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Abstract A critical challenge of obtaining a blood meal resides in selecting a feeding
site at the host. We investigate the feeding sites of species of frog-biting midges
(Corethrella spp) on túngara frogs, Engystomops pustulosus (Cope), and two species
of treefrogs, Dendropsophus ebraccatus (Cope) and Dendropsophus microcephalus
(Cope). To investigate the differences in midge feeding sites, we performed field
observations, histological sections of the frogs and examined the mouthparts of the
midges. Feeding sites are predicted by the vascular properties of the skin in different
body areas of the frogs. According to optimal foraging theory, the midges should feed
on host body areas that maximize blood intake. Contrary to optimal foraging theory
predictions, however, their feeding sites correspond to body areas with high intensity
host defensive behavior.

Keywords Biting behavior . blood feeding . skin characteristics . mouthparts . optimal
foraging

Introduction

Given that an organism’s fitness strongly depends on its diet, strong selective pressures
refined foraging strategies over evolutionary time. Foraging strategies are thus expected
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to maximize net energy and nutrition intake while minimizing costs involved in
acquiring food (MacArthur & Pianka 1966). For haematophagous insects, a critical
challenge of obtaining a blood meal resides in locating an appropriate host. Therefore,
blood sucking insects have evolved phenotypic traits to optimize host-seeking and
feeding behaviors (Balashov 1984). Once haematophagous insects reach their host,
however, there is a still another vital step ahead: selecting a biting site. Optimal
foraging theory predicts that biting insects should feed on their host on those body
areas that maximize blood intake while minimizing costs such as amount of energy to
obtain the meal and risk of being injured by their host. Accordingly, hematophagous
insects often preferentially feed on specific areas of their host’s body. Mosquitoes in the
genus Eretmapodites, for instance, bite below the knee of a standing human (Haddow
1956) while Aedes simpsoni (Theobald) preferentially bite on the head over other body
parts of their human host (Haddow, 1946). Feeding site preferences may differ even
among closely related mosquito species. Anopheles gambiae s.s. (Giles), for example,
preferentially bite humans on their feet while the closely related species Anopheles
atroparvus (Van Theil) prefers to bite humans on the head (De Jong & Knols 1995).
Similar to mosquitoes, biting midges are also expected to select feeding sites that
maximize the amount of blood they obtain. Accordingly, biting midges that feed on
horses, Culicoides obsoletus (Meigen) and C. dewulfi (Goetghebuer), preferentially
land and engorge exclusively at the mane and lower leg regions presumably because
they are able to obtain larger blood meals from these areas (Townley et al. 1984).

The feeding sites of temporary ectoparasites are affected by a variety of factors
including variation in microclimate, degree of cover and differences in skin thickness
on different parts of their host’s body (reviewed in Lehane 2005). For example,
temperature dependent site selection in the anopluran louse, Lepidophthirus macrorhini
(Enderlein), restricts their distribution to the hind flippers of their host, elephant seals,
Mirounga leonina (Linnaeus) (Murray & Nicholls 1965). Degree of cover and skin
thickness can also determine the feeding sites of temporary ectoparasites. For example,
mosquitoes Aedes triseriatus (Say) (Edman & Walker 1985) and different tabanid
species, Tabanus spp (Mullens & Gerhardt 1979), select different landing and feeding
sites on their hosts based on body hair length and density. The ability to obtain a blood
meal from different body areas has often been invoked to explain the distribution of
biting insects on their host (e.g. Haarløv 1964; Howard et al. 1969; Townley et al. 1984;
Walker & Edman 1985; Coleman & Edman 1988). Protection from the host’s defensive
strategies, however, may also influence ectoparasite distribution on the host. Defensive
behaviors of the hosts interfere with mosquitoes’ feeding resulting in partial blood
meals (Darbro & Harrington 2007) and are a source of significant mortality (Edman &
Scott 1987). The lice Polyplax serrata (Burmeister), for instance, congregate on the
mouse’s head and neck where its host cannot reach with its lower incisors when
grooming (Murray 1987). In addition, other factors such as cues used to detect their
host (Burgess 1959; Kelly 2001), hunger state (Sirinivas et al. 1994) and host’s
parasites (Chandra & Hati 1993) are known to affect probing and final feeding site
selection. Many studies have investigated feeding site selection and distribution on the
surface of the host by mosquitoes (Haddow 1956; De Jong & Knols 1995; Knols et al.
1997; Walker & Edman 1985; Dekker et al. 1998; Prior & Torr 2002). In comparison,
however, little attention has been given to these behaviors in other blood-sucking flies.
In this study we investigate feeding site selection of frog-biting midges, Corethrella
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spp. (Corethrellidae, Diptera), a monogeneric family in which those behaviors have not
been previously examined.

Corethrellidae is a family of over 100 species that occurs in tropical and subtropical
regions (Borkent 2008; Borkent & Grafe 2012). In this family, female feed on anuran
blood cueing on the mating call of frogs to localize a victim and obtain a blood meal
(McKeever 1977; Bernal et al. 2006). Although a variety of feeding patterns of frog-
biting midges have been anecdotally reported (McKeever 1977; McKeever & French
1991; Bernal et al. 2006; Borkent & Grafe 2012), their feeding site preferences have
not been methodologically examined. Early studies report that female Corethrella
species feed from a variety of areas on the body of frogs and toads. McKeever
(1977), for instance, describes that Corethrella spp. females seem to preferentially feed
on the legs of the bird-voiced treefrog, Hyla avivoca (Viosca), in the United States.
Similarly, frog-biting midges in North and Central America often feed on the dorsal
area and legs of frogs (Bernal pers. obs.). In Panama, however, midges attacking
túngara frogs (Engystomops pustulosus (Cope); formerly known as Physalaemus
pustulosus) land on the thoracic dorsum of calling males, walk towards the head of
the frog and feed at the area around the nostrils (Bernal et al. 2006). Even though the
area around the nostrils represents a small proportion of skin available for obtaining a
blood meal, the midges aggregate in this area to feed (Fig. 1). Although most biting
flies explore with the tip of their labium and probe their host’s skin after landing
(Walker & Edman 1985; Coleman & Edman 1988; Clements 1999), frog-biting midges
rapidly walk directly to the nostrils without stopping suggesting they do not probe until
reaching their final feeding site.

In this study we investigated biting site selection by frog-biting midges on their
anuran hosts. In particular, we examined the feeding behavior of frog-biting midges
attacking túngara frogs by performing field observations, histological sections of the
frogs and measuring the mouthparts of the midges. Given that túngara frogs have thick
skin with numerous little pustules that give it a toad like appearance (Ibañez et al.
1999), we tested the hypothesis that the characteristics of their skin determine the
feeding site selection of the midges. In particular, we address the following questions:

Fig. 1 Frog-biting midges attacking a calling male túngara frog. Engorged female midges are visible at the
nostrils of the frog. Photo by Kathrin Lampert
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(i) Where do frog-biting midges feed when attacking syntopic frogs of similar size? (ii)
Do the properties of the skin of the frogs explain the feeding site selection of the
midges? To do so we document site bite selection and skin characteristics of túngara
frogs and two similar sized sympatric species of treefrogs (Dendropsophus ebraccatus
and D. microcephalus). Finally, to determine the potential for the midges to bite these
frog species on different body areas, we measured the length of the labium across the
most common species of midges biting our focal species.

Materials and Methods

Male calling frogs and female frog-biting midges were collected during the rainy season
(June–August) at breeding ponds around the facilities of the Smithsonian Tropical
Research Institute in Gamboa, Panama (9°07.0′N, 79°41.9′W, WGS84 Datum). Field
observations of feeding behavior were done by inspecting frogs over five non-consecutive
nights when walking around two breeding areas. When engorged midges were found, the
location on the body at which it was feeding was marked on a frog silhouette. Those
observations were made during the rainy season between 20:00–23:30 h, the hours of
highest activity of frog-biting midges and calling behavior of frogs in this area.

To examine skin characteristics of túngara frogs and other anurans of similar size
that are also attacked by the midges, we collected one male from each of the following
species: túngara frogs (E. pustulosus), hourglass treefrogs (D. ebraccatus) and yellow
cricket treefrog (D. microcephalus). These species of treefrogs are similar in size to
túngara fogs (E. pustulosus: 3.3 cm; D. ebraccatus: 2.8 cm, D. microcephala: 2.5 cm;
Ibañez et al. 1999), and often call from the same breeding areas during the same times.
All frogs were brought to the laboratory where they were euthanized using 10 %
ethanol following the guidelines jointly published by the North American
Herpetological Societies (Guidelines for Use of Live Amphibians and Reptiles in
Field Research: Applied Ecology Research Group 1987). For each species, we prepared
histological samples of three areas of the thoracic dorsum (anterior, medium and
posterior), and the area around the nostrils. All histological samples were fixed in
10 % formalin and processed using standard paraffin-embedding techniques (Luna
1968). Three micrometer Sections three micrometer thick were cut with a rotary
microtome across the longitudinal axis of the frogs to obtain nostril sections and along
the horizontal axis of the frog to obtain dorsum histological sections. The samples were
decalcified using Perenys’s method, and then stained using hematoxylin-eosin stains to
facilitate microscopic observation (Luna 1968).

We examined the histological sections using a microscope Nikon Eclipse E 200,
Japan. We observed a total of 39 microscopic slides containing 117 histological
sections distributed as follows: nine slides from the thoracic dorsum of each species
of frog (one slide from the anterior, posterior, and middle for each of the three species);
and 30 slides from the nostril area, ten from each species. Images were transferred onto
a computer screen via Nikon DS camera control unit Ds–L2 with DS camera head.
Nine histological sections per slide were studied and digital photos were taken to
analyze from each slide. We examined a total of 371 digital images of histological
sections from the thoracic dorsum and nostril area. We measured the density of the
blood vessels (number of blood vessels per 2 mm2), shortest distance from the outer
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surface of the epidermis to the blood vessels (μm) and the surface area of the blood
vessels (μm2). Blood vessels were counted as separate if they were completely
independent from adjacent vessels and other dermal cells. All measurements were
taken under a real view field 2 mm with a 10× objective, and 10× eyepiece.

Frog-biting midges were captured in the same area where the frogs were collected.
The midges were collected using acoustic traps broadcasting the advertisement calls of
the frogs. We used modified CDC (Center for Disease Control) miniature light traps, a
revised version of the collecting traps used by McKeever and French (1991) following
Bernal et al. (2006). Each trap consisted of a Mineroff SME-AFS field speaker placed
on the ground with the collecting system directly on top it, and no light source. We used
a digital sound pressure level meter (Radio Shack catalogue number 33-2055; C-
weighting, fast RMS response) to adjust the amplitude of the call to 82 dB SPL (re.
20μPa) at 1 m, which is equivalent to the sound pressure of a calling túngara frog male
at that distance (Ryan 1985). We played a synthetic túngara frog call that was digitally
produced by shaping sine waves to the mean values of the parameters of the calls in the
population using software developed by J. Schwartz. Details of the parameters used to
synthesize the call are described in Ryan (1990). To collect midges attracted to treefrog
calls we used natural calls previously recorded in the same area. For each species, we
broadcasted 3–5 advertisement calls of ten different individuals to account for within
and between individual variations in attractiveness of the mating calls. All stimuli were
broadcast using a JVC XL-PG7 CD-player. We used sound traps playing each night the
call of only one species of frog for 40 min. We broadcast the mating call of each species
for three non-consecutive nights each, for a total of nine nights of trapping. Once
closed, the traps were brought to the laboratory where the collecting chambers were
refrigerated for at least one hour to euthanize the trapped insects. The specimens were
preserved in 75 % alcohol for further analysis. Approximately 600 midges were
collected using the sound traps and of those, 500 midges that were in excellent
condition were separated for species identification. The midges were identified to
species following Borkent (2008) and in this study we focused on the four most
common species of midges attacking the frogs.

Although the feeding mechanism of frog-biting midges differs from the piercing
mechanism used by mosquitoes, the details of how the midges obtain a blood meal are
unclear. Given the lack of an interlocking mechanism, McKeever (1986) proposed
frog-biting midges do not snip the skin of their host as Simuliidae (Sutcliffe & McIver
1984) and Ceratopogonidae (McKeever et al. 1995). Accordingly, the presence of
finely toothed mandibles and smooth lacinia in frog-biting midges also questions
whether they snip the skin of their host to obtain a blood meal (Borkent 2008). Even
though it seems unlikely that the midges snip the skin of their host, the mechanisms
used by the midges to reach the blood under their host’s skin are unknown.
Independently of the specific details of the feeding mechanism, the length of the
mouthparts constrains how deep into the skin the midges can reach blood vessels. To
study the mouthparts of the frog-biting midges, we mounted and prepared 20 micro-
scopic slides with specimens of the four most common species biting the frogs studied
here. Specimens in 70 % ethanol were transfer to 2 % KOH solution where they were
kept for 2 days. They were then dehydrated by passing them through 70 %, 95 %, and
absolute ethanol following Wahid et al. (2003). The head was separated from the body
by using a pair of fine insect pins and mounted in Faure’s mounting media (Amato José
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& Amato 2005). We took photographs (10× objective) of the slides using the same
microscope-camera system used to examine the histological sections described above.
We measured the length of the labium from the distal point of the gena (μm). This
distance is equivalent to the maximum length of the mouthparts involved in feeding and
thus provides a conservative measurement of the maximum distance the midges would
potentially reach when feeding. To validate our methodology and the use of midges
preserved in alcohol for several years, five additional microscopic slides were prepared
using Corethrella appendiculata (Grabham) and compared to the labium length previ-
ously reported for this species by McKeever (1986). Individual C. appendiculata
midges from the colony maintain in Dr. L. P. Lounibos’ Florida Medical Entomology
Laboratory at the University of Florida, Vero Beach, were used.

We analyzed the effect of species and body area on the blood vessel distribution,
surface area of blood vessels, shortest distance to blood vessels and thickness of the
epidermis of the skin histological sections of E. pustulosus, D. microcephalus and D.
ebraccatus performing non-parametric Kruskal-Wallis One-way Analysis of Variance
Tests. These analyses were followed by post hoc Dwass-Steel-Chritchlow-Fligner Tests
(DSCF) for all pairwise comparisons. To further investigate blood vessel characteristics
across body areas within each species, we performed Mann–Whitney U Tests. We also
examine the length of the proboscis using Two-way Analysis of Variance followed by
post hoc pairwise comparison using Turkey’s HSD post hoc test. All statistical analyses
were performed using SYSTAT, version 12. Two-tailed probabilities are given, and the
fiducial level of significance, α, was set at 0.05.

Results

Field observations revealed differences in the initial landing sites and feeding sites of
frog-biting midges on túngara frogs, hourglass and yellow cricket treefrogs. Midges
attacking túngara frogs land on the thoracic dorsum of the males, the region of the body
with the largest surface area. Once on their host, they walk towards the head of the frog
and feed on the area around the nostrils. Out of 26 túngara male frogs being bitten by
the midges in the wild, in 100 % of the cases the midges were feeding at the nostrils
(n=38 midges). In a few occasions in the past, in a few occasions frog-biting midges
have been seen biting túngara frogs on their legs and by the upper eyelid of the frogs
but, as our sample reflects, those cases are unusual. In contrast, midges attacking both
species of treefrogs usually land on nearby vegetation and approach the frogs by
walking or performing jump-like short flights. Midges bite these species of treefrogs
on their legs, thoracic dorsum, and nostrils. In the wild, midges bit the hourglass frogs in
the nostrils (66 %) but also frequently feed on their thoracic dorsum (22 %) and legs
(12 %) (n=18midges, 16male frogs). A similar pattern seems true for the yellow cricket
frogs (n=9 midges, 4 nostril, 3 thoracic dorsum, 2 legs, frogs).

Female frog-biting midges from over ten species were captured using sound traps
broadcasting mating calls or directly from calling males of the three species of frogs
(Table 1). We examined and identify over 500 midges and observed no differences in
the most common species of midges that attack and feed from the three species of
anurans studied here. In our samples, we observed four species of midges that are
highly abundant (C. bicolor (Borkent), C. edwardsi (Lane), C. gloma (Borkent) and C.
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longituba (Belkin). All of those species were attracted to the call of túngara frogs and
the treefrogs as well as found biting frogs from all those species. Túngara frog calls
attracted all the species of midges collected in this study while the calls of the treefrogs
attracted only a subset of those species (Table 1). Overall, these results suggest that the
differences in feeding site selection are not explained by species-specific preferences by
the midges attacking each species of frogs.

The skin of túngara frogs is significantly different from that of the treefrogs; results
are summarized in Table 2. We examined the characteristics of the skin in the body
areas more frequently bitten by the midges: the thoracic dorsum and the area around the
nostrils. The vascularization in the thoracic dorsum of túngara frogs is significantly
different from the dorsum of treefrogs. Blood capillaries in the thoracic dorsum of
túngara frogs are present in lower density than in the treefrogs (KW =13.233, n=93,
p=0.0001; Fig. 2a). The density of blood vessels in this body area of túngara
frogs is less than half and one quarter of the density in yellow cricket treefrog
and hourglass treefrog, respectively. The capillaries at the dorsum of túngara
frogs are also smaller (KW =31.728, N=763, p=0.0001; Fig. 2b), the capillaries
are about 5.1 % and 6.6 % of the size of the capillaries in treefrogs (túngara
frogs: 73.1±22.89 μm2; yellow cricket treefrog: 1408.4±130.48 μm2; hourglass
treefrog: 1103±93.825 μm2). The shortest distance, measured from the outer
epidermis to each blood vessel, is also significantly different among species at
the thoracic dorsum (Table 2). In túngara frogs, the capillaries are at a larger

Table 1 Species of frog-biting midges collected using sound traps broadcasting the mating call of three
species of anurans (under “Trap”, n=100 specimens per host) and collected manually directly from a frog
while they were biting them (under “Frog”, n E. pustulosus=33, n D. ebraccatus=17, n D. microcephalus=18)

Species of midges Host (Species of frog)

E. pustulosus D. ebraccatus D. microcephalus

Trap Frog Trap Frog Trap Frog

C. bicolor Borkent 11 1 1 1 13 0

C. brevivena Borkent 1 0 0 0 0 0

C. carariensis Borkent 0 0 1 0 0 0

C. davisi Shannon 1 0 2 0 0 0

C. douglasi Borkent 1 1 0 1 0 0

C. edwardsi Lane 12 1 26 3 31 0

C. flavitibia Lane 0 1 0 0 0 0

C. globosa Borkent 2 1 0 0 0 0

C. gloma Borkent 20 14 28 5 25 4

C. longituba Belkin 44 13 36 6 21 14

C. manaosensis Lane & Cerqueira 4 1 0 1 1 0

C. quadrivittata Shannon & del Ponte 3 0 6 0 9 0

C. travassosi Lane 1 0 0 0 0 0

Number represent the relative abundance of those species in representative samples of the midges collected
using both methods
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Table 2 Summary of the statistical tests comparing the characteristics of the skin across species of frogs and
their body areas

Skin Characteristics Grouping variable Test statistics df n p

Surface area of blood capillaries Species Dorsum KW =31.728 2 763 0.0001

Species Nostril KW=189.63 2 0.0001

Post-hoc pairwise comparison (DSCF test)

Ep dorsumvs Dm dorsum (p=0.001) Ep nostril vs Dm nostril (p=0.001)

Ep dorsum vs De dorsum (p=0.001) Ep nostril vs De nostril (p=0.001)

Dm dorsumvs De dorsum (p=0.254) Dm nostril vs De nostril (p=0.001)

Dor. Vs Nos. Ep U=60 1 763 0.001

Dm U=10,104 1 0.010

De U=4.039 1 0.952

Shortest distance to blood capillaries Species Dorsum KW =205.146 2 763 0.0001

Species Nostril KW=6.192 2 0.045

Post-hoc pairwise comparison (DSCF test)

Ep dorsumVs Dm dorsum (p=0.001) Ep nostril Vs Dm nostril (p=0.001)

Ep dorsumVsDe dorsum (p=0.0001) Ep nostril Vs De nostril (p=0.001)

Dm dorsumVsDe dorsum (p=0.022) Dm nostril Vs De nostril (p=0.079)

Dor. vs Nos. Ep U=611.0 1 763 0.0001

Dor. & Nos. Dm U=7,715 1 0.436

Dor. & Nos. De U=1352 1 0.0001

Density of blood capillaries Species Dorsum KW =13.233 2 93 0.001

Species Nostril KW=9.071 2 0.011

Post-hoc pairwise comparison (DSCF test)

Ep dorsum Vs Dm dorsum (p=0.001) Ep nostril Vs Dm nostril (p=0.001)

Ep dorsum Vs De dorsum (p=0.001) Ep nostril Vs De nostril (p=0.001)

Dm dorsum Vs De dorsum (p=0.821) Dm nostril Vs De nostril (p=0.0001)

Dor. & Nos. Ep U=0.050 1 93 0.011

Dor. & Nos. Dm U=56 1 0.0001

Dor. & Nos. De U=166 1 0.0001

Epidermal thickness Species Dorsum KW =26.571 2 763 0.0001

Species Nostril KW=51.658 2 0.0001

Post-hoc pairwise comparison (DSCF test)

Ep dorsum Vs Dm dorsum (p=0.441) Ep nostril Vs Dm nostril (p=0.550)

Ep dorsum Vs De dorsum (p=0.381) Ep nostril Vs De nostril (p=0.553)

Dm dorsum Vs De dorsum (p=0.873) Dm nostril Vs De nostril (p=0.997)

Dor. & Nos. Ep U=521.5 1 763 0.848

Dor. & Nos. Dm U=132.5 1 0.000

Dor. & Nos. De U=246.5 1 0.000

Kruskal–Wallis Test (KW—for species) or Mann–Whitney test (U—for body areas) are reported for each
characteristic of the skin evaluated. Post hoc pairwise comparison using Dwass–Steel-Chritchlow–Flinger Test
are also shown. Significant results are shown in bold

n Sample size, df degrees of freedom, p probability, Ep E. pustulosus (túngara frog), Dm D. microcephalus
(Yellow cricket tree frog), De D. ebraccatus (Hourglass treefrog)
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distance from the surface of the skin than those of the treefrogs (KW =205.146,
n=763, p=0.001; Fig. 2c). Although the shortest distance to the blood vessels is
significantly larger in the skin of túngara frogs than in both of the treefrogs the
thickness of the epidermis is not significantly different among species (Table 2).
This apparent incongruence is explained by the presence of a thick layer of
connective tissue found beneath the epidermis in túngara frogs. Figure 3

Fig. 2 Vascular characteristics of the skin of túngara frog (Ep, E. pustulosus), hourglass treefrog (De, D.
ebraccatus) and yellow cricket treefrog (Dm, D. microcephalus). The characteristics of the capillaries at the
thoracic dorsum (a–c) and nostril (d–f) of each species are shown
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illustrates this layer in the thoracic dorsum of túngara frogs compared to the skin
of the treefrogs in the same body areas.

As expected, the vascularization in the area around the nostrils was significantly
different from the thoracic dorsum. Skin sections from the area around the nostrils of
túngara frogs are characterized by a significantly higher density of blood vessels than
that area in the other species (KW=9.071, n=93, p=0.0001; Fig. 2d). These blood
vessels are also on average of smaller size in túngara frogs than in the treefrogs
(KW=189.63; n=763, p=0.0001; Fig. 2e) but are about at the same distance from
the surface compared to capillaries in the treefrogs (KW=6.192, n=763, p=0.045;
Fig. 2f). At the area around the nostrils, the surface area of the blood vessels in
túngara frogs is less than half of that on treefrogs.

Our measurements of the length of the labium of C. appendiculata confirmed the
validity of our methodology. The measurements we obtained are comparable with those
reported previously using fresh specimens (McKeever 1986: 194.3–227.14 μm; this
study: 190.57–224.24 μm). We thus used the same methodology to examine the length
of the labium of the midges from Panama to estimate the distance at which they could
potentially access blood vessels below the skin of the frogs. The length of the labium is
significantly different between the four most common species of midges (F 3,16=4.549,
n=20, p=0.017, MSE=60.199), and it varies across a broad range of lengths (170.56–
202.78 μm). Only the length of the labium of C. edwarsi and C. gloma, however, are
significantly different (Turkey’s Honesty Significant Difference test p=0.017).
Corethrella edwarsi has the longest labium (197.272 ±4.26 μm) while C. gloma has
the shortest one (181.5 ±3.84 μm). In Corethrella quadrivittata (194.02 ±2.88 μm) and
C. longituba (184.89 ±2.6 μm) their labium is intermediate in length.

In túngara frogs, the shortest distance from the outer epidermis to the blood vessels
is larger at the thoracic dorsum than the nostril (t=3.165, df=114, p=0.02; thoracic
dorsum: 67.2–222.46 μm; nostril: 24.33–140.60 μm). On average, the minimum
distance from the blood vessels to the surface in the thoracic dorsum of túngara frogs
is within the length of the labium of all species of midges. In this body area, however,

Fig. 3 Sample skin histological sections of túngara frog (E. pustulosus) and two sympatric, small treefrogs
(D. microcephalus and D. ebraccatus) at the area of the nostril (a) and the thoracic dorsum (b)
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most capillaries are out of reach given the range of minimum distances to the blood
vessel. In contrast, the capillaries in the nostril of this species are all within the range
of the length of the labium of the midges. In the treefrog species, the shortest
distance to the blood vessels in the thoracic dorsum and nostril are shorter and
within the range of length of the labium of the midges (yellow cricket treefrog:
thoracic dorsum =6.84–56.84 μm, nostril =5.41–58.1 μm; hourglass treefrog : thoracic
dorsum =4.84–34.58 μm, nostril =9.75–127.79 μm).

Discussion

Our results showed differences in the vascular characteristics of the skin of frogs that
explain the differences in feeding site preferences of frog-biting midges among host
species. While several studies have shown that some species of blood-sucking insects
feed on body areas of their host that potentially increase their ability to obtain a blood
meal (reviewed in Lehane 2005), to our knowledge this is the first study to directly
examine the vascular properties of the host’s skin to test the hypothesis that the
distribution and abundance of blood vessels determines their feeding preferences.
Frog-biting midges attacking túngara frogs do not feed from the thoracic dorsum of
the frog where there are few, small capillaries located deep in the skin below a thick
layer of connective tissue. At the area around the nostrils, the preferred biting site of the
midges, blood vessels are larger and more abundant than at the thoracic dorsum. In the
treefrogs, however, the contrast between the abundance and location of the blood
vessels between the thoracic dorsum and the area around the nostrils is minor in
comparison. The difference between the features of the skin of túngara frogs and the
treefrogs suggests the feeding decisions of the midges are explained by the skin
characteristics of their host.

In túngara frogs, the vascular characteristics of the skin at the area around the nostrils
facilitate obtaining a blood meal by the midges. An important aspect to consider,
however, is how those properties of the skin compare to the mouthparts of the midges.
There is evidence for close correlations between the size and shape of the mouthparts
and the feeding habits of blood-sucking insects (reviewed in Lehane 2005). For
example, several species of tabanids (Chrysops vittatus (Wiedemann), Hybomitra
lasiophthalma (Macquart) and Tabanus lineola (Fabricius)) with longer proboscis feed
on animals with deeper or thicker hair (Lall & Davies 1971; Mullens & Gerhardt 1979).
The biting mechanism of frog-biting midges has not been described yet. The length
of the labium, however, provides a conservative estimate of the distance the midges can
reach into the skin to obtain blood. Although we found variation in the length of the
labium among midge species, our results are consistent with the hypothesis that
distribution and size of the blood vessels determines the body areas where the midges
feed. In the species of frog-biting midges feeding from the anurans in this study, the
length of the labium is long enough to reach the capillaries at the area around the nostrils
in túngara frogs but they have limited access to the capillaries at the thoracic dorsum
of this frog species. In contrast, given the length of their labium, the midges are able to
obtain a blood meal from both the thoracic dorsum and the area around the nostrils
of treefrogs. The depth of the capillaries at the thoracic dorsum in túngara frogs
combined with their low density, small size and the thick layer of connective tissue
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separating them from the surface, restrict the opportunities for the midges to feed from
this body area. Based on our findings, we propose that the selective pressures that
promoted vascular characteristics at the area around the nostrils for efficient gas
exchange, also provide an opportunity for frog-biting midges to efficiently obtain a
blood meal at those areas.

Several studies investigating feeding site selection support the hypothesis that
easiness to obtain a blood meal determines biting site selection in heamatophagous
insects (reviewed in Lehane, 2005). For example, Aedes iriserialus (Hasselquist) limit
their feeding sites to areas where their host’s hair is short and sparse such as the ears,
eyelids, nose and feet (Walker & Edman 1985). Easiness to obtain a blood meal has
been repeatedly invoke as an explanation for feeding site preferences and this behavior
has been attributed to the use of cues such as variation in skin temperature, moisture or
color, and body odor of the host, among others (De Jong & Knols 1995; Barrozo &
Lazzari 2004; Khan & Maibach 1966; Bowen 1991; Wang et al. 2009). In most blood
feeding mosquitoes (Culicidae) and biting midges (Ceratopogonidae) studied to date,
probing and feeding site selection are based on thermal gradients, carbon dioxide (CO2)
and moisture emanating from the host (Hocking 1971). Given the widespread role
of CO2 as an important cue for host location by blood-sucking insects (Gillies 1980;
Nicolas & Sillans 1989) and the lack of temperature differences across the body
of túngara frogs (Bernal unpub. data), CO2 could act as a cue used in feeding site
selection by frog-biting midges. It is possible that the midges bite túngara frogs in the
area around the nostrils following higher CO2 concentrations emanating from them. The
use of CO2 by frog-biting midges in feeding site selection once they reach their host,
however, is improbable. Although in anurans gas exchange takes places at the nostrils,
frogs excrete most CO2 through the skin (Boutilier et al. 1992; Wells 2007). In addition,
frog-biting midges also feed at the thoracic dorsum and legs of treefrogs suggesting that,
if involved, CO2 is not the main driver of feeding site selection. The nostrils are also in
close proximity to the vocal sac, where most of the sound of the mating call emanates
from the frog. The midges could thus be following a sound intensity gradient that leads
them to the nostrils. The use of sound to choose a feeding site at their host is, however,
also questioned by the midges biting the treefrogs in areas different from the nostrils.
Although further research that directly tests the use of CO2 and sound as cues to select a
feeding site is necessary, our results suggest those factors, if involved, play a minor role
in feeding site selection in frog-biting midges.

In general, biting insects prefer feeding sites where they are less likely to suffer from
the defensive behavior of their host (Edman & Kale 1971; Edman & Walker 1985;
Davies 1990; Darbro & Harrington 2007). It is thus unexpected that frog-biting midges
feed preferentially at the area around the nostrils where túngara frogs frequently swat
them using their front feet (Bernal pers. obs.). Previous studies have shown that
mosquito feeding success is reduced on vertebrate hosts that perform more defensive
behaviors (Blackmore & Dow 1958; Edman & Kale 1971; Webber & Edman 1972;
Klowden & Lea 1978; Walker & Edman 1985; Cully et al. 1991). In addition,
movement and slapping by the host considerably increases the risk of obtaining a
blood meal by a biting fly. In several species of mosquitoes, for instance, host defensive
behavior discourages them from feeding and is a significant source of insect mortality
(Edman & Scott 1987; Darbro & Harrington 2007; Kweka et al. 2010). Host defensive
behavior is considered a significant driver promoting rapid blood feeding in body areas
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of the host that maximize nutrient uptake rates while reducing injuries or mortality
(Gillett 1967). Tabanids, for example, preferentially feed from the legs and back of
cattle and the mane, lower leg and hind quarters of a horse where their hosts defensive
behavior are less efficient (Magnarelli & Anderson 1980; Townley et al. 1984;
Braverman 1988; Dekker et al. 1998). In the case of frog-biting midges, their anuran
hosts are also known to repeatedly move their legs attempting to dislodge attacking
midges (McKeever 1977; Bernal et al. 2006). In our study we found that frog-biting
midges feed from túngara frogs in the area of the body with the highest defensive
behaviors by their host. Although túngara frog males are calling when they are
approached by midges, they often move their front feet attempting to dislodge
them. A male túngara frog can produce up to 153 swats with their front feet in
195 s when attacked by midges in the wild (44.76±33.97 swats during 50 mating
calls, Bernal unpublished data). By feeding at the nostrils, however, the midges
maximize their blood intake given the abundant, larger capillaries in this area.
Our findings suggest that the characteristics of the skin at the thoracic dorsum
prevent the midges from feeding in that area even though it may come at a cost
imposed by the frog’s defensive behaviors. Further studies that investigate the
feeding success and mortality of the midges in relation to the defensive strategies
of túngara frogs are necessary to improve our understanding of the trade-offs
confronted by these midges.

Our results show that the differences in feeding sites on túngara frogs and the
treefrogs are not due to different species of midges having different feeding
strategies. Midges from all species were attracted to the calls of the three species
of frogs and/or directly collected biting them. Given the distinctive feeding
patterns when the midges obtain a blood meal from túngara frogs versus the two
treefrogs species, and the fact that the same species of midges attack these three
species of frogs, we are confident that the difference in feeding sites are not
determined by differences among species of midges. We are currently performing
studies designed to investigate the specificity of the relationships between frog-
biting midges and their hosts to find conclusive answers about the degree of
specificity between these eavesdroppers and their victims.

To our knowledge, no previous studies have investigated the vascular properties
of the skin to explain feeding site preferences of blood-sucking insects. In
addition, our study is the first demonstration that frog-biting midges attacking
túngara frogs preferentially feed at the nostrils where the vascular characteristics
of the skin favor obtaining a blood meal. Our findings emphasize the tradeoffs
confronted by biting insects and describe a feeding strategy that may pay high
costs imposed by the defensive behaviors of the host. Ultimately this study
highlights the importance of investigating feeding site selection incorporating
the vascular properties of the skin to obtain a comprehensive understanding of
the tradeoffs of this behavior.
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