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SUMMARY

Acquisition of new ecological opportunities is a ma-
jor driver of adaptation and species diversification
[1-4]. However, how groups of organisms expand
their habitat range is often unclear [3]. We study
the Gerromorpha, a monophyletic group of hetero-
pteran insects that occupy a large variety of water
surface-associated niches, from small puddles
to open oceans [5, 6]. Due to constraints related
to fluid dynamics [7-9] and exposure to predation
[5, 10], we hypothesize that selection will favor
high speed of locomotion in the Gerromorpha that
occupy water-air interface niches relative to the
ancestral terrestrial life style. Through biomechan-
ical assays and phylogenetic reconstruction, we
show that only species that occupy water surface
niches can generate high maximum speeds. Basally
branching lineages with ancestral mode of locomo-
tion, consisting of tripod gait, achieved increased
speed on the water through increasing midleg
length, stroke amplitude, and stroke frequency.
Derived lineages evolved rowing as a novel mode
of locomotion through simultaneous sculling motion
almost exclusively of the midlegs. We demonstrate
that this change in locomotory behavior significantly
reduced the requirement for high stroke frequency
and energy expenditure. Furthermore, we show
how the evolution of rowing, by reducing stroke fre-
quency, may have eliminated the constraint on body
size, which may explain the evolution of larger Ger-
romorpha. This correlation between the diversity
in locomotion behaviors and niche specialization
suggests that changes in morphology and behavior
may facilitate the invasion and diversification in
novel environments.
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RESULTS AND DISCUSSION

Phylogeny and Ancestral Habitat Reconstruction

To reconstruct the ancestral habitat, we first built the phylogeny
for our sample using 14 molecular markers (Figures 1Aand S1A).
We then assigned each species to one of four niches based on
previous descriptions and our own field observations: terrestrial,
marginal aquatic with preference for solid substrates, marginal
aquatic with preference for water surface, and open water sur-
face [5, 11-14]. Our ancestral character state reconstruction
suggests a gradual transition from the ancestral terrestrial to
the derived open water habitat (Figure 1A), consistent with a pre-
vious reconstruction by Andersen [5, 11].

Correlation between Locomotion Speed and Niche
Preference

To test whether adaptation to locomotion on water has favored
high speed in the Gerromorpha, we first measured maximum
speed in 16 species with clear differences in niche preference
(Figure 1). We used body length per second (bl/s) as a speed
unit to account for differences in body size found among species.
The terrestrial outgroups and the Gerromorpha that specialize in
marginal aquatic niches with preference for solid substrates
[5, 11, 12, 14] produce maximum speeds ranging between 6
and 9 bl/s (Figure 1; Table S1). In contrast, Gerromorpha with
preference for water surface (marginal aquatic and open water;
[5, 11]) produce higher maximum speeds ranging between 27
and 113 bl/s (Figure 1; Table S1). Formal correlation tests, after
taking phylogeny into account, revealed a strong correlation
between maximum speed and niche preference such that spe-
cies that occupy solid substrates are slow, whereas those that
occupy the water surface are remarkably faster and their
maximum speeds were invariably higher on water than on
ground (Figures 1, S1B, and S4A; Table S1; Spearman correla-
tion test with phylogenetic independent contrast [PIC] rho =
0.88, adjusted p = 6.5e—5; similar results were obtained with
Pearson correlations) [15, 16]. The increase in locomotion speed
cannot be explained merely by the plastic nature of animal
behavior [2, 17, 18], as lineages with preference for solid
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Figure 1. Ancestral Habitat Reconstruction and the Evolution of Maximum Speed in Relation to Habitat Preference

(A) The pies represent the probability of ancestral habitat.

(B) Speeds, in body lengths per second (bl/s), are given for both water (blue bars) and ground (green bars) locomotion, except for the terrestrial species, which

cannot move on water.

Abbreviations are as follows: Pentato, Pentatomomorpha; Dipso, Dipsocoromorpha; P.apt, Pyrrhocoris apterus; C.ali, Cryptostemma alienum; M.fur, Mesovelia
furcata; H.sp, Hebrus species; H.sta, Hydrometra stagnorum; S.str, Stridulivelia strigosa; S.ter, Stridulivelia tersa; P. bra, Platyvelia brachialis; O.cun, Oiovelia
cunucunumana; P.bul, Paravelia bullialata; P.con, Paravelia conata; H.tur, Husseyella turmalis; M.ame, Microvelia americana; L.dis, Limnoporus dissortis; G.bue,

Gerris buenoi; A.pal, Aquarius paludum.

Samples sizes in terms of number of videos are given in Table S1. Error bars represent standard deviation. See also Figures S1 and S4 and Tables S1 and S2.

substrates were not able to deliver high maximum speeds when
tested on water. Altogether, these findings corroborate the
hypothesis that water surface lifestyle has selected in favor of
increased locomotion speed.

Correlation between Speed, Midleg Length, and Niche
Preference

Because speed depends on leg length [19], we tested whether
there is a correlation between leg length, speed, and niche pref-
erence in the Gerromorpha. The terrestrial outgroups and the
species that prefer solid substrates [5, 11, 12, 14] exhibit low
values of leg length to body length (Figures 2 and S2; Table
S2). Conversely, species that prefer water surface, including
the basally branching Mesovelia and the derived Veliidae and
Gerridae [5, 11], exhibit higher values of leg length to body length
(Figures 2 and S2; Table S2). Pairwise correlation tests detected
a strong and significant correlation between the length of the
midlegs and both speed and niche preference, but not between
the forelegs or hindlegs and these two variables (Figures 2
and S4A; Spearman correlation tests with PIC; midleg and
speed: rho = 0.82, adjusted p = 5.3e—4; midleg and habitat:
rho = 0.88, adjusted p = 6.5e—5).

Increased leg length is known to contribute to generating
faster movement through increasing the amplitude of strokes
[20, 21]. When we analyzed how the legs act during locomotion
on fluid compared to solid substrates, we failed to detect
any difference in the amplitude of leg strokes between water
and ground locomotion in species with short midlegs, preference

for solid substrates, and that use the tripod gait (Hebrus) (Figures
3A and 3B; Table S3). However, in species with elongated mid-
legs, with preference for water surface, and that also use the
tripod gait (Microvelia and Mesovelia; Movie S1), we detected
a significant increase in the amplitude of midleg strokes when
these species moved on water compared to when they moved
on solid substrates (Figures 3C, 3D, 3F, and 3G; Table S3).
Finally we tested Gerris, a species that employs rowing (Movie
S1) and that generates movement through distortion of the water
surface and generation and shedding of vortices [8, 22]. In this
species, we found that the midlegs stretched in a straight shape
and executed considerably large amplitudes of stroke, whereas
the amplitudes of the forelegs and hindlegs were minimal if any
(Figures 3E-3H; Table S3). Altogether, these results suggest
that the preference for various water surface niches have favored
increased speed through increasing the length and the ampli-
tude of stroke of the midlegs.

The Tripod Gait Employs High Frequency of Leg Strokes
on Water

Stroke frequency is another key biomechanical parameter that
determines speed [21]. During locomotion, leg motion pattern in-
cludes two timescales representing a stance phase (leg pushing
against substrate) and a swing phase (leg loses contact with sub-
strate; [23, 24]). We therefore compared stroke frequency (num-
ber of steps per second) and pattern of leg motion (stance and
swing phases separately) between 16 extant species (Figures
4A, 4B, and S3). Exclusively terrestrial species in addition to all
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Figure 2. Correlation Tests between Leg Length, Speed, and Habitat Preference

The ratio of leg length by body length is used to take into account the differences in size across species.

(A and C) There is no significant correlation between foreleg length and speed (rho raw: 0.21, adjusted p: 4.9e—1, n.s.; rho PIC: 0.41, adjusted p: 1.8e—1, n.s.) (A)
and between hindleg length and speed (rho raw: 0.48, adjusted p: 9.7e—2; rho PIC: 0.46, adjusted p: 1.5e—1, n.s.) (C) using respectively both Spearman

correlation test on raw data and with phylogenetic correction.

(B) There is a significant positive correlation between midleg length and speed (rho raw: 0.79, adjusted p: 1.6e—3; rho PIC: 0.82, adjusted p: 5.3e—4) using
respectively both Spearman correlation test on raw data and with phylogenetic correlation.

See also Figures S1, S2, and S4 and Tables S1 and S2.

Gerromorpha that occupy solid substrates move with a highly
similar stroke frequency (ranging between 14 and 24 strokes
per second [st/s]), and their pattern of motion is characterized
by alonger stance phase (Figures 4A, 4B, and S3). Some of these
species (Hebrus and Hydrometra) employed the same pattern of
leg motion on water as the pattern they used on ground (Figures
4A, 4B, and S3).

The Gerromorpha that have preference for water surface hab-
itats and that also use the tripod gait move both on water and on
ground with a much higher stroke frequency (varying between
42 and 71 st/s; Figures 4A, 4B, and S3A). Their motion pattern
on ground resembled that of species that prefer solid substrates,
except for Mesovelia furcata (Figure S3B). Interestingly, when
they moved on water, these species were able to change their
motion pattern such that the stance and the swing phases
were executed with the same duration (Figure S3C). In addition,
we detected a strong correlation between stroke frequency,
speed, and preference for water surface in the Gerromorpha
that retain the ancestral tripod gait (Figures 4A and S4B;
Spearman correlation tests with PIC; stroke frequency and
speed: rho = 0.92, adjusted p = 3.6e—3; stroke frequency and
habitat: rho = 0.83, adjusted p = 0.013). These findings are
surprising because there is a trade-off between leg length and
stroke frequency such that stroke frequency decreases with
increasing leg length [25]. The Gerromorpha that move on water
using the ancestral tripod gait show a significant increase in both
leg length and stroke frequency, thus indicating that this trade-
off was overcome during the transition to water surface-dwelling
lifestyle.

In species that employ rowing as a mode of water surface
locomotion (three Gerridae and three Veliidae), stroke frequency
was dramatically low (varying between 6 and 16 st/s) (Figures 4B
and S3A; Table S1) despite the high speed that they were able to
generate (varying between 27 and 113 bl/s; Figures 1B and 4B;
Table S1). In addition, the pattern of leg motion was reversed
in most rowing species compared to species that specialize in
solid substrates, such that the stance phase is now shorter
than the swing phase (Figure S3C). Therefore, niche specializa-
tion across the Gerromorpha was accompanied by changes in
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the mode of locomotion, leg length, patterns of leg motion, and
stroke frequency.

Rowing Gait Is Significantly More Efficient on the Water
Surface Than Tripod Gait

Species that use the derived rowing gait show a substantially
lower stroke frequency when compared to those using the ances-
tral tripod gait. Therefore, we tested whether the evolution of
rowing could be associated with increased efficiency during
water surface locomotion. First, we inferred (see Supplemental
Experimental Procedures) the amount of energy spent in the
two veliids Stridulivelia strigosa and Paravelia bullialata, which
have a similar body mass (Table S1), generate comparable
speeds, but differ in their mode of locomotion (Figure 1). Striduli-
velia strigosa stroked 9 times to generate a speed of 64 body
lengths (28 cm) in 1 s, whereas Paravelia bullialata stroked 61
times to generate a speed of 47 body lengths (18 cm) in 1 s
(Figures 1B and 4D). We calculated that Stridulivelia strigosa
spent 2.21e—5 mJ/mg/st (millijoule per milligram per stroke),
and Paravelia bullialata spent 1.17e—5 mJ/mg/st (Figure 4C;
Table S1). Therefore, by taking into account the number of strokes
per unit of time, Stridulivelia strigosa (rowing) spent 2.9e—4 mJ/
mg/s (millijoule per milligram per second), and Paravelia bullialata
(tripod) spent 2.35e—2 mdJ/mg/s, which is over 80-fold higher in
the latter (Figure 4D; Table S1). When we extended this analysis
to the entire sample of the Gerromorpha that transited to the
derived water surface habitat, we found that the rowing species
consistently spent less energy to generate movement than spe-
cies that employ the ancestral tripod gait (Figure 4D; Table S1;
Student’s t test; p = 4.6e—4). Species using the ancestral tripod
gait on water spend much of the time on aquatic plants and would
only execute bursts of fast movement when crossing free water
patches, presumably, to minimize the risk of capture by bot-
tom-striking predators such as fish [5, 10]. Therefore, the mainte-
nance of the tripod gait may have been advantageous, despite the
high-energy demand, as it allows these animals to be versatile.
Rowing species, however, spend much more time on the open
water where they forage, mate, and interact with predators [5,
10]. This lifestyle may have increased demands on frequent,
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Figure 3. Analysis of Leg Movement Parameters between Ground and Water Surface Locomotion
(A and B) Representation of the measurements of leg deployment (A) and the amplitude of leg movements (B) during locomotion on ground and on water.
(C-H) Analysis of locomotion for Mesovelia furcata on ground (C and F) and on water (D and G) and for Gerris buenoi on water (E and H) with leg deployment

(dashed line) and amplitude of movement (solid line).

Results are showed in Table S3. See also Figures S3 and S4, Table S3, and Movie S1.

fast, and energy-efficient locomotion. These results indicate that
the derived mode of water surface locomotion through rowing
gait, characteristic of derived species that specialize in open
water, is more energy efficient when compared to the ancestral
mode using the tripod gait.

Reduced Stroke Frequency Is Associated with

Increased Body Size in Derived Gerromorpha

Another important trade-off in walking systems, including arthro-
pods, exists between body size and stroke frequency, such that
stroke frequency decreases with increasing body size [21, 26].

Because the evolution of rowing in derived lineages is associated
with a dramatic decrease in stroke frequency, we hypothesized
that this decrease may have removed the constraint on body size
[27]. To test this hypothesis, we plotted body size by stroke fre-
quency in a total of 25 species that exhibit large variation in these
two traits (Figure 4E). We found that species with small body
size (<5,000 um) may exhibit either low or high stroke frequency
(Figure 4E). Conversely, all species with larger body size
(>5,000 um) showed a significantly low stroke frequency (Fig-
ure 4E). In our dataset, we could not find any species with both
high stroke frequency and large body size (Figure 4E). Litterbugs
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(Dipsocoromorpha; Figure 1A; [28]) are characteristically small
[29], and similarly the ancestral state of body size in the Gerro-
morpha has been undoubtedly small to very small [5]. It is
possible that because of their small body size, the ancestors of
the Gerromorpha were free from the constraint imposed on
larger bugs, such that stroke frequency increased and facilitated
the transition to water surface life. Subsequently, the evolution
of rowing combined with the significant increase in the length
of the driving midlegs [10, 30-33], and most likely changes in
the associated innervation and musculature [22, 34, 35], may
have contributed to reducing stroke frequency while maintaining
high speeds. These structural and behavioral changes may have
contributed to the evolution of larger bodies including the largest
semi-aquatic bug known, the Gerrid Gigantometra gigas, whose
body length is over 3 cm and leg span over 25 cm [36].

Conclusions

Understanding how the evolution of behavior and morphology
can be associated with niche expansion and species diversifica-
tion is a major challenge in evolutionary biology [1, 3, 17, 18]. We
have shown that lineages that remained in the ancestral habitat,
composed of solid substrates, produce low maximum speeds
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with the evolution of increased midleg
length, changes in leg motion patterns,
and increased frequency of leg strokes.
The subsequent evolution of rowing, as
a novel mode of locomotion on the water, removed the require-
ment for high stroke frequency, reduced energy expenditure,
and enabled derived lineages to specialize in open water zones.
Finally, we have shown how the evolution of rowing, by removing
the requirement for high stroke frequency, may have led to the
evolution of larger Gerromorpha. By uncovering the link between
the ecology of the semi-aquatic bugs and the variety of pheno-
types they exhibit, this work draws a comprehensive picture of
how a combination of behavioral and structural changes can
impact the evolutionary trajectory of groups of animals and can
be associated with niche expansion and lineage diversification.

EXPERIMENTAL PROCEDURES

Insect Sampling and Culture

Extant specimens were collected during fieldwork in the locations indicated in
Table S2. All species were kept in water tanks at 25°C, 50% humidity, and
14 hr of daylight and fed on live crickets.

Phylogenetic Reconstruction

Phylogeny reconstruction was conducted using 14 molecular markers with the
software Geneious version 7.1.9 using plugins MrBayes version 3.2.6 [37] (one
million generations; 25% burnin) and PhyML version 3.0 [38], using GTR model



with 100 bootstraps. More details can be found in the Supplemental Experi-
mental Procedures.

Habitat Classification

To enable reconstruction, we consolidated Andersen’s habitat classes [5, 11]
into the following four: terrestrial, marginal aquatic with preference for solid
substrates, marginal aquatic with preference for water surface, and open wa-
ter surface. Each species was assigned to one of these four classes based on
previous descriptions [5, 11-14] and on the environment where we caught
them.

Video Acquisition, Quantification of Speed, and Stroke Frequency

A set of adult individuals for each species were filmed at 2,000 frames per sec-
ond, both on water surface and on a solid substrate with a grid paper in the
background as a calibration scale. To calculate speed, a mean value was ex-
tracted from a defined interval plateau phase from velocity curve along each
video. This interval represents the maximum speed during the run of the indi-
vidual. Stroke frequency was determined as the number of steps performed by
the individuals during a given locomotion duration and converted into number
of strokes per second. Details of sample sizes and calculations can be found in
the Supplemental Experimental Procedures.

Reconstruction of Ancestral Character State

Reconstruction of ancestral character states was performed in Rstudio version
0.99.486 using a maximum likelihood method adapted to discrete characters
(ace, package ape; [16]) and represented using phytools [39]. Details about
methods of reconstruction and scripts used can be found in the Supplemental
Experimental Procedures.

Inference of Energy Consumption

We inferred the amount of energy spent per stroke based on the procedure
from [40]. Kinetic energy (Ey in joules) used during a stroke is determined using
the following expression: E, = 0.5mv2, where m is the mass of the insect
in grams, and v is the velocity generated during one stroke in meters per sec-
ond. The analyses were performed using speed data extracted from the high-
speed movies. Calculations and sample sizes are detailed in the Supplemental
Experimental Procedures.

Statistical Analyses
Details and R script used for statistical analyses are provided in the Supple-
mental Experimental Procedures.
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