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Development of Raphidioptera is highly plastic with 9 to 15 larval instars
within 1 to 3 (or even more) years. Essential for successful pupation and adult eclo-
sion is a period of low temperature of mature larvae (or pupae). However, the
threshold for the length and temperature of this chilling is unknown.

This study reports on development of mature Raphidia mediterranea larvae after
exposure to different chilling conditions. The first indication of pupation is de-
scribed by the onset of significant modifications in the anatomy of the head capsule
of the mature larva shortly before pupal molt. Increasing length of chilling period
at 4 °C resulted in decreased period of time between end of chilling and pupation.
Chilling temperatures between 0 °C and 12 °C had no influence on the length of
time between end of chilling and pupation. The results highlight the significance
of low winter temperature both for the present geographical distribution of
Raphidioptera and synchronisation of reproduction.
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Introduction

Raphidioptera is one of the smallest orders of holo-
metabolous Insecta with about 250 known species
living exclusively in the Northern Hemisphere
(H. Aspock et al. 1991, 2012, U. Aspock et al. 2012).
They exhibit a larval period which lasts one or more
years, and a short adult live of several weeks. This
mode of development occurs in many hemimetabol-
ous as well as holometabolous insect orders and
includes an arrest in growth or development during
unfavorable environmental conditions which was

described as dormancy (Danks 1987, Miiller 1992).
The triggers for arresting and resuming development
are complex, and no descriptive terms adequately
cover the specific responses of all species (Danks
1987, 2002).

As far as we know, the postembryonic develop-
ment of Raphidioptera is highly plastic in that the
number of larval instars (9 to 15) and its duration
(1 to 3 or more years) might differ within a species
and between offspring from any individual female
(H. Aspock 2002, Gruppe & Abbt 2018). Larvae
survive winter conditions in dormancy but become

119


mailto:gruppe@wzw.tum.de

immediately active as temperature increases. This
corresponds perfectly to the concept of quiescence
(H. Aspock et al. 2018). However, essential for
successful pupation is that the mature larvae (or
pupae) must be subjected to chilling temperatures
prior to the adult stage (H. Aspdck 2002), which is
a requirement fulfilled during winter under natural
conditions. Knowledge of postembryonic develop-
ment was largely derived from rearing field collected
larvae or from rearing “ab ovo” (H. Aspock et al. 1974,
1991, H. Aspock & U. Aspock 2009, Gruppe & Abbt
2018). An additional outcome of the rearing is that
development seems to be not influenced by light.
However, detailed studies of the postembryonic
development are scarce. Development of Nearctic
Agulla species was studied by Woglum & McGregor
(1958, 1959) and Kovarik et al. (1991). However,
these authors failed to consider the effect of cold
temperatures during the last hibernation.

H. Aspock (2002) defined three basic modes of
Raphidioptera development (Types L, II, ITI) that dif-
fer in the last hibernating instar and the time period
between end of hibernation and emergence of the
adult. Most genera belong to ‘Type I' (H. Aspock
2002) with the last hibernation as mature larva and
pupation in spring followed by immediate emer-
gence of adults. It is well documented that pupation
becomes disordered if the temperature during the
last hibernation does not decrease. In these pupae the
general habitus remains as that of a larva but pupal
characters are more or less markedly developed. This
kind of disordered metamorphosis is termed met-
athetely (incorrectly termed “prothetely” in former
publications) (H. Aspdck et al. 2018).

The general lack of research on Raphidioptera
development is most probably due to the long dura-
tion of development and the fact that most species
are difficult to find in the field. Recently both restric-
tions have been overcome with the description of a
simple rearing system (H. Aspdck & U. Aspock 2009)
and the discovery of a large population of Raphidia
mediterranea H. Aspock, U. Aspock & Rausch, 1977,
in Austria (Rausch et al. 2016, H. Aspock et al. 2017,
Gruppe et al. 2017). Even with the described rearing
system, the emergence rate of adults is about 50 %
with the highest mortality at the stage of the late
pupa (H. Aspock et al. 1974). However, the onset
of pupation is morphologically visible several days
before mold by the appearance of the so called
prepupa, which represents the immobile phase of
the mature larva.

In the last years we were able to generate large
stocks of Raphidioptera larvae under standardized
conditions in the lab and to test the effect of dif-
ferent hibernation conditions by chilling groups of
larvae for different periods of time and at different
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temperatures under controlled conditions in the lab.
In particular we conducted experiments to study
the response of R. mediterranea to artificial chilling.

Material and methods

Females of R.mediterranea originated from the exten-
sively described population in Pelmberg, Austria
(Rausch et al. 2016, H. Aspock et al. 2017, Gruppe et al.
2017), and were collected in June/July 2014 and 2015.
They were caged for oviposition in plastic vials accord-
ing to H. Aspock & U. Aspdock (2009). Second or third
instar larvae were transferred into individual vials.
Before onset of the chilling treatments in the second year
all larvae were kept under identical conditions: 20 °C,
16 h light / 8 h dark and ~60 % relative humidity until
October and from October to March (first hibernation)
at 4 °C in constant darkness. Larvae were fed weekly
with a piece of a meal worm (Tenebrio molitor) from a
pet shop from March to October. To be on the safe side,
food was offered once a month in winter. We designed
two experiments to analyze: (i) the relevance of differ-
ent lengths of the chilling period (CP) at a set tempera-
ture and (ii) the significance of different chilling tem-
peratures (CT).

The CP-experiment (Iength of chilling period): By
September 30, 2015, mature larvae, which had hatched
from eggs in July 2014, were divided into batches of 32
individuals each and transferred to a climatic chamber
at 4 °C (permanent darkness). After 4, 8, 12, 16 or 20
weeks larvae were kept at 20 °C under long day condi-
tions (16 h light / 8 h dark). Thereafter larvae were fed
and their development was checked once a week until
appearance of the prepupa which was judged as the
onset of pupation. The time period between the end of
chilling and prepupa stage was termed “post-chilling
period” (PCP). The experiment was terminated 27 weeks
after the end of chilling. From that data, the cumulative
percentage of prepupae in any week was calculated to
visualize modes of development. We tested the PCP for
significant differences with Kruskal-Wallis test and post
hoc Tuckey-test.

The CT-experiment (temperature of chilling): By
November 22, 2016, mature larvae, which had hatched
from eggs in July 2015, were assigned to 10 batches of
21 individuals each. Two batches were removed and
kept at -8 °C, 0 °C, +4 °C, 12 °C or 20 °C (under perma-
nent darkness), respectively. One batch from each treat-
ment was transferred to 20 °C (16 h light / 8 h dark)
after 8 weeks, the other after 16 weeks. Thereafter all
individuals were supplied with food and surveyed for
prepupae once a week. The experiment was terminated
seven weeks after the end of chilling (PCP). From that
data, the cumulative percentage of prepupae in every
week was calculated to visualize the modes of develop-
ment. We tested the PCP for significant differences be-
tween different chilling temperatures with Kruskal-
Wallis test.
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Fig. 1. Mature larva of Raphidia mediterranea.

Fig. 2. Head of a mature R. mediterranea larva; pigmented spot covers all stemmata (arrow).
Fig. 3. Head of a mature larva resp. prepupa, pigmented spot has begun to migrate.
Fig. 4. Head of mature larva as prepupa with pigmented spot (solid arrow) distinct from stemmata (broken arrow).

Fig. 5. Fully developed prepupa of R. mediterranea.

Results

Prior to pupation, Raphidioptera larvae exhibit
alterations in morphology leading to the so called
prepupa which occurs equally in all observed indi-
viduals. Alterations are related to the head and the
habitus. In mature, highly mobile larvae (Fig. 1),
there is a darkly pigmented spot close to the base of

the antenna, which spans the seven stemmata at the
lateral margin of the head capsule (Fig. 2). As the first
indication of the prepupal stage, the pigmented spot
migrates caudally to the middle of the head capsule
(Fig. 3). In this phase, the anterior part of the larva
bends ventrally lying on lateral side and is able to
turn ventrally and move. When the pigmented spot
has reached its final position after approximately 24
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Fig. 6. Post-chilling period (in weeks) of larvae of R. medi-
terranea after 4 to 20 weeks of chilling period at 4 °C.

hours, the larva becomes immobile but remains able
to twist its body when mechanically irritated (Fig. 4).
In this position (Fig. 5) the prepupa rests until pupal
ecdysis for one to two days.

The CP-experiment shows that chilling at 4 °C
was sufficient to fulfill the requirements for pupa-
tion of R. mediterranea with an overall survival rate
of 81.6 %. However, the length of the “post-chilling
period” (PCP) decreased significantly with the length
of chilling period (CP) (Fig. 6). After 4 weeks of CP,

the larvae first developed into prepupae after 16
weeks of PCP, whereas after 16 weeks of CP, the
first prepupae developed within one week of PCP.
However, there was no significant difference in PCP
between 16 and 20 weeks of cold exposure (Fig. 6).
The slope of the cumulative development indicates
a broad range of reaction at low CP treatments of 4
and 8 weeks, whereas at longer CP times the range
of reaction is narrower (Fig. 7).

In the CT-experiment, the survival rate increased
from 0 % at CT -8 °C (for both the 8-week and the
16-week CP groups) to 66.7 % (for the 8-week CP
group) and 85.7 % (for the 16-week CP group) at
CT 12 °C. At CT 20 °C survival rate decreased (Ta-
ble 1). No significant differences in PCP were found
between any CT, neither for the 8-week CP group
nor the 16-week CP group (Fig. 8). The slope of the
cumulative development from 0 °C to 12 °Cis similar
to the control at 20 °C at 8 weeks CP but barely half
of the specimens reached prepupae within 7 weeks
PCP (Fig. 9). In contrast, nearly all specimens of the
16-week CP treatment became prepupae after this
time (Fig. 10).

Discussion

Pupation of Raphidioptera usually occurs after one
or two years (H. Aspock 2002) of larval life. We
studied the response of Raphidia mediterranea larvae,
which in general exhibit a two-year development to
different temperature scenarios during their second
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Fig. 7. Time until development of larvae of R. mediterranea into prepupae (post-chilling period) after 4 to 20 weeks

chilling period (CP) at 4 °C.
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hibernation. Timing of pupation was more strongly
influenced by the duration of the length of chilling
period than by the chilling temperature itself. This
is the first experimental result regarding the influ-
ence of temperature on the regular development of
Raphidioptera larvae (but see H. Aspock et al. 2018,
which was concerned with disordered development).

Developmental experiments with insects exhibit-
ing a long larval period have rarely been conducted.
Such species must cope with changing environmental
conditions several times in their lifespan and survive
unfavorable conditions in dormancy i. e. in a mode of
suppressed development and growth (Danks 2002).
The most important cues for timing of dormancy
are photoperiod and temperature (summary in
Danks 1987, Miiller 1992). With regard to develop-
ment, Raphidioptera are apparently not sensitive to
changes in the photoperiod but to temperature since
no differences were recorded in the development
of larvae kept under a natural photoperiod or in
permanent darkness (H. Aspock & U. Aspock 2009).
However, the temperature during the second (last)
hibernation determined normal or aberrant pupation
(Woglum & McGregor 1959, H. Aspock et al. 1991,
H. Aspock 1998, H. Aspock & U. Aspock 2009, U.
Aspock & H. Aspock 2007, 2009, H. Aspock et al.
2018). Even under optimal conditions for hibernation,
the emergence rate of adults was hardly above 50 %
in the lab with the highest mortality at the stage of
pupa (H. Aspock et al. 1974). To avoid this bias we
chose the first signs of the prepupa, i.e. dislocation
of the dark spot spanning all seven larval stemmata,
to indicate metamorphosis. The prepupae of Raphi-
dioptera have been discussed in several publications
(Metzger 1960, H. Aspock et al. 1991) but were never
described in detail. We determined that the distinct
change involving the larval stemmata was clear
proof of the prepupal stage and pending pupation.

Chilling temperature of 4 °C fulfills the require-
ments of R. mediterranea to induce pupation. How-
ever, larvae must be kept at these conditions for 12
weeks to reach 50 % pupation within seven weeks.
Shorter or longer chilling periods either prolong or
shorten prepupal development. Thus, after a long

Table 1. Survival rate of Raphidia mediterranea larvae in
the CT experiment.

Chilling Chilling period Chilling period
temperature 8 weeks 16 weeks
20 °C 38.1 % 9.5 %
12°C 66.7 % 85.7 %
4°C 52.4 % 61.9 %
0°C 31.8 % 38.1 %
-8°C 0 % 0%

post-chilling period [weeks]

4@* Lot

0 4 12 20
chilling temperature [°C]

Fig. 8. Post-chilling period (in weeks) of larvae of
R. mediterranea which were chilled for 8 weeks (white
boxes) or 16 weeks (dark boxes) at different chilling
temperatures.

chilling period, pupation will soon commence. Re-
garding chilling, both normal pupation and ecdysis
occur after thermal treatment between 0 °C and
12 °C with no effect of the temperature itself on the
post-chilling period.

R. mediterranea occurs in the Eastern Mediter-
ranean region from the seashore to 1000 ma.s.l.
(H. Aspock et al. 1991) and also in continental parts
of Europe (Rausch et al. 2016, H. Aspock et al. 2017).
Thus adults emerge after vastly different winter
temperatures (chilling) from above 0 °C to far below
0 °C. This plasticity might be a species-specific ad-
aptation to the distribution range of R. mediterranea.
Complete mortality at -8 °C in our experiment might
be an artefact since we directly transferred larvae to
-8 °C without any period of adaptation which would
normally occur under natural conditions in autumn.
However, in the control treatment at 20 °C, develop-
ment was especially slow and several metathetelous
pupae were recorded (data not shown).

This study is the first analysis of the thermal
requirements of Raphidioptera needed to resume
development and ecdysis after hibernation in the
last larval instar, i.e. of a species exhibiting Type
I development (H. Aspdck 2002). We know that
development in Raphidioptera is highly plastic and
depends on environmental conditions (Woglum &
McGregor 1959, H. Aspock 1998, Gruppe & Abbt
2018). A surprising plasticity is also exhibited within
single species, but this phenomenon has not yet
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Fig. 10. Time until development of larvae of R. mediterranea into prepupae (post-chilling period) after chilling at

different temperatures (CT) for 16 weeks.

been understood. Adults reared under the same
conditions “ab ovo” emerge after one, two or three
years but emergence takes place in a short time
within the year (H. Aspock et al. 1991, Gruppe &
Abbt 2018). This corresponds to adult emergence in
natural habitats. Adults can be found in a relatively
short, species-specific period of time of two to several
weeks (H. Aspdck et al. 1991). Trees and even tree
crowns which serve as the habitat of bark dwelling
Raphidioptera exhibit strong microclimatic gradients
(Geiger 1965, Parker 1995, Shaw 2004, Gruppe et al.
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2008) that lead to different thermal winter conditions
even within a small spatial range. Consequently,
we hypothesize that the advantage of the described
mode of dormancy for Raphidioptera, aside from
protecting damageable stages against adversity, is
the synchronization of adult emergence and repro-
duction (Danks 1987, Jenkins et al. 2001, Régniere et
al. 2012). Further studies are needed to demonstrate
the effects of chilling conditions on the development
of species originating from other climatic regions.
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