeny. In 2007, we measured
the weight and length of emerald ash borer larvae
before presenting them to the parasitoids, to conÞrm
Þeld observations that S. agrili will lay more eggs on
larger larvae (Wang et al. 2008).

Only one larva was given to each female every day
because the supply of larvae was limited. It is possible
that if more larvae had been available, more than one
clutch could have been laid each day. To test this, 10
females were selected at random from the general
colony and placed individually in a plastic specimen
cup (7.2 by 6 cm, with a 4-cm-diameter hole in the lid
covered with organdy). Two ash twigs containing em-
erald ash borer larvae were given to each female every
Monday through Thursday, and egg production was
monitored daily from Tuesday through Friday. The
number of eggs deposited on each larva was recorded.
Effect of Temperature on S. agriliReproduction. In

the Þeld in China, S. agrili is most active on bright
sunny days when temperatures approach 30�C (Yang
et al. 2010). When rearing insects, there may be a
tradeoff between possible increased daily fecundity at
higher temperatures versus shorter life spans. We held
the minimum temperature at 20�C to keep the tem-
perature cool at night to enhance longevity but
ramped the temperatures up in a sine wave manner
during the day to 25�C (our standard rearing temper-
ature) or 28�C for a maximum. It was hoped that

increased daytime temperatures would increase ovi-
position, whereas lower nighttime temperatures
would promote longevity. In total, 40 insects were
tested for each treatment, with 20 insects tested be-
ginning in February 2008 and June 2008.
Chilling S. agrili to Stockpile for Later Release.

Emerald ash borer is typically univoltine but can take
more than one season to develop (Cappaert et al.
2005); however, S. agrili does not have an obligatory
diapause. S. agrili can therefore be reared continu-
ously throughout the year, but the stages of emerald
ash borer appropriate for parasitization are most abun-
dant in the Þeld for �2 mo (August and September).
We tested whether S. agrili cocoons could be chilled
and stockpiled over the winter so that adults needed
for release could emerge when fourth-instar emerald
ash borer were available in the Þeld. Ninety clutches
of S. agrili cocoons were put into chill two weeks after
oviposition starting on 16 February 2008. By 2 wk
postoviposition, the parasitoids had pupated (as evi-
denced by the presence of a meconium) but had not
yet begun to sclerotize. The parasitoids were stored in
glass rearing vials at 10�C, 75% RH, and a photoperiod
of 0:24 (L:D) h. Thirty cocoons were not placed in
chill but were kept under normal rearing conditions to
serve as controls. Thirty cocoons were removed from
chill after 3, 6, and 9 mo. We recorded the date of adult
emergence and calculated the percentage emergence
for each treatment. Emerging female progeny were
reared using the standard techniques, and the number
of eggs laid per female was determined.
Effect of Bark Thickness on Oviposition Success.

The trees in the forest in Tianjin, China where S. agrili
were collected were �10 yr old and did not have the
thick, furrowed bark characteristic of older trees. It
was unclear therefore how well this species would
parasitize emerald ash borer larvae beneath thick
bark. A possible method for mass rearing S. agrili
would be to collect logs infested with emerald ash
borer larvae in the Þeld and put them in large cages
with S. agrili females. This method would save time
relative to drilling sticks and extracting larvae from
logs, however, the ovipositors of the parasitoids must
be able to reach larvae feeding under thick bark. The
ability to parasitize through thick bark also would
make S. agrili a more effective biocontrol agent. To
test whether parasitism rates differed depending on
the thickness of the bark, we cut down an ash tree with
a 30-cm diameter at breast height. The bark of the
bottom one third was deeply furrowed, the bark of the
center one third was slightly furrowed, and the bark
at the top was smooth.

Ash logs (15 cm in length) were cut from each third
of the tree, and two logs or log pieces were placed in
17- by 17- by 22-cm plastic containers (Þve containers
per tree section). A 10- by 10-cm hole was cut in the
lid of each container and covered with organdy. Logs
from the middle and top of the tree were kept whole,
but it was necessary to cut lower logs so they would Þt
in the containers. We measured the bark thickness at
the thickest and thinnest points at each end of each log
using a dial caliper (model 120, Starrett, Athol, MA).
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In each log, we peeled Þve bark ßaps �1 by 5 cm,
with one end still attached to the log. A 0.5- by 3-cm
groove was cut into the sapwood, and one fourth instar
emerald ash borer was inserted in each groove. The
bark ßaps were secured in place with push pins. The
logs were placed in an environmental chamber (20Ð
25�C, 75% RH, and a photoperiod of 16:8 [L:D] h) for
4 d to allow the emerald ash borer larvae time to
commence feeding. Five female S. agrili that were at
least 1 wk old were introduced into each chamber.
After 2 wk the parasitoids were removed and the bark
was peeled off the logs to determine the percentage of
larvae that were parasitized. Although we did not
control for emerald ash borer density, using the same
number of larvae per treatment regardless of log di-
ameter, in 2 wk Þve S. agrili females would have been
expected to parasitize 100% of the larvae. Only em-
erald ash borer larvae that showed evidence of active
feeding and tunneling were considered for percentage
of parasitism calculations.

Thirty S. agrili females were collected at random
from the colony. They were killed in ethanol and
dissected. The length of each ovipositor was measured
using a dissecting microscope Þtted with a reticle.
Statistical Analyses.Because sample sizes were gen-

erally small, contingency table data were analyzed
using Fisher exact test (PROC FREQ, SAS Institute
1990). Comparisons among treatments with numeri-
cal data were analyzed using analysis of variance
(ANOVA) (PROC GLM, SAS Institute 1990), with
multiple comparisons made using DuncanÕs multiple
range test. The number of eggs laid per larva was
regressed on larval length and larval weight and re-
gression statistics were calculated with PROC REG
(SAS Institute 1990). Means are presented �SEM.

Results and Discussion

Group Versus Single Mating. Production of female
progeny is possible only if a female parasitoid is mated,
and a high proportion of females is important for
enhanced mass rearing and release success. Seven of
15 (47%) of the group-mated females laid eggs,
whereas only 27% of the singly mated females laid
eggs, although perhaps because of the small sample
size the difference was not statistically signiÞcant
(df � 1, P� 0.16). Considering all females, the group-
mated females laid an average of 9.2 � 3.8 eggs (range,
0Ð43), and the singly mated females laid 2.5 � 1.4
(range, 0Ð20) eggs per female (F� 2.74; df � 1, 28;P�
0.1). If one considers only females that laid eggs, the

average was 19.7 � 16.0 eggs per female for group-
mated females and 9.5 � 7.0 eggs per female for singly
mated females (F� 1.31; df � 1, 9; P� 0.27). Although
none of the analyses showed that group mating re-
sulted in signiÞcantly higher fecundity at � � 0.05,
allowing S. agrili to mate in groups certainly did not
adversely affect female reproductive output. Group-
mated females produced viable female progeny until
they were 30 d old, which was similar to what was
found for singly-mated females (35 d). All group-
mated females produced some female eggs, indicating
they were mated, whereas one of the singly mated
females produced only male progeny. The average sex
ratio of progeny for group-mated females was 81%
female, whereas 59% of the progeny of singly mated
females were female. Even if female S. agrili must be
reared individually for experimental purposes, allow-
ing them access to males for 1 wk should be sufÞcient
to provide all the sperm necessary for the production
of female eggs throughout their lives.
Effect of Plant andHost Volatiles onOviposition by
S. agrili. In trial 1, signiÞcantly more females (63%)
laid eggs when leaves fed on by emerald ash borer
were kept in the rearing chamber (df � 1, P � 0.04)
compared with no ash or emerald ash borer (37%)
(Table 1). There was not, however, a signiÞcant dif-
ference in the number of eggs laid per female or the
number of clutches per female, and the number of
eggs laid was low. The low fecundity during the Þrst
trial was probably due to the low quality of emerald
ash borer larvae (not feeding because they were
prepupae or not healthy) at the time of year when the
experiment was conducted. The percentage of emer-
ald ash borer larvae feeding was equal for the two
treatments tested during the Þrst trial. However, dur-
ing the second trial, a signiÞcantly higher percentage
of the emerald ash borer larvae were feeding com-
pared with the Þrst trial (df � 1, P � 0.0013), which
may explain why more parasitoid eggs were laid in the
second trial. The percentage of females laying eggs
was not signiÞcantly different when ash leaves were or
were not fed on by emerald ash borer (trial 2) (df �
1, P� 0.2694); however, signiÞcantly more clutches of
eggs (F � 4.62; df � 1, 57; P � 0.0358) and conse-
quently more eggs per female were laid when emerald
ash borer feeding on ash leaves were present in the
rearing chamber. These results corroborate our prac-
tical experience that fecundity is higher when S. agrili
is reared in the presence of emerald ash borer feeding
on ash leaves.

Table 1. Percentage of females ovipositing and number of eggs per female for S. agrili reared with no volatiles vs ash leaves fed on
by emerald ash borer (EAB) (trial 1) or ash leaves only versus ash leaves fed on by EAB adults (trial 2)

Trial Treatment
% females
ovipositing

No.
eggs/female

No. eggs/laying
female

No.
clutches/female

1 No ash or EAB 37a 5.4a 14.8a 0.8a
1 Ash leaves with EAB 63b 8.8a 13.9a 1.5a
2 Ash leaves only 83a 24.0a 28.8a 4.1a
2 Ash leaves with EAB 83a 33.6a 40.6b 6.6b

Numbers in columns within a trial followed by the same lower case letter are not signiÞcantly different at � � 0.05.
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It is not unusual for parasitoids to be attracted to
host plant volatiles and even more so to plants fed
upon by herbivorous insects. Fruit ßy parasitoids were
attracted to fruit volatiles and even more attracted to
fruit containing fruit ßy larvae (Silva et al. 2007).
Hyssopus pallidus (Askew) (Hymenoptera: Eulophi-
dae), a parasitoid of the codling moth, Cydia pomo-
nella (L.) (Lepidoptera, Tortricidae), was more at-
tracted in Y-tube olfactometer tests to host volatiles
versus blanks but also was more attracted to infested
fruit than healthy fruit (Rott et al. 2005). In addition,
three species ofCotesiawere attracted to brassicacous
plants treated with jasmonic acid to simulate plant
defense response, but they showed an elevated re-
sponse to plants fed upon by herbivores (Bruinsma et
al. 2009).

That ash wood and emerald ash borer larval frass,
which were present in all treatments, were not sufÞ-
cient to stimulate oviposition in S. agrili makes sense
regarding the biology of emerald ash borer. Emerald
ash borer larvae and the frass they produce are com-
pletely concealed under ash bark and any volatiles
produced might be trapped by the bark. S. agrili fe-
males have been shown in olfactometer studies to be
attracted to ash leaves, but not to emerald ash borer
larvae, emerald ash borer larval frass, or ash bark with
larval frass (Wang et al. 2010). The wasps seem to use
ash leaf volatiles as cues for host habitat location and
then use the vibrations from emerald ash borer feed-
ing or movement for host location. These studies show
that the presence of feeding emerald ash borer adults
is also important for stimulating oviposition byS. agrili,
probably because they are an important host location
cue in the native range where emerald ash borer is
generally rare. S. agrili adults are usually active in the
Þeld at least a month after peak emerald ash borer
feeding activity, and emerald ash borer frass or other
volatiles might or might not still be present. Our stud-
ies did not distinguish between stimulation by emerald
ash borer frass or by the damage done to the ash leaves.
Longevity and Daily Fecundity. In the 2007 trial, S.
agrili females lived between 12 and 47 d, with an
average of 24.4 � 1.24 d (Table 2). Females reared in
2009 lived signiÞcantly longer (F � 76.51; df � 1, 68;
P � 0.0001), between 24 and 127 d, with an average
longevity of 60.8 � 4.5 d. Laboratory selection is un-
likely to explain the difference between years because
S. agrili from China were incorporated into the colony
every year. A male was present throughout the fe-
maleÕs life in 2007 and males were removed after 1 wk
in 2009. It is possible that the presence of a male in the
vial decreased the longevity of the female; however,
because the studies were not replicated within years

or with and without males, we cannot distinguish be-
tween the confounding effects of year and male pres-
ence. Having males present until death did not in-
crease the likelihood of producing female offspring;
two females in both trials laid only male offspring and
were presumably unmated. Males lived an average of
66 � 4.5 d (range, 17Ð128 d). In their native range, S.
agrili females must locate a scarce and presumably
scattered resource, and longevity would certainly im-
part a reproductive advantage. In general, Spathius
species tend to be long lived. For example, Spathius
pallidus Ashmead, a parasitoid of Dendroctonus fron-
talis Zimmerman (Coleoptera: Scolytidae) survived a
maximum of 41 d in the laboratory (Matthews and
Stephen 1997); S. critolaus adults lived 5.5 mo when
fed sugar water or plant nectar (Krishna Ayyar 1941);
and S. brevicaudis females lived 78.1 d, with a maxi-
mum of 172 d (Urano and Hijii 1991).
S. agrili females require a preoviposition period,

suggesting that they are synovigenic. Yang et al.
(2010) found that S. agrili laid more eggs throughout
their lives than are present upon emergence. There-
fore, eggs continue to be produced after eclosion. The
age of the female when oviposition Þrst occurred was
highly variable, ranging from 2 to 42 d (Fig. 1; Table
2). The average age of the female when the Þrst clutch
of eggs was produced was 11.4 � 6.7 d (range, 2Ð26 d)
in 2007, which was signiÞcantly younger than the
average age at egg laying, 19.5 � 10.5 d (range, 4Ð42
d), in 2009 (F� 9.92; df � 1, 48; P� 0.0028). In 2009,
18% of the females were over one month old before
they laid the Þrst clutch of eggs, even though larvae
were available from day one. Once egg laying began,
1Ð10 d elapsed before the next clutch of eggs was
deposited (Fig. 2). In general, however, only 1Ð3 d
elapsed between egg laying events.

A higher percentage of females oviposited in 2009
(93%) than in 2007 (73%) (Table 2). In addition, each
female in the 2009 trial laid signiÞcantly more eggs
(51.2 � 5.1; range, 0Ð97) than in 2007 (10.7 � 2.4;
range, 0Ð62) (F � 59.9; df � 1, 68; P � 0.0001) and
produced signiÞcantly more clutches of eggs (9.5 �
5.4; range, 0Ð20) than in 2007 (2.1 � 3.3; range, 0Ð14)
(F� 49.1; df � 1, 68;P� 0.0001). However, there were
no signiÞcant differences in the number of eggs per
clutch (F � 1.56; df � 1, 369; P � 0.2132), with an
average of 5.0 � 2.2 and 5.4 � 2.8 eggs per clutch in
2007 and 2009, respectively. Wang et al. (2010) found
that S. agrili laid an average of 23.3 eggs per female;
however, fresh larvae were provided only every 2Ð3 d.
When two larvae were available in our study, females
occasionally produced two clutches of eggs per day,
but only 6% of the time. On most days (69%) they laid

Table 2. Longevity and fecundity of S. agrili females

Yr
Female

longevity (d)
% females
ovipositing

No.
clutches/female

No.
eggs/clutch

No.
eggs/female

% female
progeny

Age at Þrst
ovipositon

2007 24.4a 73% 2.2 � 3.3a 5.0 � 2.2a 10.7 � 2.4a 82.2 11.4 � 6.7 (2Ð26)a
2009 60.8b 93% 9.5 � 5.4b 5.4 � 2.8a 51.2 � 5.1b 75.2 19.5 � 10.5 (4Ð42)b

Numbers in columns followed by the same lower case letter are not signiÞcantly different at � � 0.05.
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no eggs, and on 26% of the days, one clutch was
deposited.

Because females continued to oviposit throughout
their lives (Fig. 3), with one female laying a clutch of
six eggs on day 115, the difference in egg production
between years was likely partially due to the increased
longevity in the 2009 trial. If one assumed that females
in 2009 only lived 25 d (the average life expectancy in
2007), females would have laid an average of 17.6 eggs,
which is similar to the average of 19.5 � 3.4 eggs laid
by the 2007 females that laid some eggs (i.e., nonegg
layers were excluded from analysis). Another factor
possibly contributing to the increased oviposition in
2009 was the higher percentage of emerald ash borer
larvae that were feeding and thus detectable by the
parasitoids in 2009 (92%) versus 2007 (81%). In 2007,
the larvae attacked by S. agriliwere feeding 98% of the
time, whereas in 2009 S. agrili did not lay any eggs on
larvae that were not feeding. These results highlight
the need to provide high quality larvae that are ac-
tively feeding when rearing S. agrili.
S. agrili has a female-biased sex ratio (Wang et al.

2008), and thepercentageofprogeny thatwere female
was 82% in 2007 and 75% in 2009. Female progeny
continued to be produced throughout the lives of the

2009 females, when mating was not possible after 7 d,
further conÞrming that sperm depletion was not an
issue.

Only 58% of the eggs laid in 2009 resulted in co-
coons; however, once cocoons were formed, 91% pro-
duced adults. In 2007 we did not record cocoon for-
mation, but adult progeny were produced by 55% of
the eggs. If one combines the 2009 data for the average
number of eggs laid per female, percentage survival to
thecocoonstage,percentageemergenceof adults, and
the percentage of progeny that are female, the net
reproductive rate,Ro � �lxmx,where lx is the number
surviving at the beginning of age class x and mx is the
age-speciÞc fecundity, is 20. Thus, each female will
produce,onaverage, 20 femaleprogeny.Tc, thecohort
generation time or the average age of a female at the
time she lays female offspring, was 33 d for S. agrili in
2009. This means that one should be able to rear 11
generations of S. agrili per year. From these data we
calculated rc, the capacity for increase, an approxima-
tion of r, the intrinsic rate of increase (Southwood
1978): rc � loge Ro/Tc. For S. agrili, rc was 0.09.

The number of eggs per clutch was signiÞcantly
greater when the eggs were laid on larger larvae when
both larval weight (r� 0.05; F� 4.43; df � 1, 83; P�

Fig. 1. Percentage of S. agrili females that laid the Þrst clutch of eggs during various age intervals.

Fig. 2. Percentage of females who waited a given number of days between depositing clutches of eggs.
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0.0384) and length (r� 0.0871; F� 7.92; df � 1, 83;P�
0.0061) were considered, however, the r2 values were
quite low (0.05 and 0.09 for larval weight and length,
respectively). SigniÞcantly more adult progeny were
also produced on heavier larvae (F� 10.02; df � 1, 82;
P � 0.0022), but the signiÞcance level was slightly
above 0.05 for longer larvae (F� 2.74; df � 1, 82; P�
0.057). The relationship between clutch size and larval
length was tighter in the Þeld (Wang et al. 2008), with
an r value of 0.4119. S. agrili larvae often consume the
entire emerald ash borer larva, and it makes sense that
a larger emerald ash borer could support a greater
number of S. agrili larvae. In China up to 18 cocoons
(average of 9.1) per emerald ash borer have been
found (Yang et al. 2010).

Protrandry, the emergence of males before females,
is quite common in parasitic wasps (Quicke 1997) and
was found for S. agrili in China (Yang et al. 2010). Our
data do not support the occurrence of protrandry in
laboratory rearing. Males and females both emerged
after an average of 32 d, with the range for males 28Ð42
d and the range for females 28Ð41 d.
Effect of Temperature on S. agrili Reproduction.

Increasing the maximum daily temperature did not
signiÞcantly affect either fecundity or longevity of S.
agrili (Table 3). The apparent increased activity ob-
served in China on bright sunny days in the Þeld may
have been in response to increased light levels rather
than to temperature. An alternative hypothesis is that
the insects were able to increase their temperature
above ambient when exposed to sunlight, something
that was not possible in the growth chamber.
Chilling S. agrili to Stockpile for Later Release. In

our experience rearing S. agrili, the factor limiting
production numbers was not the reproductive rate of
S. agrilibut rather the availability of emerald ash borer

larvae. Logs containing mature fourth instars for para-
sitoid production can be collected in the late summer,
chilled, and the larvae removed as needed throughout
the winter. However, by the spring, when one should
be increasing production to prepare for summer re-
leases, survival of larvae diminishes dramatically. Em-
erald ash borer that have overwintered as larvae rather
than prepupae can be found in the spring, but their
availability has been sporadic and depends on forest
stand conditions (emerald ash borer density, tree
stress level, sunlight penetration). In addition, a reli-
able artiÞcial diet is not yet available. The ability to
rearS. agrili throughout the winter (when emerald ash
borer larvae are more readily available) and stockpile
them for summer release was seen as critical.

When Þeld collected cocoons of the overwintering
generation of S. agrili, which are presumably in dia-
pauses, are warmed to 25�C, emergence occurs over
several months (unpublished data). Such prolonged
emergence is less than desirable for a rearing facility.
Therefore, the chill study was designed to determine
whether S. agrili pupae could be chilled for long pe-
riods of time without inducing diapause.

Eighty percent of cocoons that remained at room
temperature produced live adults (Table 4). The fe-

Fig. 3. Number of eggs laid per day by 30 S. agrili females in 2007 (A) and 2009 (B).

Table 3. Fecundity and longevity of female S. agrili reared
under different temp regimes

Treatment
% females
ovipositing

No.
eggs/female

No.
eggs/laying

female

Avg.
longevity

(d)

Max temp, 28�C 62% 12.8a 20.8a 50.7a
Max temp, 25�C 50% 11.2a 22.5a 48.0a

Numbers in columns followed by the same lowercase letter are not
signiÞcantly different at � � 0.05.
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males that emerged from these cocoons lived an av-
erage of 65.7 � 6.8 d, 63% laid eggs, and the average
number of eggs per female was 21.7 � 7.0. Only 41%
of cocoons that were chilled at 10�C for 3 mo produced
live adults. The females that emerged lived for 45.5 �
7.7 d, but only 25% of these females laid eggs and there
were only 3.9 � 2.9 eggs per female. Percentage emer-
gence dropped off to 11 and 10% for 6 and 9 mo, and
no females lived longer than 1 wk or laid any eggs.
Chilling S. agrili for 3 mo resulted in a 50% drop in
emergence, but even more critically, the females seem
to have used up resources critical for egg laying. Re-
search into stockpiling S. agrili is continuing.
Effect of Bark Thickness on Oviposition Success.

Thick bark may protect borer larvae from parasitoid
attack under some circumstances. For example, a lin-
ear relationship between parasitoid density and de-
creasing bark thickness was observed for Rhopalicus
sp. attacking D. frontalis (Gargiullo and Berisford
1981). The maximum bark thickness at the bottom of
the ash tree used in our experiment was considerably
greater than at the top of the tree (Table 5); however,
at the bottom of the bark furrows (minimum thick-
ness) the difference between logs from the top and
bottom of the tree was only 0.14 mm. Assuming that S.
agrili females can crawl into the bark crevices for
oviposition, they would only have to penetrate an
average of 1.4 mm of bark to reach an emerald ash
borer larva. The average length of a S. agrili ovipositor
was 3.2 � 0.1 mm, so one could predict that they could
parasitize emerald ash borer at the bottom of the tree.
This proved to be the case. At the bottom of the tree,
74% of the emerald ash borers were parasitized (Table
5). Parasitism of larvae in the middle (91%) and top of
the tree (92%) was not signiÞcantly greater (F� 0.69;
df � 1, 2; P � 0.5222). Almost three quarters of the

larvae were parasitized at the bottom of the tree, even
though 40% of the larvae had already formed over-
wintering chambers in the outer sapwood and had dug
even further into the tree. The percentage of parasit-
ism of larvae in overwintering chambers was lower at
the bottom of the tree where the bark was thicker
(36%) than for the middle (50%) or top (66%) of the
tree, but parasitization was still possible. When em-
erald ash borer larvae develop in thick-barked trees
they sometimes form overwintering chambers in the
bark rather than the outer sapwood (unpublished
data), making them more available for parasitization
by S. agrili. Rearing S. agrili on Þeld-collected logs
containing emerald ash borer larvae, even when the
bark is up to 3 mm thick in the bark crevices, should
prove to be a successful method that could save con-
siderable time and effort.

In January 2009, a mass rearing facility was com-
pleted and staffed by USDAÐAPHIS in Brighton, MI.
The rearing methodologies developed through this
research were provided to rearing facility staff, who
were able to quickly increase production and provide
9,894 female S. agrili for release in 2009. Production
increased Þve-fold in 2010 and �55,000 S. agrili were
shipped to cooperators for release (J. Lelito, personal
communication).
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