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Abstract
Water strider (Gerridae) morphology and behavior have become the focus of interdisciplinary research in biological diversi-
fication and bio-inspired technology. However, the diversity of behaviors and morphology of the large-sized Gerridae have 
not been intensely studied. Here, we provide locomotory behaviors and legs’ micro-morphology of the large South-East 
Asian water strider, Ptilomera tigrina. Using high-speed videography and experiments in natural habitats, as well as scan-
ning electron microscopy of midlegs, we have determined that (1) P. tigrina individuals prefer relatively high flow speeds 
of 0.15–0.30 m/s, compared to other water striders previously studied, and they are also observed in very high flow speeds 
of up to 0.6 m/s; (2) they avoid stagnant water, but when on still and very slow flowing water they perform constant back-
and-forth rowing using their midlegs; (3) their antipredatory reaction involves repetitive and very fast “protean” movements 
propelled by the midlegs; (4) their midleg tarsi and tibiae are equipped with brushes of ribbon-like hairs, which are used as 
paddles for rowing. As the locomotory behaviors and flow-speed preferences by P. tigrina require constant use of midlegs 
for rowing, the presence of special paddle structures on midlegs illustrates a hypothetical adaptive match between midlegs’ 
locomotory function and their micro-morphology.
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Introduction

Semiaquatic bugs (Gerromorpha), including water striders 
(Gerridae), inhabit different semiaquatic niches (Carpenter 
1928; Andersen 1979, 1982, 1995; Spence and Andersen 
1994; Armisen et al. 2015; Crumiere et al. 2016) such as 
stagnant or flowing waters of streams and creeks, to which 
water striders have adapted over 60 million years of evo-
lution (Andersen 1998; Andersen et al. 1993; Damgaard 
2008; Ye et al 2017). A basic general view of the evolution 
that produces a match between various macro and micro 
morphological adaptations and the requirements of diverse 
aquatic habitats of Gerridae has been presented ~ 40 years 
ago (Andersen 1976, 1979, 1982, 1995), and was recently 
revived with a focus on the evolutionary developmental 
genetics of macro-morphological (Crumiere et al 2016) 
and micro-morphological (Finet et al. 2018, Santos et al. 
2017) traits. However, apart from general categorizations 
of habitat types (e.g., Andersen 1976, 1979, 1989, 1995), 
the relevant quantitative statistical and experimental 
approaches to habitat selection concerned mostly stag-
nant and slow-flowing water habitats (e.g., Riley 1919; 
Vepsalainen 1973; Vepsalainen and Jarvinen 1974; Spence 
1979, 1981; Cooper 1984; Haskins et al. 1997), and did 
not consider comparative evaluations of a hypothetical 
match between the locomotion required in a given aquatic 
habitat and detailed descriptions of micro-morphological 
adaptations to locomotion of a variety of water strider taxa 
in the diversity of aquatic habitats.

Some morphological studies concerned morphology of 
the “typical” Palearctic and Nearctic water striders from 
genera Gerris and Aquarius that live in still or relatively 
slow-flowing waters. For example, already 40 years ago 
it was known (e.g., Andersen 1976) that the midleg tarsi 
and tibiae (parts that interact with water surface) of these 
“typical” water striders are covered with diverse hairs (for-
mally called setae but as the less formal term “hairs” has 
also been used we use it too). At least five different types 
of hairs varying in length, diameter, and cross-section 
shape are present in densities from hundreds (larger hair) 
to several thousand (smaller hairs) per  mm2 with asym-
metrical distribution consisting of especially diversified 
hair layers on the ventral side of tibiae and tarsi (surfaces 
that interact with water surface). Andersen (1976) also 
noted that the hair’s surface consists of small grooves run-
ning along a hair. It has also been known for a long time 
that all these morphological characteristics contribute to 
the hydrophobicity/superhydrophobicity of water strider 
legs, and that the special hair types on legs play a role in 
the rowing function of midlegs (Baudoin 1955; Holdgate 
1955; Nightingall 1974; Andersen 1976, 1982). All the 
aforementioned studies focus on the morphology of mostly 

the two genera, Gerris and Aquarius. However, it has also 
been noted that some taxonomic groups of water strid-
ers such as the small marine water striders Halobatinae 
(Andersen 1976; Mahadik et al. 2020) or the large water 
striders Ptilomerinae (Esaki 1927; Jehamalar et al 2018) 
have special structures on the midleg tarsi and tibiae func-
tioning as paddles.

The recent revival of interest in water striders by scien-
tists focusing on bio-mimicry expanded this already exist-
ing knowledge (Brinkhurst 1960; Darnhofer-Demar 1969; 
Nightingall 1974; Andersen 1976; Bowdan 1976, 1978; 
Caponigro and Eriksen 1976) and resulted in a series of 
novel studies determining the physics of the water striders’ 
hydrophobicity (e.g., Gao and Jiang 2004; Feng et al. 2007; 
Wei et al. 2009; Watson et al 2010; Wang et al. 2015; Uesugi 
et al. 2020) and locomotion behavior (Hu et al 2003; Denny 
2004; Buhler 2007; Perez-Godwyn et al. 2008; Hu and Bush 
2010; Koh et al. 2015; Crumiere et al. 2016; Yang et al. 
2016; Lu et al. 2018; Sun et al. 2018; Steinman et al. 2018, 
2021; Baek et al. 2020). However, none of these new studies 
have explored the hypothetical adaptive functions of each of 
the several types of hairs, and their uneven distribution on 
the leg’s cuticle, as described by Andersen (1976) for Ger-
ris. Additionally, none of these studies even considered large 
water striders with specialized “paddles” on their midlegs, 
such as the genus Ptilomera (e.g., Esaki 1927; Cheng and 
Fernando 1969; Jehamalar et al. 2018).

The rarely studied (except for taxonomy-focused papers 
such as Polhemus and Zettel 1997; Polhemus 2001; 
Vitheepradit and Sites 2007; Zettel 2009; Jehamalar et al. 
2018; Zheng et  al. 2019) large water striders from the 
subfamily Ptilomerinae, such as genus Ptilomera, inhabit 
streams and creeks of subtropical and tropical SE Asian 
regions (Andersen 1982; Tseng 1999, Jehamalar et al. 2018). 
Considering basic information in the literature (Andersen 
1982; Esaki 1927; Cheng and Fernando 1969; Jehamalar 
et al. 2018), it is expected that these water striders differ 
from the “typical” water striders in the following aspects. 
Unlike in the well-studied genera, such as Gerris or Aquar-
ius, the body of Ptilomera is supported only on four legs, 
the hindlegs’ tibiae and tarsi and the forelegs’ tarsi, leav-
ing midlegs free for rowing. The midlegs have a “brush” of 
setae along the ventral edge of the midleg tibiae and tarsi. 
Therefore, we predicted that Ptilomera’s natural behavior 
in typical habitats may involve the frequent use of such a 
specialized midleg’s structure for rowing.

The “typical” water striders genus Aquarius are able to 
optimally choose their foraging positions in a stream by 
finding a tradeoff between the increase in the energy intake 
from the larger number of food items brought by the faster-
flowing water and the considerable energy needed for strid-
ing against the fast current to maintain their foraging posi-
tion (Rubenstein 1984). They maintain a specific position in 
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flowing water using midlegs for rowing against the current 
and by relying on visual information about the surroundings 
(Junger and Dahmen 1988; Junger and Varju 1990). How-
ever, except for Fairbairn and Brassard’s (1988) research 
on Aquarius remigis, detailed quantitative tests of naturally 
preferred water flow speeds by water striders have not been 
conducted. The basic literature on Ptilomera’s biology (e.g., 
Cheng and Fernando1969; Andersen 1982; Tseng 1999) 
suggests without any quantitative statistical assessments that 
within the typical creeks inhabited by Ptilomera the water 
striders may prefer sites with relatively fast water flow.

The aim of the study was to present observations of Pti-
lomera tigrina’s locomotion and to quantitatively test their 
preferences for water flow speed in their typical natural 
habitats. We also aimed to provide basic micro-imaging of 
micro-morphological structures on their midlegs used for 
rowing. Based on the results, we suggest that the main func-
tion of the row of ribbon-like setae on ventral midleg tibiae 
and tarsi is not the support of insect body on the surface but 
providing thrust through rowing during striding locomotion 
in their preferred relatively high flow speeds and during their 
typical locomotory behaviors.

Materials and methods

Study sites and species

We conducted the study at two sites: the Melinh Station for 
Biodiversity (21° 23′ 01.9″ N 105° 42′ 44.2″ E = Google 
map: 21.383870, 105.712264; Fig. 1a; Fig. S1a), Vinh Phuc 
Province, Vietnam, and “May waterfalls” (Thac May; 20° 
21′ 51.4″ N 105° 26′ 51.6″ E = Google map: 20.364275, 
105.447665), in the vicinity of the Cuc Phuong National 
Park, Vietnam, (Fig. S1a in Supplementary Materials Part 
3). Examples of habitats studied are in Fig. S1b. At both 
locations, we studied Ptilomera tigrina (Fig. 2a), one of the 
common large water striders in Vietnam (Polhemus 2001). 
All research was conducted in accordance with the laws 
of Vietnam. The Melinh Station for Biodiversity, IEBR, 
allowed us to collect specimens, and the Vietnam National 
Museum of Nature, VAST, provided the specimens loan 
permits.

Morphology and SEM imaging

We weighed and photographed each individual water strider 
(GEM20 High Precision Digital Milligram Jewelry Scale, 
Smart Weigh, 0.001 g) in the manner that allowed extrac-
tion of morphological measurements from the photographs 
using ImageJ. We used Scanning Electron Microscopy (SEM 
(JSM-6390LV, JEOL, Japan) to examine the morphology 
of the brush of setae on the midleg tibia and tarsi, which 

were dried in a vacuum chamber, attached to the aluminum 
mounts by a carbon tape, and coated with gold by a sputter 
coater (Cressington 108auto, Cressington Scientific Instru-
ments, UK) for ~ 200 s using a current of 30 mA. We used 
the same procedure to obtain SEM images of midleg tarsi 
of Aquarius paludum for comparison with the main study 
species, P. tigrina.

Observations of locomotion in the natural habitat

We conducted observations of locomotion of individual 
water striders in October, 2014, June 2016, and June 2018 
in a creek near the Melinh Station for Biodiversity. We 
filmed (high speed and standard movies using Casio Exilim 
Z-1000 and Sony RX10-III cameras) the locomotion of 
water striders in various situations in natural conditions to 

a

b c

Openings covered with
mesh to allow water flow

Flowing water
Still water

Fig. 1  Observational and experimental methods. a An example of 
flow speed sampling. The “Ptilomera present” sites (red) were cho-
sen based on the presence of insects upon arrival of the observer who 
evaluated the presence of insects from a distance without disturbing 
their normal behavior. The “Ptilomera absent” sites (light gray) were 
chosen semi-randomly taking into account that they should include a 
full range of visually estimated flow speeds from still/nearly stagnant 
to high-speed flow, and that together with “Ptilomera present” sites 
they should cover the full creek surface area without a noticeable 
bias. b photo of the experimental bowl. c an example of an experi-
mental set-up in a creek with two bowls representing two treatments: 
“Still water” and “Flowing water”, and with cameras set on tripods to 
film the experiment. All photos by W. Kim & P.G. Jablonski



214 Journal of Ethology (2022) 40:211–221

1 3

obtain a full spectrum of natural locomotory behaviors of 
this species in its natural habitat. We used some of the col-
lected movie clips to compare the stroke frequency by P. 
tigrina between the sites with relatively slow-flowing water 
and those with fast-flowing water. The categorization into 
slow-flowing and fast-flowing water sites was made without 
quantitative assessment of water flow but rather based on the 
visual evaluation and choice of movies that clearly represent 
relatively slow and those that clearly represent the relatively 
fast water flow (the data set is presented in Supplementary 
Materials Part 6).

Evaluation of water flow speed preferences 
in the natural habitat

In March 2016, we conducted observations of flow speed 
preferences in a stream near the Melinh Station for Biodi-
versity (Fig. 1a) at locations where Ptilomera was present 
in the creek (n = 63), and compared them with the veloci-
ties at locations in the creek where Ptilomera was absent 
(n = 65). This resulted in the total 128 locations. The strategy 
for choosing the locations is shown in an example in Fig. 1a. 
At each location, we measured the velocity of water at the 
surface by throwing small pieces of paper (5 × 5 mm) on 
the surface, filming their movement using a camera located 

directly above the water (120 fps), digitizing the movement 
of the center of each piece of paper from the video during 
a total of 17–1974 frames per movie to extract their speed, 
and finally calculating water flow speed at a location as an 
average value from speeds of the pieces of papers at each 
location. (2–3 pieces of paper at 110 locations), or using the 
value for one piece of paper if only one was digitized at a 
location (18 locations). We used quadratic logistic regres-
sion for statistical analysis of the effect of the flow speed 
(continuous explanatory variable) on the use of the habitat 
(binary variable with two values indicating water strider 
“present” or “absent’ at a sampled location) in R version 
3.6.1. The regression model assumes that the relationship 
follows a specific type of function chosen by the researcher, 
and we used the quadratic regression. We additionally run an 
alternative test that does not have any assumptions about the 
nature of the differences between the water strider “present” 
and “absent” distributions: the classical non-parametric Kol-
mogorov-Smirnoff D test for differences in flow speed dis-
tribution between water strider present and absent locations.

For graphical purposes, we presented the distribution 
(with the frequency expressed as % of all observations) 
of Ptilomera-present and Ptilomera-absent speeds (n = 63 
and n = 65, respectively) in 5 cm/s bins over the range from 
0 to 30 cm/s and in 10 cm/s bins for the range of speeds 
30-90 cm/s. Due to the small sample size for the very high 
speeds, the bin width was larger for faster speeds. Next, 
we created a smoothed figure using the Excel’s chart type 
“Scatter with Smooth Lines” and x-axis data comprising the 
values of mid-range for each bin and y-axis comprising % 
of observations in a bin. We also calculated the traditional 
Chi-square test for statistical comparison of water speed dis-
tributions between Ptilomera-present and Ptilomera-absent 
categories. As the test does not provide reliable conclusions 
if cell counts are near zero, we calculated the Chi-square 
tests for two alternative contingency tables: the 4 × 2 and 
5 × 2 tables (Fig. S3c), in which the range of observed speeds 
was divided into either four (0–10, 10–20, 20–40, > 40 cm/s) 
or five classes (0–10, 10–15, 15–20, 20–40, > 40 cm/s). The 
results from these additional Chi-square tests are presented 
only in Supplementary Materials Part 5. The raw data set is 
presented in the Supplementary Materials Part 7.

Experiments: comparison of behavior in flowing 
versus non‑flowing water

As the observations in the natural habitat revealed that Pti-
lomera tigrina appears to avoid non-flowing water, we con-
ducted experiments in 2019 to compare their behavior on 
flowing and non-flowing water. We used two plastic bowls 
(Fig. 1b, c; diameter ~ 50 and depth ~ 15 cm) placed side by 
side in the middle of a creek. The bowls were freshly filled 
with water from the creek each time before a trial. One bowl 

Fig. 2  The study species, Ptilomera tigrina, and brushes of ribbon-
like hairs on its midlegs interacting with water surface during loco-
motion. a a female of Ptilomera tigrina in a natural habitat with the 
tibia-tarsus joint marked with a white rectangle; notice that midlegs 
are not used to support the insect’s body on the water surface; b 
zoomed-in view on the tibia-tarsus joint; notice the presence of “hair 
brushes” on both the distal tibia and proximal tarsus; c, d, e Scanning 
Electron Micrographs of the brush of ribbon-like hairs on midleg 
tibiae and tarsi shown at different magnifications (separate scale bars 
shown in each panel). Notice nano-groves on the surface of the rib-
bons in (e). Photos in a, c by WK & PGJ; photo in b by NPD; SEM 
images in d, e by PGJ, SIL
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imitated still water and the other bowl imitated flowing water 
conditions. We put holes on the bottom of the still water 
bowl to keep the water inside the bowl constantly blend-
ing with the creek water without disturbance of the water 
surface in the bowl. We cut two openings in the flowing 
water bowl’s opposite walls to allow water to flow through 
the bowl (Fig. 1b). To prevent water striders from escaping 
through these openings we covered the openings with plastic 
mesh (mesh size ~ 5 mm) such that water can flow but water 
striders cannot go through. The two bowls were located next 
to each other in a shady location, and experiments in the two 
treatments were conducted simultaneously so that the time 
of day and lighting do not bias the comparison between the 
two treatments (Fig. 1c).

A trial consisted of putting a freshly captured Ptilomera 
into a bowl and observing (and filming; Fig. 1c) its behavior. 
We counted the number of jumps out of the bowl per minute 
during the first 5 min as an indicator of rejection of the situa-
tion. A 20-cm-high wall around the bowl perimeter (Fig. 1b) 
around the bowl prevented water striders from escaping dur-
ing a jump, except for relatively high jumps. We conducted 
15 tests in still water bowls (10 at “May waterfall” and 5 
at Melinh Station for Biodiversity) and 14 tests in flowing 
water bowls (10 at “May waterfall” and 4 at Melinh Sta-
tion for Biodiversity, where one individual escaped before 
data were collected). As the relative contributions of the two 
locations to the number of tests in still and flowing water 
treatments were similar (10:5 and 10:4 for waterfall:station 
in still and flowing treatment respectively), we believe that 
we avoided the potential bias due to different contributions 
of the two sites to each treatment. Therefore, we analyzed the 
pooled data (an alternative analysis of each site separately 
led to the same conclusions). Each individual was tested 
once. Based on earlier observations in the natural habitats, 
we expected that Ptilomera may jump more in bowls with 
still water, and we used the Mann–Whitney test to evaluate 
this prediction. The raw data are presented in the Supple-
mentary Materials Part 8.

Results

Observations of locomotion and midleg’s 
micro‑morphology

Ptilomera tigrina is a relatively large water strider with the 
average body mass of 115 ± 30 mg and 107 ± 18 mg for 
males and females, respectively (Fig. 2a, and Supplemen-
tary Materials Part 2: Table S1 and Fig. S2a). While only 
males possess the fringe of hairs on their femur (compare 
femur of a male in Fig. S2a with that of a female in Fig. 2a), 
both sexes have a “brush” of ribbon-like setae on the ventral 
(water-facing, i.e., interacting with water surface) side of 

tibiae and tarsi of midlegs (Fig. 2b–e; Fig. S2b, d). Those 
structures are absent from the commonly studied water 
striders such as A. paludum (Fig. S2c). The ribbons in the 
“brush” reach the length of about 250 μm and therefore the 
brush adds considerably to the surface area that pushes the 
water surface dimple during rowing (typical rowing is with-
out surface breaking, Supplemental Movies 1,2; description 
of all movies’ content is in Supplementary Materials Part 1). 
The “brushes” are the most developed on the distal tibia and 
proximal tarsus: the leg’s sections (near the tibio-tarsal joint; 
rectangle in Fig. 2a, b) that actively push the water meniscus 
during locomotion (see below). Forelegs and hindlegs do not 
have this structure.

Observations of Ptilomera tigrina in the natural habi-
tat show that their midlegs are not used for support on the 
water surface. They are used for rowing against the current 
(Fig. 3a, b; Supplemental Movies 1, 2), apparently adjusting 
the strikes’ strength and frequency to the flow speed such 
that an individual can remain in approximately the same 
location for an extended time period (Supplemental Mov-
ies 2 and 3) resulting in high stroke frequency (4.24 ± 0.79 
strokes per second; mean ± SD, n = 6) in fast-flowing water 
and a relatively low stroke frequency (1.96 ± 0.35 strokes 
per second, n = 6; Fig. 3c) on slow-flowing water (Fig. 3c). 
The main section of midlegs that produces the most promi-
nent meniscus during rowing is the section comprising distal 
tibia and proximal tarsus (marked in Supplemental Movie 
1). While midlegs are normally not used to support the 
body (e.g., Fig. 2a), they may serve this function when the 
water strider uses forelegs to handle captured prey (Fig. 3d). 
When a potential food item is brought on the surface with 
the flowing current then the individual makes extra strides 
to examine the potential food item and returns if the item 
is not edible. When a food item is captured, a water strider 
holds it between the femur and tibia of both forelegs mak-
ing it impossible for the forelegs to support the body. In 
this situation, water striders use midlegs to support the body 
or to push the body forward using an asymmetric mode of 
striding when one midleg pushes the insect while another 
is extended forward to provide support on the surface (Sup-
plemental Movie 4).

On very slow-flowing water and still water surface, the 
undisturbed water striders use midlegs to slowly push their 
body back and forth (Fig. 3e), which results in almost con-
stant movements of the insect body on the water surface 
(Supplemental Movie 5; striding frequency in this clip was 
about 1 back-and-forth cycles /sec). However, when dis-
turbed by visual or tactile (through water waves) stimuli 
indicating potential danger, the species performs super-fast 
back and forth, as well as diagonal, movements powered 
by the midleg’s brushes in an apparent antipredatory “pro-
tean” (Humphries and Driver 1970) type of behavior with 
back-and-forth strides occurring in various directions at a 
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relatively high frequency (e.g., 4.3 strides/sec in Supplemen-
tal Movie 6). This behavior occurs in both flowing and still 
water and it is triggered only by stimuli indicating potential 
danger.

Preferences for water flow speed in natural habitats

During the survey of water flow speed preferences, water 
striders were only observed at locations with water flow rang-
ing from ~ 0.1 to ~ 0.6 m/s, while the full range of recorded 
surface water flow speeds ranged from 0 (still water in small 
“bays” at the edge of the stream, separated by rocks/plants 
from the main current) to ~ 0.8 m/s (in the middle of rapid 
flow between rocks). Individuals of Ptilomera tigrina were 
observed especially often, relative to the observed frequency 
of flow speeds at sites without water striders, in the flow 
speed range from ~ 0.15 to ~ 0.30 m/s (Fig. 4a–c; see also Fig-
ure S3a in Supplementary Materials Part 5). The frequency 
distribution of flow speed for “Ptilomera present” sites was 
statistically significantly different (Kolmogorov–Smirnov test, 
D = 0.29133, p-value = 0.008761; see Supplementary Mate-
rial Part 5 for additional Chi-square tests), and the effect of 
water flow velocity on the probability of the water strider’s 
occurrence can be described by quadratic logistic regression 
(p < 0.0001; Fig. 4d; Table S2 in Supplementary Materials Part 

5). In summary, the results illustrate that water striders avoid 
still water and prefer water flow of ~ 0.15 to ~ 0.30 m/s, albeit 
they are also observed maintaining their positions in faster 
water flows of up to ~ 0.6 m/s.

Behavior on still and flowing water in experimental 
containers

The water striders tried to escape from the container with 
still water significantly more often than from the container 
with flowing water (Fig. 5; Mann–Whitney test, two-tailed, 
U = 27.5, Ucritical p<0.05 = 59; z = 3.36056, p = 0.00078). Their 
locomotory behavior differed between the two types of con-
tainers in a manner consistent with field observations. They 
pushed their bodies back-and-forth in the containers with 
still water, and they performed forward strides against the 
current in the containers with flowing water (Supplemental 
Movie 7).

Discussion

All the results are consistent with the idea that Ptilomera 
tigrina water striders’ water flow preferences and their typi-
cal locomotory striding behaviors involve constant rowing 

Fig. 3  The behavior of Ptilomera tigrina in natural situations based 
on screenshots from the slow-motion movie frames and photos. a 
a water strider is pushed back by the water current and it regularly 
moves forward pushed by the midlegs’ stroke (two images were 
combined to illustrate the two positions of the insect); b a compos-
ite image illustrating a typical sequence of midleg positions during 
striding against current; c comparison of stroke frequency on slow 

and fast water; d a photo illustrating that midlegs are used for sup-
port when forelegs are used for prey handling (see also Supplemental 
Movie 4); e a photo-based schematics of typical back-and-forth slow 
striding on still and near-stagnant water surface (see also Supple-
mental Movie 5). a and b are composite images created from several 
frames in a movie (see also Supplemental Movies 1, 2). Photos by W. 
Kim and P.G. Jablonski
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performed by midlegs, and that midlegs are normally not 
used for support on the water surface. The preferred range 
of water flow speeds (0.15–0.3 m/s) observed in our study 
is higher than the preferred range by A. remigis (~ 0.1 m/s; 
Fairbairn & Brassard 1988), the species that also lives in 
streams and represents the differentiation of hairs on the 
midlegs typical for water striders in the most commonly 
studies genera, Gerris and Aquarius (e.g., Andersen 1976). 
As we did not observe midlegs being used for support on 
the water surface (except in special situations involving prey 
handling with forelegs), we propose that, unlike in the “typi-
cal” water striders (e.g., genera Gerris, Aquarius), who use 
midlegs for support on the unbroken water surface as well 
as for rowing, the main function of midlegs in P. tigrina 
is just rowing. Therefore, we hypothesize that the unique 
taxon-specific brush of ribbon-like hairs on Ptilomera’s 
midleg tibiae and tarsi (Fig. 2b–e; Esaki 1927; Cheng and 
Fernando 1969; Polhemus and Zettel 1997; Jehamalar et al 
2018; Kim et al. unpublished) is an adaptation to consist-
ent rowing against relatively fast water flow (without water 
surface breaking), rather than to supporting insect body on 
the water surface.

Consistent with this interpretation is the absence of simi-
lar structures in A. paludum (Fig. S2c; Uesugi et al 2020) 
and other species of Aquarius or Gerris (Anderson 1976, 
1982; Gao and Jiang 2004; Feng et al 2007; Su et al. 2010), 
which are the “typical” water striders who use midlegs for 
two functions: supporting the insect body on the unbroken 
water surface and rowing (Andersen 1976, 1982; Caponigro 
and Eriksen 1976; Bowdan 1978). Also, the lack of these 
structures on P. tigrina’s (Kim et al. unpublished) as well 
as other Ptilomerinae’s (e.g., Cheng and Fernando 1969; 
Polhemus and Zettel 1997; Jehamalar et al 2018) fore and 
hind legs, which do not provide thrust during rowing (but are 
used for support on the water surface), is consistent with this 
hypothesis. Finally, these structures appear to be the most 
developed in Ptilomera on the distal tibia and proximal tar-
sus near tibio-tarsal joint (our observations and information 
in Cheng and Fernando 1969 and Jehamalar et al 2018), i.e., 
along the ventral edge of the midleg’s section that actively 
pushes that water meniscus during locomotion (as seen in 
our supplemental videos). Therefore, their adaptive function 
clearly seems to be related to the crucial role of midlegs 
in constant rowing against the relatively fast and moderate 
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water flow speeds preferred by P. tigrina in their natural hab-
itats, and also in slow constant rowing on still water as well 
as super-fast “protean” locomotion (Humphries and Driver 
1970) in response to danger. This fast antipredatory loco-
motion is different from antipredatory vertical jumps/leaps 
in water striders of genus Gerris or Aquarius because the 
antipredatory escape locomotion observed in A. nebularis 
and A.conformis (Krupa and Sih 1999; Haskins et al. 1997) 
involves a few seconds of several chaotic jumps that quickly 
take the water strider away from danger, while Ptilomera’s 
locomotory response to danger involves constantly repeated 
and extremely fast horizontal back-and-forth movements at 
approximately the same location over an extended period 
(see Supplemental Movie 6). This suggests the importance 
of persistent rowing for survival. Although an experimen-
tal laboratory-based comparison of striding performance 
by individuals with the brushes removed and with brushes 
intact is needed to completely evaluate this hypothesis, our 
observations in the natural habitat suggest an adaptive match 
between the preferences for the situations requiring frequent 
fast movements powered by rowing on the water surface and 
the presence of the specialized midleg “brushes” of ribbon-
like setae that function as paddles for rowing (and are not 
used for support on the water surface) by P. tigrina.

Although the preferred flow speeds are larger than in the 
other quantitatively studied water striders (Fairbairn and 
Brassard 1988), they are intermediate considering all ranges 

of flow speeds present in the Ptilomera’s habitat. We did 
not observe individuals of P. tigrina in areas of still water 
and near-stagnant (near-zero water flow speed) even though 
those areas are more likely to be located near vegetation 
on the creek’s edge where shadows are more prevalent and 
might provide protection from the sun (Ptilomera tend to 
occur in more shady spots; T.A. Duc, personal observations). 
Ptilomera’s avoidance of the fastest flowing water is con-
sistent with the optimal foraging reasoning by Rubenstein 
(1984) who observed that A. remigis individuals chose to 
spend time in the water current that is sufficiently fast to 
bring food items at a relatively high rate to the vicinity of an 
individual, but sufficiently slow to permit individuals to stay 
in it for an extended period using frequent rowing against 
the current. As we have not measured the rate of food items’ 
arrival in various flow speeds, we are unable to fully evalu-
ate this hypothesis, except for direct video evidence that 
the rowing strike rate is obviously faster in faster currents 
(Supplemental Movie 3). Additionally, we cannot evaluate 
the likely hypothesis that a hungry individual chooses a 
faster flow that provides more resources and when satiated 
or exhausted by rowing it moves to the slower flowing parts 
of the creek. A bimodal shape of “Ptilomera present” flow 
speeds’ distribution (Fig. 4b) is consistent with, but does not 
fully confirm this hypothesis. It is also possible, albeit never 
studied, that faster flow brings more micro-debris that can 
clog the setae on the water striders’ legs and this may be an 
additional cost of staying in fast-flowing water. Naturally, 
we cannot exclude the opposite scenario, that stagnant and 
slow water at the edges of creeks accumulates debris that 
can clog the micro-structures on water striders’ legs, and 
faster water flow cleans the legs from this debris. Ptilomera 
tigrina seems to be a good species to test those hypotheses 
in the future.

Hair fringes generally similar to the “brushes” in Ptilom-
era are also present in another subfamily of large stream-
dwelling water striders, Cylindrostethinae (T.A. Duc, 
personal observation), as well as in a subfamily of small 
water striders (Halobatinae) with a body mass of only a few 
milligrams (Andersen 1976; Mahadik et al. 2020; Kim W, 
Jablonski PG. personal observations). They apparently need 
powerful rowing performance as some of the species live in 
relatively fast freshwater creeks (e.g., genus Austrobates; 
Andersen and Weir 2004), and others on the surface of oce-
anic waters (e.g., genus Halobates; Andersen 1976, 1982; 
Mahadik et al. 2020) where requirements of the physical 
habitat may create the need for powerful rowing perfor-
mance by these small-bodied insects. Similar to Ptilom-
erinae, the small marine water striders, Halobatinae, also 
do not seem to use midlegs for the main support of their 
body on the water surface (Andersen 1976) but only touch 
the surface during resting position (Kim W, Jablonski PG. 
personal observations on Asclepios). As the typical habitats 
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in the subfamily of Ptilomerinae appear to be fast-flowing 
creeks and streams (Cheng and Fernando1969; Andersen 
1982; Tseng 1999; Jehamalar et al 2018), we predict that 
similar local preferences for water flow speed and similar 
locomotory behaviors may be discovered in future quantita-
tive studies of other species of Ptilomerinae, and maybe also 
in other water strider species from fast-flowing creeks. We 
predict that the main function of their midleg’s microstruc-
tures on tarsi/tibiae may turn out to be rowing rather than 
support on the water surface.

Our observations of P. tigrina in its natural habitats 
appear to challenge some of the recently promoted research 
paradigms in modern interdisciplinary science of new 
hydrophobic materials and water walking devices, which 
are inspired by truly simplified knowledge about behavior 
and midleg morphology of “typical” water striders, Aquarius 
and Gerris (e.g., Gao and Jiang 2004; Feng et al. 2007; Wei 
et al. 2009; Watson et al. 2010; Wang et al. 2015; Uesugi 
et al. 2020; Hu et al. 2003; Denny 2004; Buhler 2007; Perez-
Godwyn et al. 2008; Hu and Bush 2010; Koh et al. 2015, 
Yang et al. 2016; Lu et al. 2018; Sun et al. 2018; Steinman 
et al. 2018, 2021; Baek et al. 2020). The paradigm accepts a 
simplified notion of a midleg as an elastic rod/tube, covered 
with a relatively non-differentiated layer of hairs (with nano-
grooves) that simultaneously serve two functions: providing 
general hydrophobicity for the support of the insect’s body 
on the unbroken water surface and pushing the unbroken 
meniscus of water surface backward during rowing loco-
motion. Although those new studies bring a crucial new 
level of quantitative understanding of the physics of water 
strider’s hydrophobicity and locomotion, they ignore the 
already known diversity among water striders. Our study 
reminds the scientists that this simplified approach has a nar-
row empirical basis, and that a shift of paradigm is needed 
to incorporate not only the long-existing knowledge on hair 
differentiation on the power-providing midlegs in the two 
“typical” genera (e.g., Andersen 1976). More importantly, 
we argue that scientists and engineers need to incorporate 
the view that many water strider taxa have legs with diverse 
sophisticated and specialized micro and nano structures (as 
revealed in numerous taxonomic studies) that very likely 
serve different specific functions required for life and loco-
motion in their species-specific semi-aquatic habitats. The 
current focus of engineers on the largely simplified view of 
midlegs (of Gerris/Aquarius) that likely represent an adap-
tive trade-off between adaptations to supporting insect’s 
body on the unbroken water surface and adaptations to 
propelling the insect in striding locomotion does not allow 
to reveal the micro-designs of legs optimized specifically 
for support on water surface separately from the micro-
structures optimized specifically for rowing locomotion. 
We propose that a collaboration between taxonomists and 
ethologists during intense field studies in natural habitats, 

and a full consideration of microstructural complexity of 
fore, mid and hind legs can provide new discoveries and 
ideas for novel morphological designs for bio-inspired tech-
nology of water walking devices.
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