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1  |  INTRODUC TION

Locomotion in aquatic environments are diverse and have been 
shaped by the hydrodynamic forces of drag, buoyancy, viscosity, and 
surface tension (Bush & Hu, 2006). Animals generally move through 
aquatic environments by propelling themselves underwater through 
swimming, propulsion, or flotation (Vogel, 2008). Another form of 
underwater locomotion is pedestrian locomotion whereby animals 
walk while maintaining physical contact with submerged structures 

(Kwak & Bae, 2018; Martinez, 1996; Vogel, 2008). Unlike terrestrial 
walking where gravity is the main and dominant horizontal desta-
bilizing force, animals that move under the water are required to 
counter the strong destabilizing horizontal and vertical hydrody-
namic forces of drag, lift, and acceleration which can force them to 
detach from substrates (Ditsche & Summers, 2014; Martinez, 2001). 
This has resulted in the evolution of many different attachment 
mechanisms among animals, including adhesive pads, liquid secre-
tions, friction, suction, and hooks, to better adhere to substrates 
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Abstract
While animals generally move through the aquatic environment by propelling them-
selves through the water or walking on submerged substrates, some have evolved the 
unique capacity to move along the water– air interface. This is because cohesive forces 
between water molecules cause the surface to be in tension, providing a physical 
substrate that can be used for support and pushed against for horizontal movement. 
Herein, we report on the use of the underside of the water's surface for locomotion 
in an unidentified Australian beetle (likely family: Hydrophilidae). Field observations 
revealed that the beetle was able to rest and move along the surface of an ephemeral 
pool inverted without penetrating the surface above. The beetle possessed a layer 
of trapped air along its abdomen and moved forward by walking, with deformations 
of the water's surface apparent each time a leg made contact. This appears to be the 
first visual evidence illustrating the ability of aquatic beetles to directly rest and walk 
on the underside of the water's surface. We propose that the air bubbles located on 
the abdomen and/or legs may be providing the upward force necessary for the beetle 
to be pushed against the underside of the water's surface. The water's surface seems 
to be acting as a support for the beetle, with the force needed for forward move-
ment generated by the beetle's legs as each transition between the stance and swing 
phases of walking. Our work adds to the small number of observations of animals 
using the underside of the water's surface to move and highlights the likely impor-
tance of surface tension for locomotion on either side of the water– air interface.
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underwater (Ditsche & Summers, 2014; Ditsche- Kuru et al., 2010; 
Fulcher & Motta, 2006; Hosoda & Gorb, 2012; Stark et al., 2013). 
Even some terrestrial animals, such as beetles, have been found to 
use air bubbles trapped securely between their feet to better allow 
their adhesive setae to stick to underwater substrates (Hosoda & 
Gorb, 2012).

Due to the unique physical properties of the interface between 
air and water, another form of aquatic locomotion occurs at the 
water's surface (Bush & Hu, 2006; Bush et al., 2007; Dickinson, 
2003; Hu & Bush, 2010; Hu et al., 2003). In particular, cohesion 
between water molecules cause the surface to be in tension, 
providing a physical substrate that can be used as a support and 
pushed against to facilitate horizontal movement (Denny, 1993; 
Dickinson, 2003; Hu & Bush, 2005). The most well- known example 
occurs above water and is performed by water striders (Gerridae) 
(Dickinson, 2003; Hu & Bush, 2010). Their long, hydrophobic legs 
prevent them from breaching the water's surface which, along with 
their lightweight, allows them to remain afloat above the water 
even at rest and almost entirely through the surface tension forces 
of the water (Bush & Hu, 2006; Hu & Bush, 2010; Liu et al., 2007). 
To achieve forward motion, water striders sweep their legs back-
wards like oars, allowing them to row across it without getting wet 
(Hu et al., 2003). Similar rowing movements are also achieved by 
some spiders that are also covered in hydrophobic body parts (e.g. 
Pisauridae) (Foelix, 2011; Shultz, 1987; Stratton et al., 2004; Suter, 
2013; Suter & Wildman, 1999), though, unlike water striders, their 
support above the water's surface is achieved through a combi-
nation of surface tension and buoyancy given their comparatively 
larger mass (Hu & Bush, 2010).

While forms of aquatic locomotion above the water's surface 
have been extensively studied (Bush & Hu, 2006; Glasheen & 
McMahon, 1996; Hu & Bush, 2010; Stratton et al., 2004), the 
capacity for locomotion to occur on the underside of the water's 
surface has not, possibly owing to the rarity of this behaviour. 
Under the water, animals are not supported by the water's sur-
face in the same manner as those that move above it, yet sur-
face tension might still possibly be exploited for locomotion 
from that side of the water– air interface. This is demonstrated 
in the freshwater snail, Sorbeoconcha physidae, which traverses 
beneath the water's surface while inverted, wrinkling its foot to 
create pressure differences in a film of mucus trapped between 
its body and the water's surface to push itself forward (Lee et al., 
2008). Another example is that of aquatic beetles that have been 
reported to walk along the underside of the water's surface 
(Coleoptera). However, this behaviour has only been documented 
a handful of times, and only mentioned in passing with no other 
citation, description, photo, or video provided (Anderson, 1983; 
Beutel & Leschen, 2011; Spangler and Steiner, 2005). Herein, we 
report on the use of the underside of the water's surface as a 
physical substrate for locomotion in an unidentified beetle from 
Australia (possibly from the family Hydrophilidae), and the sim-
ilarities in the use of surface tension in these beetles to other 
animals that move on the surface.

2  |  METHODS & RESULTS

Our observation occurred during nocturnal fieldwork on 26, October 
2015 in the Watagan Mountains, NSW, Australia (33°00′ 30.6 S, 
151°23′15.7 E). An unidentified beetle (Coleoptera: likely family 
Hydrophilidae) approximately 6– 8 mm in length was found walk-
ing upside down along the underside of the water's surface within 
a small, ephemeral pool (Figure 1, Video S1). Initially, the beetle 
moved forward in a straight line, periodically coming to a short rest 
while remaining on the underside of the water's surface. The beetle 
reinitiated movement after each period of rest by continuing to walk 
across the surface. To do so, each of its six legs alternated between 
a stance phase, where they made contact with the underside of the 
surface of the water, and a swing phase, where they were lifted and 
swung forward through the water (Video S1). A deformation in the 
water's surface was formed when the end of each leg made con-
tact with the surface, which was apparent as the light reflecting off 
the deformations was different to that of the surrounding water 
(Figure 1, Video S1). The movement of the beetle did not result in the 
formation of ripples, indicating the lack of disruption of the water's 
surface. The beetle remained walking or at rest on the underside of 
the water's surface throughout the observational period and did not 
go deeper into the water column or come above the surface (Video 
S1). Throughout this period, a layer of trapped air was observed over 
the abdomen, which was apparent by the reflective, silvery sheen of 
its ventral underside (Figure 1, Video S1). This reflective sheen was 
also apparent along the legs.

3  |  DISCUSSION

This appears to be the first visual evidence and video illustrating the 
unique ability of aquatic beetles to directly rest and walk on the un-
derside of the water's surface. This form of locomotion was achieved 
without penetrating through the water's surface above, as noted by 
the dimpling of the water as the beetles' legs made contact with the 
surface. Similar dimple formation is seen while water striders are at 
rest above the water's surface, and occurs as the mass of a strider 
pushes the water downwards where each of its hydrophobic legs 
makes contact (Bush & Hu, 2006; Hu & Bush, 2010). However, in this 
case, it appears that the water is being pushed upwards in the oppo-
site direction by each of the beetle's legs. Evidently, this beetle has 
been able to use the underside of the water's surface as a substrate 
to push forward against to walk forward. Similar to other arthropods, 
it is likely that the water's surface is acting purely as a support for 
the beetle, with their gait generating the force that drives them for-
ward as each leg transitions between the stance and swing phases 
of walking (Hu & Bush, 2010; Shultz, 1987; Suter & Wildman, 1999; 
Wilson, 1966). This is in contrast to water striders, which sweep their 
legs backwards like oars, producing vortices under the water's sur-
face to row across it (Dickinson, 2003; Hu et al., 2003).

Although the mechanisms underlying this process are yet 
to be investigated, the air bubble located on the ventral side of 
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the abdomen may be providing the upward, buoyant force nec-
essary for the beetle to be pushed against the underside of the 
water's surface. This is similar to the manner in which the mass 
of a water strider above the surface pushes it downwards onto 
the water, allowing for rest at the surface without the expenditure 
of energy. The most similar use of air bubbles is found in back-
swimmers, which achieve natural buoyancy in the water column 
by balancing the upward buoyant force provided by a bubble of 
collected air with the downward force of their submerged body 
mass (Matthews & Seymour, 2006). The use of air bubbles is well 
known in many air- breathing aquatic insects (Flynn & Bush, 2008; 
Seymour & Hetz, 2011), including aquatic beetles, which coat 
themselves with a thin layer of air or carry air bubbles (Beutel & 
Leschen, 2011; Jones et al., 2019; Spangler and Steiner, 2005; 
Stride, 1953) while they are submerged to supply a temporary ox-
ygen store, that is plastron respiration (Flynn & Bush, 2008). It is 
apparent that the bubble was located along the ventral side of the 
abdomen of the beetle we observed, which is a body region com-
monly used by aquatic beetles that use such bubbles for breathing 
(Beutel & Leschen, 2011; Stride, 1953). It is thus possible that the 
air bubble functions in both buoyancy and breathing.

If the air bubble is indeed keeping the beetle at the surface and 
preventing it from sinking down through the water column, it is sur-
prising then that it also doesn't help free the beetle from the water 
entirely. This is because the presence of the trapped air bubble indi-
cates that at least some of the surfaces of the beetle are hydropho-
bic (Andersen, 1977; Bush et al., 2007; Ditsche & Summers, 2014). 
Yet, it is clear that the legs of the beetle are being pushed upwards 
against the surface without disturbing surface tension. The most 
likely physical explanation is there are also attachment organs on 
the legs that trap air in addition to the abdomen, which is supported 
by bright reflections on the legs, allowing the beetle to effectively 

push against and interact with the water surface in a similar man-
ner as if the beetle was not inverted. This is plausible given that it 
has previously been discovered that terrestrial beetles can walk on 
substrates underwater by using air bubbles trapped between their 
setae- covered legs (Hosoda & Gorb, 2012).

An alternative explanation is that the water surface may have 
had an undetected chemical or biofilm that may have provided the 
perfect substrate layer to walk on. Although we did not notice any 
film or other atypical biophysical properties of the water, this can-
not be ruled out. In any case, an ability to walk while submerged 
may be advantageous as it is a generalised form of locomotion that 
can occur in other environments, including on land, unlike other, 
more specialised movements and associated appendages that 
are highly specific to the aquatic environment. Although the sur-
face of open water provides little protection from aquatic pred-
ators, locomotion at this location may serve as an anti- predator 
behaviour by allowing the beetle to avoid ambush predators that 
wait along submerged substrates or the bottom of the waterbody 
(Pritchard, 1965). Indeed, the lack of apparent rippling as the 
beetle moved across the surface would likely minimise detection 
from predators in the water column that rely on vibrations to hunt 
(Lang, 1980). Moving on the underside of the surface is also likely 
to reduce detection or availability to aerial predators compared 
to movement above the surface (Svensson et al., 2002). While we 
did not observe the beetle moving away from the underside of 
the water's surface, it seems likely that the beetle must periodi-
cally emerge from the water to collect the air that subsequently 
becomes trapped along its abdomen and legs, unless they are able 
to maintain a layer of trapped air indefinitely via diffusion of dis-
solved oxygen from the surrounding water (Flynn & Bush, 2008). 
Other aquatic invertebrates, such as diving beetles are known to 
transition between aquatic and terrestrial environments, with the 

F I G U R E  1  Time series of a beetle (likely family: Hydrophilidae) walking upside down along the underside of the surface of the water of an 
ephemeral pool. The images depict the beetle over a 10 s period. The deformation of the water's surface as the beetle's legs make contact 
with the surface is apparent by light reflecting off the water. The air bubble trapped along the abdomen is also apparent by the silvery sheen 
of this body part
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capacity to generate sufficient force to penetrate through the wa-
ter's surface when needed, suggesting that this may also be possi-
ble for this beetle (Whittlesey, 2011).

This study suggests that surface tension may be important for 
arthropods to both rest and move on either side of the water– air 
interface. Future research is needed to identify the mechanism that 
affords this and possibly other arthropods the capacity to use the 
underside of the water's surface for locomotion, which could be 
achieved through the use of theoretical modelling and simulations. 
Understanding these mechanisms may help to assist in the devel-
opment of new bio- inspired aquatic adhesives and forms of motion, 
both of which have biomimetic engineering and robotic applications 
(Chen et al., 2018; Kwak & Bae, 2018; Zheng et al., 2016).
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