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ABSTRACT

Swarming is a common mating behavior present throughout Diptera and, in particular, in
species of lower ﬂies (Nematocerous Diptera). Mating aggregations have been observed in
the wild and in laboratory colonies of mosquitoes (Culicidae) and phantom midges (Chaoboridae), but have been assumed to be absent in their sister taxon, the frog-biting midges
(Corethrellidae). Corethrellidae is a monogeneric family that includes over 100 species of
frog-biting midges (Corethrella Coquillett spp.). In contrast to mosquitoes, female frog-biting
midges ﬁnd their host by eavesdropping on the mating calls of anurans to obtain a blood
meal for egg development. Here we report the previously unknown mating swarms of frogbiting midges based on a laboratory study of Corethrella appendiculata Grabham. Contrary
to previous speculations, we report that frog-biting midges aggregate in mating swarms. We
thoroughly characterize such formations describing size and duration of the aggregation,
sex ratio of the swarm, ﬂight patterns of individual midges, inﬂuence of light intensity on
the formation of swarms and use of swarm markers. In addition, we determine pairing and
copulation patterns. Males and females copulate in venter to venter position. During the
swarm, females and males meet in the air and most pairs fall together out of the aggregation
onto the ﬂoor. We conﬁrmed that virgin females are inseminated at the swarm excluding
alternative hypotheses to explain the aggregations. Overall, we reveal the mating behavior
of frog-biting midges for the ﬁrst time ﬁlling critical gaps in information about the reproductive biology of this family.
Key Words: Corethrellidae, nematocerous Diptera, mating aggregation, swarm formation
RESUMEN
La formación de enjambres es un comportamiento reproductivo común en Diptera, en particular en el suborden Nematocera. Estas agregaciones reproductivas han sido observadas
en la naturaleza y en colonias de laboratorio en Culicidae y Chaoboridae, pero se asume
que no ocurren en el grupo hermano de las mosquitas que le chupan la sangre a las ranas
(Corethrellidae). Corethrellidae es una familia monogenérica que incluye más de 100 especies de mosquitas hematófagas que atacan anuros (Corethrella spp). Las hembras de esta
familia localizan su huésped usando las llamadas de apareamiento de ranas y sapos y se
alimentan de sangre que usan para producir sus huevos. En este estudio investigamos el
comportamiento reproductivo de las mosquitas Corethrellidae. Realizamos grabaciones de
video del comportamiento reproductivo en una colonia de Corethrella appendiculata Grabham. De forma contraria a especulaciones anteriores, reportamos que las mosquitas de la
familia Corethrellidae forman enjambres reproductivos. En este estudio caracterizamos los
enjambres describiendo su tamaño y la duración de la agregación, la proporción de los sexos,
los patrones de vuelo de los individuos, la inﬂuencia de la intensidad lumínica y el uso de
marcadores visuales. También determinamos los patrones de apareamiento y copulación.
En esta especie, los machos y las hembras se encuentran en el aire y la copula ocurre en
posición vientre a vientre. La mayoría de las parejas salen del enjambre y caen juntas al
suelo. Conﬁrmamos que las hembras son inseminadas en los enjambres descartando hipótesis alternativas que podrían explicar estas agregaciones. En este estudio revelamos por
primera vez el comportamiento reproductivo de mosquitas Corethrellidae llenando un vacio
importante en la biología reproductiva de esta familia.
Palabras Clave: Corethrellidae, enjambre reproductivo, nematóceros, apareamiento
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The mating behavior of given species is a
unique, dynamic suite of interactions between
the sexes. Several factors including ecological
conditions prevailing in an animal’s habitat and
the animal’s behavioral attributes determine
the characteristics of the mating behavior of a
given species (Emlen & Oring 1977; Thornhill
et al. 1983). Understanding the mating behavior
of a species is particularly important because it
reﬂects the result of natural selection on mate
choice, and ultimately on strategies for maximizing individual reproductive success. One of the
major challenges encountered by sexually reproducing organisms is ﬁnding an individual of the
opposite sex to court and ultimately mate. One
strategy that has evolved to solve this problem
is that members of one sex, usually the males,
aggregate in a particular area to which the opposite sex is attracted. Such male aggregations
are widespread across taxonomic groups and
have been described in vertebrates (birds: Lill
1974; mammals: Bradbury & Vehrencamp 1977;
amphibians: Arak 1983; ﬁsh: McKaye et al. 1990)
and invertebrate species (insects: Snead & Alcock
1985; reviewed in Höglund & Alatalo 1995; Shuster & Wade 2003).
Within insects, Diptera are different from most
other insects in their mating behavior because of
their ability to mate aerially, in swarms (reviewed
by Downes 1969). Males of aerial swarming Diptera usually gather in discrete dancing swarms
that use visual cues or landmarks as markers
in the environment to determine swarm location (Nielsen et al. 1960; Downes 1969; Sullivan
1981; Blackwell et al. 1992; Clements 1999). Such
swarms are seen in infraorders of nematocerous
Diptera. In the Culicomorpha, of which Corethrellidae is a member family, aerial mating swarms
are known for many species of Ceratopogonidae
(Downes 1955; Downes 1958; Campbell & Kettle
1979; Zimmerman et al. 1982; Blackwell et al.
1992), Chaoboridae (Parma 1971; Moore 1986;
Irvine 2000), Chironomidae (Gibson 1945; Young
1969; Oliver 1971; Paasivirta 1972; Kon 1987;
Fyodorova & Azovsky 2003), Culicidae (Horsfall
1955; Nielsen et al. 1960; Downes 1969; Reisen et
al. 1977; Clements 1999), and Simuliidae (Moorhouse & Colbo 1973; Hunter 1979). Such swarms
are often found at characteristic sites, presumably guided by a visual marker (Marchand 1984;
Yuval & Bouskila 1993; Charlwood et al. 2002).
Although there is ample knowledge about the
mating behavior of most species of Culicomorpha, no studies have investigated the mating and
swarming behavior of Corethrellidae (frog-biting
midges). This monogeneric family (Corethrellidae, Diptera) is an ancient group of small eavesdropping ﬂies (oldest fossils are 122 million years
old), which includes over 100 described species
(Borkent 2008; Borkent & Grafe 2012). Frogbiting midges, are the sister taxon to phantom
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midges (Chaoboridae) + true mosquitoes (Culicidae) (Borkent 1989). Females of most species of
the Corethrellidae are haematophagous and feed
on anuran blood to obtain protein for egg development (Williams & Edman 1968; McKeever 1977;
McKeever & French 1991). Some, at least, are
facultatively autogenous and one species from
Australia has reduced mouthparts and is, therefore, fully autogenous. Different from most other
haematophagous insects, however, female Corethrella use the mating calls of male anurans
to ﬁnd their hosts (McKeever 1977; Bernal et
al. 2006; Borkent 2008; Grafe et al 2008). No
information is known, however, about the mating behaviors of species in this group. Although
it has been suggested that no mating swarms
are formed in this family (Borkent 2008; Yuval
& Bouskila 1993), no critical investigation has
been pursued to date.
In this study we investigate the mating behavior of laboratory reared Corethrella appendiculata Grabham to address the following questions: (i) does this species form aerial swarms
during mating? (ii) what are the characteristics
of mating swarms? and, (iii) what cues are used
to initiate mating swarms? To our knowledge this
study is the ﬁrst attempt to investigate the mating behavior of frog-biting midges. We provide
novel information about the reproductive biology
of frog-biting-midges, a group receiving recent increased attention in recent years (Bernal et al.
2006; Borkent 2008; Borkent & Grafe 2012; de
Silva et al in review).
MATERIALS AND METHODS
Study Species

We obtained frog-biting midges from the C.
appendiculata colony maintained at Texas Tech
University, Lubbock, Texas (Bernal Lab, Department of Biological Sciences). Corethrella appendiculata is facultatively haematophagous and
thus females do not require a blood meal to lay
their ﬁrst batch of eggs. An initial batch of larvae to initiate the colony was obtained from Phil
Lounibos at the University of Florida and reared
to adulthood. Larvae were reared in white plastic
trays (34.3 × 25.4 × 3.8 cm) ﬁlled with 800 mL distilled water. Developing larvae were kept in low
densities (50 larvae per tray) and fed with live
nematodes (Panagrellus redivivus L.; Rhabditida: Panagrolaimidae) twice a week following the
methods described by Haramis & Foster (1983)
to produce nearly synchronized emergence of uniformly-sized adults. Pupae were collected from
the larval trays into clear vials and transferred
to holding cages (BioQuip lightweight aluminum
collapsible cages; 46 × 46 × 46 cm; 2 × 2mm mesh
size) for adult emergence. Adults were reared at
27 ± 1 °C, 70-80% RH, and 10:14 h L:D. Midge
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cages were kept inside an environmental chamber (Power Scientiﬁc Inc, model DROS28SSD,
LEVEL 2) where adults were provided continuous
access to 10% sucrose solution from wicks.
Mating Behavior of the Midges

We used a four-camera infrared video system
(Zmodo PKD-DK4216-500GB H.264) to monitor the behavior of the midges in the frog-biting
midge colony. The activities of the midges were
video recorded 24 h/day for 1 month to examine
their mating behavior (7 Jun-7 Jul 2012). We
characterized the mating swarms of frog-biting
midges by analyzing their aggregations and ﬂight
pattern. We also examined the inﬂuence of light
intensity on swarm formation. To do so, we gradually changed the light intensity inside the environmental chamber. The light intensity level was
changed from standard colony light conditions
(185 lx) to darkness in 5 steps : (i) 185 lx (darkest storm clouds midday), (ii) 67 lx (family living
room light), (iii) 31 lx (fully overcast sunset), (iv)
2 lx (moon light), and (v) 0 lx (complete darkness)
(Schlyter 2006; Pears 1998). At each light level,
the light conditions were maintained constant for
12 min using a light transformer dimmer (Lutron
Skylark Contour Dimmers). Light intensity levels
inside the experimental cage were measured with
a universal exposure meter (Extech LT300). Observations were made during this experiment at
the standard time at which lights were progressively changed in the colony (1730 h-1830 h). Preliminary investigations revealed that changing
the initial time at which light intensity decreases
in the colony across a variety of times (1430-1530,
1530-1630, 1630-1730, 1730-1830 and 1830-1930
h) does not affect the behavior of the midges.
All the video recordings were analyzed, 1 h at
a time, to describe the behavior of the midges over
the course of 1 month. We analyzed a total of 31
swarm formations. The midges formed mating
aggregations, but only one each night. For each
swarm, we report the aggregation pattern of the
midges, the beginning and ending time of the aggregation, the duration of the aggregation and
the effect of light intensity level on the aggregation behavior of midges. The number of male and
female midges at the beginning (10 min), middle
(25 min) and the end (50 min) of the aggregation
was determined using samples of individuals obtained from a swarm with a mechanical aspirator
(Hausherrs Machine Works, New Jersey). We obtained samples from 6 swarms, collecting a total
of 1,236 individuals that were sexed to calculate
the number of males and females during swarm
formation. In addition, we set up and video recorded small swarms (around 20 individuals) to
examine individual ﬂight patterns in more detail. We then, analyzed the ﬂight pattern of individual midges by tracking the ﬂight paths frame
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by frame during 2 s intervals drawing the path
directly from a computer monitor (Dell Precision
T3500). We used a camcorder (Sony DCR-SR-220)
to video record the swarms through a Plexiglas
wall under red light to observe and quantify pairing and copulation.
To determine insemination while swarming,
we separated 200 male and 200 female pupae
and reared these in 2 separate rearing cages (20
× 20 × 20 cm; 2 × 2 mm mesh size). The experiment was set up with 10 small rearing cages (10
× 10 × 10 cm) each with ﬁfteen 1-day old virgin
males. Two of the experimental cages were monitored to observe the age at which males initiated
swarming in the absence of females. Fifteen oneday old virgin females were introduced to 1 cage
and monitored for pairing to determine the age at
which they start mating. On the ﬁfth day, ﬁfteen
ﬁve-day old virgin females were added to each
of the remaining experimental cages (n = 7). Detailed observations of the swarm were performed
in 5 of those 7 experimental cages. Immediately
after the swarm ended, the females from each
cage were transferred to 70% alcohol to dissect
their spermathecae and determine the insemination rate (n = 75 females). The 2 remaining
experimental cages were continuously observed
for swarming and after 4 consecutive nights, we
dissected 30 females to determine the percentage
of individuals inseminated after 4 swarms. These
experiments to examine the insemination rate of
females in the swarms ultimately exclude alternative explanations for the formation of the aggregations (e.g., feeding aggregations, increased
activity).
RESULTS
Our results revealed swarm formation in a
species of Corethrellidae, C. appendiculata. The
aggregation was initiated by 1-2 midges ﬂying in
small elliptical circles in the same area. Within
10-15 min the swarm became dense with more
midges joining it and reached its maximum size
at about 25 min. Swarm size was estimated to be
between 15 and over 800 individuals at its maximum. After 40-55 min of continuous swarming,
males stopped ﬂying and most males rested on
the cage ﬂoor. The ﬂight patterns of individuals
within the swarms followed elliptical trajectories
in a helix-like pattern (Fig. 1). At the beginning
of the swarm individuals ﬂew following small elliptical paths in a single plane. As the swarm progressed, they formed larger ellipses and moved
faster following a helical pattern to the bottom of
the swarm and circle back up again. The midges
paused brieﬂy at the top of the swarm and then
ﬂew in a spiral down again. Each spiral down
from the top to the bottom of the swarm was
completed by an individual in about 2 s. When
swarming, individuals ﬂew with their antennal
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Fig. 2. Swarm formation under different light intensities. Light intensities:185 lx (darkest storm clouds
midday), 67 lx (family living room light), 31 lx (fully
overcast sunset), 2 lx (moon light), and 0 lx (complete
darkness). N = 8 trials for each light intensity.

Fig. 1. Flight path of a representative Corethrella
appendiculata midge in a swarm during about 2 s. (a)
View from above (b) View from the side. Stars indicate
the midge’s position while the arrows indicate its direction of midges as they ﬂy up and down the spiral.

ﬁbrillae erect. At the end of the swarm, however,
the individuals landed on the ground with their
antennal ﬁbrillae decumbent.
When kept under a natural 10:14 dark: light
cycle, C. appendiculata formed male aggregations exclusively under low light conditions (Fig.
2). The swarm was initiated soon after the chamber lights were turned off and the light intensity
in their cage was 2 lx or less. Also, the swarm
loosened and quickly disappeared when the light
intensity of the cage gradually increased above
2 lx. A single mating aggregation was formed
each night. Sometimes, after the main aggregation was discontinued, a few midges ﬂew for a few
minutes in a swarming pattern but the aggregation dissolved before reaching high densities. Extending daytime light conditions into the hours
at which the swarms usually formed prevented
swarm formation.
Corethrella appendiculata used visual markers for swarm formation. In 74% of the cases the
swarm was initiated over the black circular sugar
wick (23 out of 31 observed swarms).The swarm
was initiated close to the ground (2-3 cm from the
sugar wick). As the swarming progressed, however, the midges spread throughout the whole cage.
When the sugar wick was moved randomly inside
the cage, in 100% of the cases male midges initi-

ated the swarm over the newly positioned swarm
marker (n = 8).
The aggregations were formed mainly by
males with an increasing number of females as
the swarm progresses (t-test, df = 5, P < 0.001;
Fig. 3). At the beginning of the swarm, 99% of
the individuals were males. The proportion of females increased from 1 to 5% from the beginning
to the end of the swarm. It was not possible to
see the arrival of females to the swarm but pairs
in copula ﬁrst appeared at about 20 min after

Fig. 3. Number of males (gray) and females (black) in
the swarm near the beginning (10 min), middle (25 min)
and end (50 min) from the start of mating pair formation. T-tests, df = 5,* denotes P < 0.001.
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the initiation of the swarm. In each swarm, the
number of pairings rapidly increased to reach a
maximum within 40-55 min (Fig. 4). Mating pairs
of C. appendiculata were commonly observed falling out of swarms onto the ﬂoor of the cage. In the
6 swarms we investigated in detail, we observed
the formation of 430 total pairs (72 ± 11 pairs per
swarm, n = 6). About 47% of the pairs continued
to copulate for a few seconds after falling onto the
ground (17.3 ± 5.6 sec, n = 34 pairs). Pairs copulated in venter to venter position (12 ± 2 pairs
observed, n = 6 swarms). Copulation took about
24.9 ± 5.5 s (n = 12 pairs). Pairing, however, was
hard to distinguish in the dense swarm and the
actual copulation time is probably slightly higher
than recorded here.
Experiments with 15 virgin males revealed
that they start participating in swarms within 2
days of emergence (n = 2 swarms). In the cage
with 1-day old females, however, coupling only
took place 4 days after emergence (n = 1 swarm).
The insemination rate of 5-day old virgin females
during a single swarming opportunity was 30%
(23 out of 75 females inseminated, n = 5 swarms).
The insemination rate, however, increased tremendously as females participated in additional
swarms. We observed that 80% of virgin females
were inseminated after swarming on 4 consecutive nights (24 out of 30 females, n = 2 swarms).
DISCUSSION
In general, our results revealed and characterized the formation of mating aggregations in C.
appendiculata under laboratory conditions. Clements (1999) deﬁnes mating swarms in mosqui-

Fig. 4. Temporal distribution of male-female pairs
of Corethrella appendiculata during mating swarms (n
= 6 swarms).
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toes as aggregations with the following characteristics: (i) individuals ﬂying within a limited space
located in relation to some feature of the environment and individuals following a looping or zigzagging pattern characteristic of the species, (ii)
the swarms consisting predominantly of males,
and, (iii) swarming is limited to times of the day
characteristic of the species, usually close to dusk
or dawn. Our results provide evidence that the
mating swarms of C. appendiculata are consistent with Clements (1999) deﬁnition of such aggregations in mosquitoes.
Based on the presence of 2 C. cretacea males
preserved in close proximity in amber, Borkent
(2008) suggested ancestral lineages in this group
may had formed mating swarms. Given the limited evidence of this behavior in extant Corethrella
species, however, Borkent (2008) concluded that
this behavior may be now absent. Contrary to
previous predictions suggesting lack of swarm
formation in Corethrellidae (Yuval & Bouskila
1993; Borkent 2008), we report strong evidence
revealing the formation of mating swarms in frogbiting midges as described below. In C. appendiculata the ﬂight pattern during swarming has
similar characteristic elements as those described
for most swarming insects (reviewed in Clements
1999; Sullivan 1981), including persistent ﬂight
pattern, formalized movements (elliptical trajectories in a helical pattern) and restriction to a
certain space. Similarly, size and duration of the
swarm as well as when it is formed are consistent with the general characteristics described
for mating swarms in other dipterans (Nielsen &
Haeger 1960; Charlwood et al. 1980; Reisen et al.
1985). In general, swarm formation in dipterans
occurs at sunset under low light conditions (0-2
lx) along areas of female ﬂight activity given their
biting habits (Downes 1969; Nielsen & Nielsen
1962). We observed that C. appendiculata aggregate in mating swarms shortly after the light
intensity has decreased below 2 lx, i.e., light conditions consistent with the time of the day when
females initiate feeding.
In agreement with reports for other Culicomorpha where swarms are commonly formed
over conspicuous visual markers (Downes 1969;
reviewed in Clements 1999), our results suggest
C. appendiculata likely also use visual markers
to initiate their swarms. Corethrella appendiculata form mating aggregations in almost complete darkness similar to those of some anopheline mosquitoes which do the same (Charlwood
& Jones 1980; Reisen et al. 1985; McDaniel 1986;
Charlwood, 2003). Land et al. (1999) reported
that the eyes of anophelines are extremely sensitive to low light levels equivalent to nocturnal
light conditions. It is possible that C. appendiculata also have a visual system that allows them
to use visual markers to form aggregations under low light conditions. Although chemical cues
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could also potentially be used in swarm formation, the limited use of pheromones in this context
in mosquitoes (Takken & Knols 1999) suggests
that semiochemicals are unlikely to be involved.
Corethrella appendiculata swarm formation is
elicited by the onset of a dark photophase and
visual cues (landmarks) that are likely involved
in determining the location of where the swarm
is formed. As in the colony, males in nature probably ﬂy and aggregate near the ground in damp
moist areas. We suggest that in the wild mating
swarms of frog-biting midges are formed around
small water pools that might be habitats for anurans. Such swarms might not have been noticed
in the ﬁeld before due to the small size of the
midges, the proximity of the aggregation to the
water surface and the crepuscular or nocturnal
aggregating behavior similar to that of most other
Culicomorpha.
Mating swarms result from sexual selection
favoring a lek-like system (Bradbury & Davies,
1987; reviewed in Clements 1999). As proposed
for other culicid species (Yuval & Bouskila 1993),
the male-biased sex ratio and increased number
of females as the swarm progresses strongly suggest the mating aggregations of C. appendiculata also act as a lek system. Accordingly, in the
swarms of C. appendiculata a small proportion
of males mate while almost all females achieve
a mating. We observed high number of pairs
formed towards the end of the swarms (last 15
min). Around 30% of the virgin females were inseminated during a single swarming event. This
insemination rate is comparable to the rate described for a laboratory colony of Aedes communis
(McDaniel 1986). Not surprisingly, we observed
that multiple swarms increased the insemination
rate of females. Around 80% of the females were
inseminated after 4 consecutive swarming nights.
This higher rate is also comparable to the insemination rate of Ae. communis after mating swarm
events (70%; McDaniel 1986). The ﬁnding that
virgin females are inseminated during swarming
is robust evidence that swarm formation in this
species occurs in a mating context.
It is unknown how Corethrellidae midges communicate while swarming. Acoustic signals, however, are likely to be involved. Sound is used in
mating interactions in many species of Culicidae
(reviewed in Gibson 1985; Clements 1999; Cator
2010), which together with Chaoboridae form the
sister group of frog-biting midges (Borkent 2008).
Male mosquitoes have more elaborate antennae
than females that are involved in the detection
of the wing beats of conspeciﬁc mates and play
a critical role in courtship behavior (reviewed in
Clements 1999; Hart et al. 2010). The pronounced
sexual dimorphism of the antenna of C. appendiculata (Bernal et al. unpublished data) is reminiscent of such differences between the sexes in
mosquitoes and strongly suggests acoustic sig-
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nals are also used in Corethrellidae in a mating
context. In addition, across several Diptera species there is an association between erect antennal hairs in males while swarming and the use of
ﬂight tones to identify conspeciﬁc females (Roth
1948; reviewed in Clements 1999). Similarly to
most swarming mosquitoes (Charlwood & Jones
1980; Clements 1999), we found that almost all
male C. appendiculata swarm with their antennal ﬁbrillae erect. Further research that directly
examines the use of acoustic mating signals, however, is necessary to conﬁrm that sound is used
in the swarming of frog-biting midges. We are
currently investigating antennal hearing and the
communication system of frog-biting midges during swarming to explore the use of sound in mating in this family.
Our results discovered the mating behavior
of frog-biting midges, thereby ﬁlling a large gap
in information about the reproductive biology
and mating behavior of a family of Culicomorpha
group. The current results also demonstrate the
importance of swarm formation in the mating behavior of C. appendiculata. This contribution to
the current knowledge about the mating behavior
in this family provides basic information required
to understand the evolution of such mating strategies. Finally this study provides an impetus to
explore the use of sound in mating behavior in
these midges.
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