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Field-observed specimens of both species were lying in wait at the water’s edge in order to
capture mosquito larvae. Hesperus kovaci waited motionless close above the water surface with
open mandibles until mosquito larvae approached in order to breathe at the water surface. Then
the rove beetles grabbed them with their mandibles, pulled them on land and devoured them on
the spot. Hesperus kovaci also hunted in the water (SCHILLHAMMER 2002) and fled into the water
when being disturbed. Staphylininae larvae perhaps belonging to Hesperus or Platydracus sp.
dug protective tunnels in the soft tissue of immature bamboo culms above the water surface.

Tab. 1: Overview of Staphylinidae that hunt mosquito larvae. Specimens that immersed head and thorax
for hunting are denoted by an asterisk (*).

Adults | Adults | A9 | arvae | Larvae | LATVa¢
hunt hunt take hunt hunt take
Species Subtribe Habitat . refuge . refuge | References
from in . from in .
land water | ™ land water mn
water water
living
Zf;l;z;’zlmm Philonthina g:::t?g:;re yes yes yes yes yes _ present study
culms
Hesperomimus izﬁagture yes (M
X Philonthina yes no =555 B _ B present study
ruficollis bamboo .
min.)
culms
dead
Hesperus Philonthina immature es es os SCHILLHAMMER
kovaci bamboo M y Y - - - (2002)
culms
dead
Zif: ZZ; Philonthina LTE;S;W yes _ _ _ _ _ present study
culms
Odontolinus Philonthina Heliconia es SEIFERT &
fasciatus bracts - y - - - - SEIFERT (1976)
- FRANK &
feegi{;t’;llftlzv Philonthina gzlczfgma _ yes _ _ _ _ BARRERA
i (2010)
Belonuchus ) ) Heliconia FRANK &
satyrus Philonthina bracts, yes no _ yes? _ _ BARRERA
’ i cacao husks (2010)
Heliconia
bracts, FRANK &
Belonuchus . . i
rufipennis Philonthina decaying yes no _ _ _ _ BARRERA
: plant (2010)
material
dead
gé;:; (ng;us Staphylinina L?rr:l?:)l:)re yes yes yes _ _ _ present study
culms
dead
lsf;l.aty dracus Staphylinina g:::is:e yes B yes B _ B present study
culms
Platydracus Staphylinina Heliconia os* FRANK &
orizabae Py bracts Y - - - - - MORON (2012)
Platydracus Staphylinin Heliconia FRANK &
Sfauveli aphy ? | bracts yes - yes - - - MORON (2012)
Platydracus Staphylinina Heliconia es FRANK &
gracilipes Y bracts Y - - - - - MORON (2012)
Platydracus Staphylini Heliconia FRANK &
sp. AphYHNING | g cts yes yes - MORON (2012)
Acylophorus dead mature yes (M yes Kovac &
Acylophorina | bamboo yes no =16 yes* no STREIT (1996);
sp. . (3 sec.)
culms min.) present study
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Platydracus gemmatus FAUVEL, 1895 and Platydracus sp. from West Malaysia occurred in da-
maged immature bamboo culms. Platydracus sp. seized mosquito larvae from the water’s edge,
while P. gemmatus also captured a mosquito larva in the water and devoured it above the water
surface.

The small-sized and slender Acylophorus sp. were common in old fallen bamboo culms in West
Malaysia and northern Thailand. A few specimens also temporarily occupied internodes of living
mature bamboo stems. Acylophorus sp. colonized internodes through holes created by various
insects or woodpeckers, or through long narrow slits, which arose from splitting of the bamboo
culms during dry weather. Fallen bamboo culms were a relatively long-lived and species-rich
habitat (see KOVAC & STREIT 1996).

Acylophorus were lying in wait at the water’s edge or on the water surface. They did not hunt in
the water. They devoured their prey on the spot, either on the water surface or on land. About
60% out of 51 prey items retrieved from Acylophorus sp. in the field were mosquitoes (mostly
larvae, but also pupae and one adult). Other prey items included larvae or pupae of aquatic or
semiaquatic Diptera (Ceratopogonidae, Psychodidae, Tephritidae), nymphs of the semiquatic
bug Lathriovelia rickmersi (see KOVAC & KROCKE 2013), one collembolan and one small
earthworm. Acylophorus adults fled into the water when being molested. In the water, an air
layer enveloped their entire body and legs. Beetles remained motionless 1-2 cm below the water
surface for 4-67 minutes (M = 16 min., n = 24) and then climbed on land.

Acylophorus sp. larvae developed in the same habitat as the adults. They hunted aquatic insects
as well as insects occurring in the wet area above the water surface (wet strip ca. 2 cm wide).
Younger larvae were active and walked along the water’s edge most of the time, while older
ones were rather sluggish and laid in wait for prey just above the water surface. Eight prey items
collected in the field included one mosquito larva, one tiny Toxorhynchites larva, two
ceratopogonid pupae, three nymphs of Lathriovelia ANDERSEN, 1989 and one small earthworm.
Larvae did not hunt on the water surface or in the water, but one larva immersed its head in the
water in order to capture a ceratopogonid pupa. Acylophorus larvae escaped into the water when
being molested, but they stayed submerged for just about three seconds. Prior to pupation,
mature larvae attached themselves with the tip of their abdomen to the bamboo wall above the
water surface. Pupal cells were lacking, but sometimes a flat wall made of debris surrounded the
pupae (see KOVAC & KLAUSNITZER 2020).

Discussion

Hesperomimus species are special among the bamboo-inhabiting Staphylininae feeding on
mosquito larvae, because they are specialized on living immature bamboo culms with small
holes, have a very slim body shape, possess specific morphological leg modifications for
climbing on smooth bamboo surfaces (see below), and H. ruficollis replenishes air at the water
surface and has a remarkable hunting strategy. Larvae possess six setae on the tarsungulus, and
large, dorsally oriented abdominal spiracles (II-VIII); they hunt and devour mosquito larvae in
the water (H. bambusae) and construct pupal cells.

The slim and elongate body allows Hesperomimus to squeeze into internode cavities through
small holes (smallest used hole about 2 x 1.5 mm). All specimens, except one, inhabited inter-
nodes pierced by Lasiochila larvae. There was only one observation of the smaller H. ruficollis
in an internode bored by a Crambidae moth larva, because most Crambidae holes were too small.
Internodes pierced by Tetraponera were not suitable as habitat, because the ants guarded their
entrance holes and kept the internodes dry by spitting out water (KLEIN et al. 1993). Hespero-
mimus readily used artificial holes to colonize internodes, i.e., the beetles were not specialized on
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Lasiochila holes. In nature, however, exit holes bored by Lasiochila were virtually the only holes
suitable for Hesperomimus to enter the internode cavities.

It is remarkable, that H. bambusae colonized Lasiochila goryi internodes only about three
months after the leaf beetles had bored their entrance and exit holes (“long-term study 1”). In
contrast to that, H. bambusae immediately colonized internodes with artificial holes (“long-term
study II”). This was because artificial holes were open throughout, whereas Lasiochila exit holes
were blocked by internode sheaths. Hesperomimus could enter the internode cavities only after
internode sheaths had started to loosen, thus allowing beetles to squeeze beneath them and reach
the internode opening.

The relatively long legs of Hesperomimus possess adhesive pads with spatulate hairs on the
protarsomeres like other Philonthina (Figs. 20-21), but also closely spaced hairs on the middle
and hind tarsomeres (Fig. 22). These features possibly help to achieve a strong adhesion to the
substrate and allow Hesperomimus to climb on smooth external surfaces of the bamboo culms
(see BULLOCK & FEDERLE 2011). The relatively long legs (hind tarsomeres elongated) are
perhaps also beneficial for climbing, especially on larger bamboo culms. Males of the spider
Argiope keyserlingi KARSCH, 1878 (Arachnida: Araneae: Arachnidae), also with relatively long
legs for their body size, perform better on wider diameter substrate than specimens with shorter
legs (PRENTER et al. 2010).

Hesperomimus ruficollis are special among Staphylininae inhabiting internodes, because they
assume a peculiar posture with abdominal bristles touching or penetrating the water surface. It is
possible that through this behavior they perceive vibrations of the water surface caused by
mosquito larvae and then start to walk along the water’s edge in order to capture them. Also
unique is the ability to replenish their air store when being submerged, by touching the underside
of the water surface with their abdominal spiracles. This behavior increases the length of their
stay in water to more than an hour.

Hesperomimus larvae are special among Staphylininae for their tarsungulus possessing six setae
(Fig. 25), whereas other Staphylininae have only three (ToPP 1978). The numerous and relatively
large and stout setae on the tarsungulus possibly improves the ability of the larvae to adhere to
the vertical bamboo walls inside the internode cavities (tarsungulus angled downwards during
walking). Abdominal spiracles II-VIII of third instar larvae are also remarkable because they are
oriented dorsad instead of laterad as in other Staphylininae. The dorsal orientation of the
spiracles and their tube-like walls possibly allow respiration at the water surface when walking
in the thin layer of water in the wet area of the internode. Furthermore, it seems that the
abdominal segments I[I-VIII are better protected against wetting than the spiracles of the entirely
terrestrial Hesperus rufipennis, because in the latter the spiracles are not closed like in Hespero-
mimus ruficollis (see STANIEC 2004, fig. 37).

Hesperomimus bambusae larvae superficially resemble certain species of aquatic Dytiscidae.
They have a similar body shape, including the triangular head with slender falcate mandibles,
they possess a nasale, are positively buoyant and maintain a similar posture stabilized by their
urogomphi when resting suspended from the water surface. The falcate mandibles and toothed
nasale in Staphylininae and Dytiscidae are probably adaptations to their predatory lifestyle and
occur in several adephagan and polyphagan groups using extra-oral digestion (CROWSON 1981),
while the positive buoyancy is an adaptation to their aquatic habits.

In aquatic insects dependent on atmospheric air, positive buoyancy prevents drowning and helps
them reach the water surface in order to respire. Hesperomimus bambusae larvae easily float
towards the water surface, but they cannot connect to atmospheric air when resting suspended
from the water surface, because the tip of their abdomen (pseudopod, 10th abdominal segment)
does not break through the water surface film and the last abdominal spiracles on 8th abdominal
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segment are too far away from the water surface. Despite this, the larva can stay in the water for
more than 30 minutes, possibly because of large tracheal air stores, diffusion of oxygen through
the cuticle and the spiracles, or because of low metabolic rates.

Predatory aquatic larvae employing extra-oral digestion have evolved different mechanisms in
order to prevent dilution of digestive juices in the water. Some dytiscid larvae possess channeled
or grooved mandibles for injecting enzymes into the prey’s body to suck out the digested
products, while hydrophilid larvae lift their prey out of water during feeding (CROWSON 1981).
An examination of Hesperomimus larvae did not reveal any such conspicuous morphological or
behavioral modifications. It rather seems that the Hesperomimus larva firmly presses the
mosquito larva against the narrow mouth with its mandibles and pierces its cuticle with the two
acute projections located laterally besides the mouth opening. Thus, the prey’s cuticle remains
almost intact and prevents dilution of body juices into the surrounding water.

Staphylininae possess obtect pupae with a hard and pigmented surface and rarely build pupal
cells (CROWSON 1981, STANIEC & PIETRYKOWSKA-ZUDRUJ 2019). In contrast, Hesperomimus
always create pupal cells. The explanation for this behavior could be that the pupa is lying flat on
the ground being only weakly attached to the bamboo wall. Therefore, pupal cells are perhaps
needed as a safeguard against falling into the water in case of strong mechanical vibrations of the
bamboo culm. Acylophorus larvae, which strongly attach themselves to the bamboo wall with the
tip of their abdomen, just hang down freely from the bamboo wall and pupal cells are usually
lacking (KOVAC & KLAUSNITZER 2020). This is also the case for pupae of Exochomoscirtes
scirtid beetles, which share their secluded habitat with Acylophorus. The soft-bodied (exarate)
pupae of Exochomoscirtes protected themselves with the bristles of their shed larval skins and
with vigorous up and down movements of their bodies (KOVAC & KLAUSNITZER 2020).

Hesperomimus develop during the rainy season, when immature bamboo culms are available and
mosquito larvae abundant. Hesperomimus bambusae females lay a single egg per internode,
thereby preventing competition and cannibalism among larvae. The total development time of H.
bambusae is probably considerably less than three months, because three months after artificial
holes were bored (“long-term study II”’), a specimen had already abandoned its pupal cell. Other
Staphylininae examined so far have a rather short development time. For example, the European
Hesperus rufipennis, which inhabits rotting holes of deciduous trees, develops in less than 1.5
months from egg laying to adult emergence (STANIEC 2004). Since Hesperomimus bambusae in-
habits different bamboo species growing at different times of the rainy season, immature bamboo
culms are available for about six months per year. Therefore, it is possible that H. bambusae is
multivoltine.

So far, 15 species of Staphylinidae, mostly belonging to Philonthina, are known to capture
mosquito larvae in their aquatic habitat (Tab. 1): eight South American species occurring in
water-filled Heliconia bracts and seven Southeast Asian species inhabiting water-filled bamboo
internodes. Although mosquito larvae are the staple food of these rove beetles, their diet and the
proportion of mosquito larvae in the total diet varies, depending on their habitat. Hesperomimus
species inhabiting living immature bamboo culms mainly feed on mosquito larvae, because they
are by far the most abundant food source occurring in their habitat. Acylophorus species capture
a larger array of different prey species, because the animal community of decaying mature stems
is more species-rich than living immature bamboo culms (see KOVAC & STREIT 1996). Almost
half of the prey items retrieved from Acylophorus sp. are semiaquatic or aquatic insects other
than mosquito larvae. Acylophorus larvae feed on the same organisms as the adults, but the early
stages capture smaller prey and the proportion of mosquito larvae as food is lower than in the
adults. Thus, prey availability in the habitat is the most likely determinant of diet for the
Staphylininae investigated, as was already proposed for the New World Odontolinus SHARP,



130 Koleopt. Rdsch. 92 (2023)

1885 and Belonuchus NORDMANN, 1837 by FRANK & BARRERA (2010). Other important factors
are the predator size and hunting strategies.

The hunting methods of phytotelmata-inhabiting Staphylininae are manifold (Tab. 1). Most
bamboo-inhabiting species lurk for mosquito larvae at the water’s edge with their open
mandibles kept close above the water surface. Platydracus orizabae immerses its head and
thorax, with open mandibles, to snap at Diptera larvae (FRANK & MORON 2012), while several of
the larger species capture mosquito larvae in the water. The small and lightweight Acylophorus
sp. is the only species hunting on the water surface (Tab. 1).

Most, if not all mosquito-feeding Staphylininae, including those hunting solely from the water’s
edge, flee into the water when being molested (Tab. 1). They never move around while being
submerged. Usually, they emerge from the water after several minutes (Tab. 1). Hesperomimus
ruficollis stays in the water for a longer time, probably because the beetle can replenish air at the
water surface. All submerged beetles possess a silvery air layer held by hydrofuge hairs. The air
layer probably plays a role as a physical gill and increases the buoyancy of the beetles, thus
preventing drowning.

Many Staphylinidae species live in wet habitats along streams, lakes or seashores. They possess
hydrofuge hairs as protection against wetting and one would expect that some of them
temporarily enter water in order to hunt for aquatic organisms. However, the only rove beetles
observed so far to seize prey in the water are the phytotelmata-inhabiting species listed in Tab. 1.
Although some rove beetles living along seashores are able to stay submerged in direct contact
with seawater for many days, they move only occasionally or become quiescent, and neither
adults nor larvae have been observed to hunt in the water for aquatic organisms (TOPP & RING
1988a, b, FRANK & AHN 2011).

We suspect that the main reason why most rove beetles living at the edge of large waters avoid
entering the water is the high predatory pressure occurring in these habitats. Large insects, crabs,
amphibians, fishes or birds endanger rove beetles and prevent them from adapting to the aquatic
lifestyle. In contrast, most types of bamboo and Heliconia phytotelmata have a low predatory
pressure, because the largest aquatic predators occurring in these habitats are usually
Toxorhynchites mosquito larvae. Although Toxorhynchites larvae are voracious predators
(mature larvae are about 1 cm long), they can hardly overwhelm large rove beetles. On the
contrary, Belonuchus satyrus and Platydracus orizabae are able to drag large Toxorhynchites
larvae or pupae from the water and to devour them (FRANK & BARRERA 2010, FRANK & MORON
2012). Thus, large rove beetles are apparently top predators in some types of phytotelmata and
therefore can safely seek water for hunting. On the other hand, Acylophorus sp. is probably more
vulnerable to predation due to its small size. Acylophorus usually remains in the dry portion of
the internode and only enters the water when being threatened. Submerged Acylophorus sp.
always remain motionless, thus reducing the possibility of detection by Toxorhynchites.

Larvae of Staphylininae, especially younger larval stages, are soft and more vulnerable to pre-
dation than the adults are. That was evident by the fact that Toxorhynchites captured a second in-
star Acylophorus larva in the field (observation by the second author). Therefore, one would ex-
pect that Staphylininae larvae remain in the dry part of the internode at all times. This was appa-
rently the case, because they were never observed in the water, with the exception of H. bam-
busae (Tab. 1).

We presume that H. bambusae larvae are able to stay in the water safely, because Toxorhynchites
or other large aquatic predators were never found in their habitat. Toxrhynchites colonize
internodes by shooting their eggs through internode holes while hovering in front of them
(observation by the second author). Since internode sheaths block the larger Lasiochila exit holes
and their entrance holes are too small, colonization by Toxorhynchites seems not possible.
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Lasiochila holes are accessible for Toxorhynchites only after the internode sheaths loosen and
lean strongly to the sides or fall off, or when the internodes grow, thus shifting the entrance hole
in the bamboo wall beyond the edge of the sheath. At the time when Toxorhynchites larvae
succeed to colonize a Lasiochila internode, they do not pose a danger to H. bambusae larvae,
because they have already completed their development. This may be different in H. ruficollis,
because Lasiochila gestroi exit holes sometimes occur above the internode sheaths.

Bamboo is unique among phytotelmata, because it offers a wide array of subhabitats with
different animal communities, depending on the developmental stage of the bamboo and the size
of the entrance hole (KOVAC & STREIT 1996). The large diversity of bamboo habitats may
explain why there are so many Staphylininae species occurring there. Some species, like Hespe-
romimus bambusae, H. ruficollis and Acylophorus spp., are clearly specialized on bamboo
because they apparently occur in the internodes during the whole year and develop there. Other
species are probably facultative inhabitants of bamboo phytotelmata.

Mosquito-feeding Staphylininae are common in internode habitats with a rich mosquito fauna,
such as internodes of immature bamboo culms, but they are rare in upright mature bamboo stems
containing very few mosquito larvae. Therefore, we assume that the rich presence of mosquito
larvae in bamboo internodes was the selective force leading to the colonization of this habitat by
Staphylininae. The low predatory pressure in bamboo phytotelmata allowed Hesperomimus to
penetrate into the water and develop adaptations to the aquatic environment. The trend to hunt
mosquito larvae as staple food or capture prey in the water is also apparent in other terrestrial
inhabitants of bamboo phytotelmata. For example, the jumping spider Paracyrba wanlessi
ZABKA & KOVAC, 1996 (Arachnida: Araneae: Salticidae) captures mosquito larvae, including
Toxorhynchites, from the water’s edge in decaying bamboo culms (ZABKA & KOVAC 1996), and
the nitidulid beetle Amphicrossus japonicus REITTER, 1873 seizes mosquito larvae with its
forelegs while being submerged in water-filled bamboo stumps (KOVAC et al. 2007). We expect
that there are many more Staphylininae species hunting aquatic organisms in phytotelmata or
other aquatic habitats with low predatory pressure.
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