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Abstract

Compsilura concinnata is a gregarious tachinid which lays eggs directly into a host larva with a sickle-
shaped ovipositor. The oviposition and immature development of C. concinnata was examined using
the noctuid moth Mythimna separata as a host. C. concinnata females usually laid one egg per single
ovipositional attack, but occasionally laid more than one egg at a time. Also, the females often depos-
ited no eggs in both moving and non-moving hosts, suggesting that this imperfect oviposition was not
caused by the defense behaviour of the host. Successful development from egg to adult was obtained
within a temperature range of 15.0-27.5°C. At 30°C, this fly could pupariate but failed to emerge as an
adult. The developmental time from oviposition to adult emergence decreased with rising temperature.
The lower developmental threshold from oviposition to adult emergence was 7.7°C for females and
8.7°C for males. The total effective temperature from oviposition to adult emergence was 404.4 degree-

days for females and 342.1 degree-days for males.
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Introduction

The tachinid fly, Compsilura concinnata (Meigen),
is a polyphagous parasitoid. This tachinid parasitizes over
100 species in the Palearctic Region'?, at least 161 species
in North America', and 67 species in Japan®. Most of the
hosts are lepidopteran larvae including the noctuid moth
Mythimna separata Walker and the gypsy moth Lymantria
dispar (Linnaeus), but some sawflies and even coleopter-
ons serve as their hosts. Since the early 1900’s, C. concin-
nata was introduced into North America as a biological
control agent for lepidopteran pests, especially L. dispar®.
Recently, however, some researches pointed out that C.
concinnata damages the populations of native and non-
target lepidopteran species in introduced areas®'*'”. As
well as being a biological control agent, C. concinnata is
also a critical invading alien species. Although this para-
sitoid is an important species in both applied entomology
and conservation biology, its fundamental biology is
poorly studied. C. concinnata is multivoltine’, but its life-
history characteristics including the lower developmental
threshold (7,) and the total effective temperature (K) are

unknown. The T} and K are essential parameters for the
population dynamics model and useful for selecting natu-
ral enemy species for introduction'®,

In C. concinnata, the 7th abdominal sternum of
females develops to form a piercing “ovipositor™*. It is
unclear how many eggs are laid per single ovipositional
attack, since the female lays its eggs directly into the host
larva with a sickle-shaped ovipositor. In this study, we
first investigated the number of eggs laid by a female per
single ovipositional attack to estimate the survival rates of
immature stages in C. concinnata. Then, we examined
the developmental time, immature survival, size, and sex
ratio of adults at different rearing temperatures. In addi-
tion we estimated the 7,,and K of C. concinnata.

Materials and methods

1. Host and parasitoid

Larvae of M. separata were obtained from a stock
culture and reared on an artificial diet using the method of
Hattori and Atsusawa''. The colony of C. concinnata
originated from parasitized last-instar larvae of the fall
webworm, Hyphantria cunea Drury, which were collected
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at Tsukuba, Ibaraki, Japan (lat. 36°2'N, long. 140°5'E), in
September and October 2004. All procedures, except for
those in the experiment on the effect of temperature on
tachinid development, were conducted at 25°C under a
photoperiod of 16 h light (L) : 8 h dark (D) and 60% rela-
tive humidity (RH).

2. The number of eggs per single ovipositional attack
by C. concinnata

The number of eggs laid by a female fly per single
ovipositional attack was investigated by dissection. M.
separata larvae show aggressive defense behaviour by
flicking their heads and vomiting saliva toward parasit-
oids. The females were sometimes captured by the saliva
of the host and not able to fly afterwards. As it is possible
that this defense behaviour of host larvae affects the num-
ber of eggs laid by a female fly, we compared the number
of tachinid eggs laid among the free moving and non-
moving hosts. Six to 8 days after mating, female flies
were individually provided with a day 1-2 last instar larva
of M. separata. A single moving host was placed in a
Petri dish (9.0 cm dia. % 2.0 cm depth), along with a single
female fly, which was allowed to attack the host only
once. In the case of non-moving hosts, the host was held
with forceps at the head and thorax. When a host larva
was attacked by a C. concinnata female, a small quantity
of body fluid usually gushed out from the wound. In both
ovipositional experiments, the host was removed immedi-
ately after recognizing that bleeding had taken place. The
parasitized hosts were dissected 3 h after oviposition and
the number of maggots within the hosts was counted.
Five hosts were provided per female. A total of 100 hosts
and 20 female flies were used in the experiment of mov-
ing hosts, and a total of 50 hosts and 10 female flies were
used in the experiment of non-moving hosts.

3. Effects of temperature on development of C.
concinnata

Six to 18 days after mating, female flies were indi-
vidually provided with a day1 last instar larva of M. sepa-
rata which was able to move freely in a Petri dish. The
host was removed immediately after recognizing that
bleeding had taken place. The parasitized hosts were indi-
vidually placed in a Petri dish and provided with an artifi-
cial diet for armyworm until the parasitoid larvae emerged
from the host. The dishes with parasitized hosts were
placed at 15.0, 17.5, 20.0, 22.5, 25.0, 27.5, and 30.0°C
under a photoperiod of 16L: 8D and 60% RH. Puparial
weight, as a parameter of body size, was measured 7 days
after puparium formation according to Nakamura®. In
addition, the developmental time and sex ratio were
recorded.
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4. Data analyses

In this study, 2 or 3 puparia occasionally emerged
from a parasitized host, though the female fly was allowed
to lay eggs only once. For calculations of survival rates
(Table 1), the number of eggs laid by females was esti-
mated as follows: ‘estimated number of eggs laid’ = ‘num-
ber of attacks’ x 0.81. In this equation, 0.81 was calcu-
lated based on the result of the number of eggs per single
ovipositional attack in this study: 100 moving host larvae
were attacked once by C. concinnata, resulting that 81
eggs were laid in total (Fig. 1). To exclude the effect of
the multiparasitism on some parameters (developmental
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Fig. 1. Number of C. concinnata eggs laid by single attack
C. concinnata attacked M. separata larva once, and
eggs were examined by dissection. Moving host:
larva was allowed to move freely. Non-moving
host: larva was arrested by holding with forceps.
N = 100 for the moving hosts, and 50 for the non-
moving hosts.

[J:No egg, l: One egg, : Two eggs.

Table 1. Survival rates of C. concinnata at seven

temperatures
Temperature No. of Estimated no. % % adult

°O) attacks  of eggs laid pupariation” emergence®
15.0 59 47.8 108.8 90.0
17.5 66 53.5 108.5 73.0
20.0 60 48.6 96.7 823
22.5 75 60.8 108.6 922
25.0 89 72.1 102.6 92.9
27.5 72 58.3 92.6 73.7
30.0 58 47.0 108.6 0

a): There was no significant difference in each % pupariation
among the seven temperatures by y’ test (P = 0.995).

b): There was significant difference in each % adult emer-
gence among the seven temperatures by y test (P <
0.0001).
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times, puparial weights and sex ratio), multiple maggots
that emerged from a host were excluded from the data for
analyses of these parameters.

Linear regression was performed to analyze develop-
mental rates (the reciprocal of the number of days required
for development) as the dependent variable and tempera-
ture as the independent variable. Based on the linear
regression, the 7,and K were estimated.

The developmental time and puparial weights of
emerged adults among temperatures were subjected to
one-way ANOVA and then compared using Tukey-Kramer
test. Inter-sex comparisons of developmental time and
puparial weights of emerged adults were made by a #-test.
The 7* test was conducted to determine whether or not the
survival rates and sex ratios of emerged adults differed
among the temperatures. Pearson’s correlation coefficient
was used to estimate the association between temperature
and developmental rate. These statistical analyses were
conducted using StatView, version 5.0 (SAS Institute,
Cary, NC).

Results

1. The number of eggs per single ovipositional attack
by C. concinnata

When C. concinnata females were provided with M.
separata larvae, they almost immediately attacked the lar-
vae. When the host larvae were dissected 3 h after ovipo-
sition, all fly eggs had already hatched and the larvae were
always found between the peritrophic membrane and the
midgut wall of the host. On occasion the larva attached
itself posteriorly to host tracheoles of the midgut as
described by Ichiki & Shima'®. Of the 100 dissected hosts
which were able to move freely at oviposition, 69 had 1
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larva of the tachinid, 6 had 2 larvae and 25 had no larva
within the hosts (Fig. 1) . Of 50 hosts which were ren-
dered immovable at oviposition, 40 had 1 larva of the
tachinid and 10 had no larva within the hosts.

When the hosts which were attacked by females once
were reared at different temperatures, sometimes 2 or 3
puparia egressed from a host. The percentages of 1 pupar-
ium per host were highest at all experimental tempera-
tures (range: 51.4-78.7%, mean: 66.2%, n = 7). The per-
centages of 2 puparia per host were 2.2—14.7% (mean:
7.9%, n = 7), and very low percentages of 3 puparia per
host emerged at 15°C, 22.5°C and 27.5°C (range: 0—1.7%,
mean: 0.6%, n=7). At the 7 temperatures, 17.2 to 30.6%
(mean: 21.9%, n = 7) of hosts survived to adult and 0—
6.9% (mean: 3.3%, n = 7) of hosts died but did not pro-
duce any puparium.

2. Immature survival

Based on the number of eggs per single ovipositional
attack, the survival rates were calculated (Table 1). The
pupariation rates were 92.6—108.8% and not significantly
different among the seven temperatures of 15-30°C ()
test: y*= 0.661, df = 6, P = 0.995). The percentages of
adult emergence ranged between 73.0-92.9% at 15—
27.5°C. At 30°C, no adult emerged. The survival rates
from egg to adult were not significantly different among
the six temperatures except 30°C (y” test: x*= 1.609, df =
5, P=0.900).

3. Developmental time

The mean developmental time for each developmen-
tal stage from oviposition to adult emergence decreased
with rising temperature in both sexes (Tukey-Kramer test,
P <0.05; Table 2). The developmental time of puparia for

Table 2. Development time of C. concinnata at seven temperatures

Oviposition-adult emergence™®

Females

Males

Temperature Developmental time (days)®
0 Eggs and larvae® Puparia™®
Females Males

15.0 242+0835A  31.7+02(11)aA  29.9+0.3 (18) bA
17.5 15.5+0.4 (50) B 23.5+0.2(13)aB 20.9+0.2 (18) bB

20.0 10.7+0.1 (43) C 17.6£0.3 (12) aC 15.9+0.2 (24) bC

22.5 9.0+0.2(41)D 147+ 0.3 (15) aD 13.0+0.2 (18) bD
25.0 85+0.1 (70)DE  13.4+0.1 (36) aE 12.0+0.2 (27) bE

27.5 7.8+0237)DE  10.7+0.2 (14) aF 9.9+0.1 (13) bF

30.0 7.4+0.1 (41)E - -

554+1.7(11)aA
39.8+ 1.0 (13) aB
28.5+0.3 (12) aC
23.8+£0.4 (15)aD
22.2+0.2 (36) aD
18.7 0.3 (14) aE

543+ 1.4 (18)aA
35.540.5 (18)bB
26.4+0.3 (24) bC
214402 (18) bD
20.0+ 0.2 (27) bD
17.2+0.2 (13) bE

a): Mean + SE. Values in parentheses indicate sample sizes.
b): Values followed by the same small letter within a row are not significantly different by #-test (P> 0.05).

¢): Values followed by the same capital letter within the same column are not significantly different by Tukey-Kramer test follow-
ing ANOVA (P > 0.05).
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males was significantly shorter than that for females at
15-27.5°C (t-test: for 15°C, t = 4.720, df =27, P < 0.001;
for 17.5°C, ¢t = 8.291, df = 29, P < 0.001; for 20°C, ¢ =
4.865, df =34, P<0.001; for 22.5°C, t=5.077,df =31, P
< 0.001; for 25°C, t = 6.930, df = 61, P < 0.001; and for
27.5°C, t=3.284, df =25, P=10.003). The total develop-
mental time from oviposition to adult emergence was sig-
nificantly shorter in males than in females at 17.5-27.5°C
(t-test: for 17.5°C, t=4.478, df =29, P < 0.001; for 20°C,
t=4.831, df =34, P <0.001; for 22.5°C, t = 5.481, df =
31, P<0.001; for 25°C, t=7.888, df = 61, P < 0.001; and
for 27.5°C, t = 4.469, df = 25, P < 0.001), except for that
at 15°C (#-test: t = 0.462, df =27, P = 0.648).

The linear regression equation for the developmental
rate against temperature in C. concinnata was determined
(Table 3). For the linear regression analysis, the develop-
mental rate at 30°C was excluded because no adult
emerged. The correlation of regression equations for each
developmental stage was very high (+*> 0.94, P < 0.01).
Based on the linear regression equations, the 7, and K
were estimated.

4. Body size and sex ratio of emerged adults

For females, the mean puparial weight was largest at
15°C and decreased in a temperature-dependent manner
(Table 4). For males, the mean puparial weight was not
significantly different among the temperatures 17.5—
27.5°C, but was significantly larger at 15°C than others.
The puparial weights of females were significantly larger
than those of males at the same temperatures (#-test: for
15°C, t=7.362, df =27, P <0.001; for 17.5°C, t = 7.518,
df =29, P < 0.001; for 20°C, ¢ = 13.020, df = 34, P <
0.001; for 22.5°C, t=11.860, df =31, P < 0.001; for 25°C,
t=14.994, df = 61, P < 0.001; and for 27.5°C, ¢ = 5.683,
df = 25, P < 0.001). The proportions of females in
emerged adults at different temperatures varied from 0.33
to 0.57 at 15-27.5°C, but the difference was not signifi-
cant (y” test: y°= 6.813, df = 6, P = 0.235).

Discussion

The present study shows that C. concinnata females
laid one egg per single ovipositional attack in many cases,

Table 3. The linear regression equation, lower developmental threshold and total effective temperature for C. concinnata

Developmental stage Sex Linear regression P r The lower Total effective

equation” developmental  temperature (K)

threshold (77) (degree-days)

®)

Eggs and Larvae Y =0.007X - 0.056 0.0012 0.944 8.0 169.4
Puparia Female Y =0.005X-0.040 <0.0001 0.988 8.0 221.9
Male Y =0.005X-0.044 <0.0001 0.990 8.8 185.4
Oviposition-adult emergence ~ Female Y =0.003X-0.023 0.0001 0.979 7.7 404.4
Male Y =0.003X —0.026 0.0001 0.977 8.7 342.1

a): Linear regression analysis was applied to the developmental data within 15-27.5°C.

Table 4. Puparial weights and sex ratios of C. concinnata at seven temperatures

Temperature Puparial weight (mg)® Proportion of females
0, . b)

(°C) Females Males in emerged adults
15.0 60.4+1.4(11)aA 453+ 1.3 (18) bA 0.38

17.5 52.8+1.9(13) aB 36.3+1.3(18)bB 0.42

20.0 51.4+1.2(12) aBC 34.3+0.7 (24) bB 0.33

22.5 50.3+ 1.2 (15)aBC 35.6+0.5(18) bB 0.45

25.0 47.6 0.7 (36) aCD 32.9+0.7(27) bB 0.57

27.5 444+1.6 (14)aD 33.9+0.8 (13) bB 0.52

30.0 - - -

a): Mean + SE. Values in parentheses indicate sample sizes. Values followed by the same small letter
within the same row are not significantly different by t-test (P > 0.05). Values followed by the same
capital letter within the same column are not significantly different by Tukey-Kramer test following

ANOVA (P> 0.05).

b): There was no significant difference in sex ratios among the seven temperatures by x” test (P> 0.05).
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but occasionally laid more than one egg at a time (Fig. 1).
Additionally, the females often deposit no eggs even
though they attacked the hosts. Lepidopteran caterpillars
often attempt to protect themselves against parasitoids by
behavioural and/or morphological defenses'®. Many of
the hosts have characteristics such as head-flicking and
thrashing behaviour to deter parasitoids from attacking
them'’. Larvae of M. separata are also known to show
aggressive behaviour which dislodge or bite tachinid eggs
with their mandibles®. In this study, we frequently
observed the M. separata larvae flick their heads and
vomit saliva toward the females of C. concinnata during
attacks. Therefore, we hypothesized that an attack with-
out oviposition was caused by the defense behavior of the
host. Contrary to our expectation, imperfect oviposition
occurred when host movement was arrested. The reasons
for this phenomenon remain unclear at this time, but it
might be due to the function of the female reproductive
system of C. concinnata.

Compsilura concinnata successfully developed from
egg to adult throughout a temperature range of 15.0—
27.5°C (Table 1). At 30°C, the highest temperature tested,
this fly was able to pupariate but not able to emerge as an
adult. When the puparia egressed at 30°C were dissected
later, the majority of the dead flies were in the form of
adults inside puparia. Most likely, C. concinnata almost
completes the metamorphosis into an adult and then dies
without emerging from the puparium at 30°C. Thus, 30°C
or more appears to be unsuitable for the pupal develop-
ment of C. concinnata. Fusco et al.’ also found that this
tachinid failed to emerge at 32.3°C, when L. dispar larvae
were used as a host. They reported that this tachinid
developed successfully within a temperature range of
15.6-29.4°C.

The developmental times and body size of C. concin-
nata were affected by temperature in both sexes, while
sex ratios of emerged adults were not affected by tempera-
ture (Tables 2 & 4). It is generally known that females are
larger than males in some tachinids'”*. In our study, as
well, the body size of females was significantly larger
than that of males (Table 4). Also, the results from our
experiments suggest that males tended to emerge a few
days earlier than the females (Table 2). Early emergence
of males is also known in other tachinids*>'>'7!2,

In this study, the 7, from the time of oviposition to
adult emergence of C. concinnata was estimated to be 7.7
for females and 8.7 for males. Also, the K from oviposi-
tion to adult emergence was estimated at 404.4 for females
and 342.1 for males (Table 3). According to Hirai and
Santa®, the 7, and K from oviposition to adult emergence
of M. separata were 7.1 and 736.6, respectively. Generally,
the T, of parasitoids have a higher value than that of their
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hosts™'®, while K values are lower for parasitoids than for
hosts'®. The results obtained in this study were consistent
with this rule.

From the values of 7,,and K obtained in this study,
we assumed that C. concinnata occurs several times from
early spring to late autumn. C. concinnata, which can
parasitize over 200 different host species, probably uti-
lizes not only M. separata but also various host species
through its generations in the field. Recently, severe dam-
age by C. concinnata, which has been introduced as a bio-
logical control agent against L. dispar, was reported on
populations of native and non-target lepidopteran species
in North America®'*". Boettner et al.> reported that C.
concinnata and its parasitism likely resulted in a signifi-
cant decline in native silk moths. As L. dispar is uni-
voltine®, this parasitoid would attack non-target species to
complete multiple generations each year after L. dispar
larvae are no longer available*'*'. In the present study,
C. concinnata showed high survival rates throughout a
wide temperature range of 15.0-27.5°C (73.0-92.9%)
when M. separata was used as the host (Table 1).
Assuming there is a high probability that this tachinid can
parasitize many other lepidopteran species as in the case
of M. separata, there is a possibility that the impact of C.
concinnata on native species may increase. To evaluate
the parasitization ability of C. concinnata, it is necessary
to further investigate its immature development and sur-
vival using several other lepidopterans as the host.
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