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Synopsis  We present a portable, noninvasive, and low-cost three-dimensional tracking method to quantify in situ water-
hopping kinematics of mudskippers. By combining dual-camera video recordings with tracking the fish path, Gaussian Splat-
ting terrain reconstruction and stereo matching, we capture detailed 3D trajectories of mudskippers in their natural tidal-flat
habitats. Our proposed method resolves hopping motions including both straight and curved escape paths, and reveals that
horizontal stride length, hopping height, and velocity are strongly influenced by fish length and local terrain features. These
results highlight both the biomechanical and ecological significance of water-hopping in mudskippers, demonstrating how a
simple, deployable 3D approach can resolve complex amphibious movements in challenging field environments.

Introduction

Mudskippers are uniquely adapted amphibious fish ca-
pable of dynamic terrestrial and aquatic locomotion
(Fig. 1). Their ability to move on land has been ex-
tensively studied (Jaafar and Murdy 2017; Naylor and
Kawano 2022; Liu et al. 2023), yet data on hopping be-
havior over water remain sparse (Fig. 1C). Although
a few studies have mentioned this behavior in labora-
tory conditions (Swanson and Gibb 2004) and in situ
(Wicaksono et al. 2020), a comprehensive analysis of
their three-dimensional kinematics while interacting
with their heterogeneous environment has not, to our
knowledge, yet been performed. Early documentation
of mudskipper locomotion can be traced back to Petit
(1921) and Lee et al. (1995), who noted that each bound
is preceded by a brief period of swimming, describing it
as “ricochet.” Harris (1960) later termed the behavior
“skimming,” emphasizing that the mudskipper actively
powers its series of hops across the water using its cau-
dal fin, rather than its hops being a passive bounce like
a skipping stone across the surface of water (Stebbins
and Kalk 1961; Rosellini et al. 2005). Harris described
the skimming sequence in detail: (1) the fish swims nor-
mally with its eyes and part of its head above water, (2)
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it accelerates to exit the water at about a 30° angle with
respect to the water surface, (3) it remains airborne, and
(4) itlands back on the water surface. Harris reported an
average velocity of 2.5, m s~ for a 14 cm body length,
corresponding to 17.9 BL s™! (where BL denotes body
length). Based on qualitative observations, Harris sug-
gested that the mudskipper does not leverage its pec-
toral fins. However, recent imaging reveals that pectoral
fins are actively used and are crucial for skimming dy-
namics (Pace and Gibb 2009; Wicaksono et al. 2020).
From this point on, we describe this behavior as “hop-
ping.” Although this behavior is often featured in popu-
lar media (e.g., KBS Environmental Special “Wild Jour-
ney - The Mud Flat is Alive,” 2019), Wicaksono et al.
(2020) provided one of the first detailed kinematics re-
port of mudskipper locomotion, classifying mudskip-
per hopping as a novel form of fish locomotion distinct
from water-jumping or the gliding of flying fish. By us-
ing portable cameras, they documented hopping, taxi-
ing, submergence, and combinations thereof on land,
water surfaces, and tree roots, reporting velocities, time
durations, and energy-loss analyses. However, using a
single-camera approach inherently loses in-plane mo-
tion information.
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Fig. | Periophthalmus modestus in natural habitat (Daebudo, South Korea). (A) Side view (top) and top view (bottom) of live mudskipper.
The pectoral fin is retracted in side view while extended in top view. (B) Mudskippers resting on the bank. (C) Time sequence of a
mudskipper hopping across the water surface, moving left to right and landing on the bank at the right. Time intervals are uneven, selected

for clarity.

In other organisms, 3D measurement techniques for
the air-water interface locomotion have been used in
a lab (Glasheen and McMahon 1996) or field (Weiss
2023). The basilisk lizard study (Hsieh, 2003) used
a laboratory stereo rig with a fixed 90° baseline and
rigid calibration frames, a setup that is difficult to im-
plement in field conditions where the terrain is un-
even and obstacles such as trees or lack of structural
support prevent rigid installations. The skimming frog
study (Weiss 2023) used stereo imaging with automated
calibration via easyWand (Theriault et al. 2014), cut-
ting setup time to ~15-20 min; however, it does not
capture terrain information and it can fail for certain
camera poses, as calibration relies on the animal’s ap-
pearance in each cameras field of view, which is dif-
ficult to constrain. Recently, advances in 3D recon-
struction algorithms have facilitated the use of low-
cost sensors for capturing high-resolution data. Fan
et al. developed Water-Adapted 3D Gaussian Splat-
ting for underwater terrain reconstruction, achieving
PSNR of 30.43 through complexity-adaptive point dis-
tribution, although their method does not capture ani-
mal behavior or movement dynamics (Fan et al. 2025).

Francisco et al. combined deep-learning tracking with
Structure-from-Motion photogrammetry for aquatic
animal tracking, achieving 1.09 £ 0.47 cm accuracy,
but requiring multiple synchronized cameras and con-
trolled lighting conditions (Francisco et al. 2020). Vieira
et al. used stereo-video with two synchronized cam-
eras for high-resolution ocean wave measurements, but
the applicability was limited to nearshore environments
with adequate visibility (Vieira et al. 2025). Table 1 com-
pares the technical specifications of existing multicam-
era systems for 3D locomotion tracking, including mea-
surement volumes, spatial/temporal resolution, deploy-
ment requirements, terrain reconstruction capabilities,
and analytical methodologies.

Here, we introduce a novel, low-cost, and highly
portable 3D tracking method for natural habitats us-
ing two cameras, which combines an existing 3D Gaus-
sian Splatting (using the commercial software Poly-
Cam [Kerbl et al. 2023; 3D Polycam Inc 2024]) with
3D camera ray reconstruction using in-house code.
Here, the camera ray is the 3D line passing through
the camera center and the image point. This study pro-
vides two main contributions. First, we detail our field-
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ready 3D imaging technique that allows unobtrusive
monitoring of amphibious fish in their native environ-
ment. Second, we demonstrate that our method yields
high fidelity motion trajectories, enabling high spatio-
temporal resolution measurement with a spatial reso-
lution of 0.27—0.64 mm near the center of the field of
view (FoV) (which may vary depending on camera con-
figuration, pixel location, lens distortion, and ray an-
gle relative to the centerline) and a temporal resolu-
tion of 4.17ms, for analyzing interfacial hopping per-
formance within a wide FoV of ~1.5 x 1.5 x 1.0m in
the x, y (horizontal), and z (gravity) directions, respec-
tively. Overall, our results highlight the efficacy of non-
invasive, three-dimensional tracking as a powerful tool
for studying the biomechanics and ecology of amphibi-
ous animals in their natural environments.

Method
Location selection

We selected two tidal flat areas on two islands (Dae-
budo in South Korea and Bedukang in Brunei) for the
observation of two mudskipper species: Periophthal-
mus modestus and Periophthalmus gracilis. Mudskip-
pers mainly inhabit brackish areas, where seawater and
freshwater meet. Ikebe and Oishi observed the same
species, P modestus, as shown in Fig. 1, while studying
their behavior during high tide (Ikebe and Oishi 1996)
and documented earlier by Macnae (1969). After iden-
tifying a few possible mudskipper sighting locations
through internet search, we conducted a preliminary
site survey and interviews with local residents 1 and
2 days before the observation date. We selected these
sites based on the sufficient presence of mudskippers
(Fig. 1B), as well as their safety and accessibility for field
research. Daebudo Island is located near private land
right next to a road, and in Brunei, we hired a captain
to reach the uninhabited island of Bedukang. For refer-
ence, the Brunei trip was preapproved by the authorities
(approval number: UBD/AVC-RI/1.21.1[a]/2024/009).
Coordinates and experiment date for both sites are pro-
vided in Acknowledgments.

The observation area was located where freshwater
flows into the sea (estuarine zone, see Fig. 2B), where
the high population density of mudskippers was dur-
ing field research (Fig. 1B). Due to the tidal effect, the
sea level changes over time (Figs. 2A and C) and this
area becomes completely submerged during high tide
(Fig. 2D). Therefore, we limited the maximum obser-
vation time to 3 h and had to develop a methodology to
complete all the experiments within that period.

Camera configuration and measurement setup

The locomotion of the mudskippers on site was cap-
tured by two tripod-mounted portable cameras (GoPro
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Hero 10 and Hero 12) with a resolution of 2704 x 1520
pixels (2.7k) at 240 fps for both cameras (Fig. 3A). An
additional handheld portable camera (Samsung Galaxy
23, 50MP resolution) was used to capture terrain snap-
shots for 3D surface reconstruction (Fig. 3A). Two cal-
ibration targets (Fig. 3A) were used to calibrate the
length scale and camera orientation; implementation
details are discussed later. The entire setup is low-cost
(under $1500 at current market prices) and portable, al-
lowing a single observer to carry and operate it in the
field (Fig. 3B).

Experimental procedure and data acquisition

The experimental steps were as follows:

(1) We first selected sites that were both mudskipper-
dense and suitable for camera setup.

(2) Camera 1, Camera 2, and the calibration targets
were positioned (see Fig. 4A), and recording was
initiated (~5 min).

(3) Terrain snapshots were then taken from multiple
angles (Fig. 4B) using a third portable camera (ad-
ditional 5 min).

(4) Cameras 1 and 2 recorded simultaneously for 15
min, while the operator gently provoked mudskip-
pers by waving a long stick or hand from a dis-
tance, without physical contact, to trigger escape re-
sponses.

(5) After recording, equipment was removed, and the
procedure was repeated at two additional sites
(three trials each for Daebudo and Bedukang).

Each installation and recording session lasted ~25
min, allowing all measurements to be completed, suf-
ficiently, within 2 h during low tide.

Terrain reconstruction using gaussian splatting

To capture three-dimensional terrain information, mul-
tiple snapshots were taken from various angles using
a 50MP high-resolution camera (Samsung Galaxy 23)
(Fig. 4B). Using these images, Gaussian splatting al-
gorithm (PolyCam, 3D Polycam Inc 2024) generated
3D point clouds and reconstructed the terrain surface
(Fig. 4C). The resulting terrain data also includes the
positions of the cameras, allowing for flexible camera
placement during experiments. To improve accuracy,
the camera positions and orientations were further re-
fined. A virtual camera was placed at the experimen-
tal camera locations within the reconstructed terrain to
generate synthetic images (see two cameras in Fig. 4F).
By aligning the observed calibration pattern (left side
of Fig. 4D) with the reconstructed one (right side of
Fig. 4D), camera orientation and focal length could be
fine-tuned (see comparisons in Fig. 4D and E).
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(A)

Mudflat

Low tide
(2 pm)

(C)

Fig. 2 Natural habitat of mudflat area in Daebudo, South Korea. (A, C) Topographies and (B, D) images of mudflat area: (A, B) low tide
and (C, D) high tide. The solid arrows in (A) and (C) indicate the camera direction for images (B) and (D), respectively. See
Acknowledgments for detailed location and date.

(A) (B)

Calibration
object

Fig. 3 (A) Experiment equipment (two action cameras [GoPro] mounted with tripods, one cell phone, and two calibrations targets) and
(B) carrying demonstration in field (Pulau Bedukang). Image includes the first author, with permission granted for publication.
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80-100 snapshots
(A) (B) B
Observer @ .

Camera 3

[ ]
@
PV Calibration
Water object
. Camera 2
Camera 1 o
(D) (E)

(F) Camera 2
viewing frustrum i

Time [s] I
0.0 0.5

10 15

0.6

0.55 ]
Z[m] - 3D path of mudskipper

Camera 1

0.45 : ,
: Calibration
10 o target - 1.2

X [m]

Fig. 4 Method to obtain the 3D trajectory of mudskipper. (A) Measurement setup. (B) Raw image of snapshots for local terrain. (C) The
reconstructed 3D terrain from 3D Gaussian splatting. (D, E) Camera view (left part) and the virtual camera view (right part) from (D) left
and (E) right camera. (F) The reconstructed 3D trajectory from both cameras. Here, two camera rays are indicated in red and camera
intrinsics such as focal depth and focal angle are visualized by frustums.

Estimation of 3D trajectory pixel coordinates (see Fig. 4D and E, where the tra-
To obtain the mudskipper’s three-dimensional posi- jeth)fY is shown as a intted line and instantanec?us
tion, time-series trajectories were first tracked in each ~ POsitions are marked Wlth. red POXCS) Here, the mid-
camera view using DLTdv8 (Hedrick 2008), yielding ~Point between the mudskipper’s eyes was tracked, as
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(A)

Y [m]
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Fig. 5 Validation of stereo imaging system. (A) 3D locations and length ratio between measured and actual length of square elements in
USAF-1951 target. (B) Field of view of both cameras showing custom USAF- 1951 target. (C—E) Directional resolution (mm/pixel) in x, y,

and z directions, respectively.

the eyes are generally exposed to air and thus consis-
tently visible to the camera. The sampling interval be-
tween trajectory points was 5 frames (i.e., 0.021 s at
a 240 Hz frame rate), and a total of n = 33 trajecto-
ries across the three trials were extracted for statistics
(Fig. 5).

With fine-tuned focal lengths, camera positions, and
orientations, each trajectory point was mapped onto its
corresponding camera ray within the 3D virtual ter-
rain (red lines in Fig. 4F). The intersection of the two
camera rays from the stereo pair represents the mud-
skipper’s 3D location. Due to minor errors in camera
parameters and tracking data, the rays did not inter-
sect exactly; thus, the 3D position was approximated
by computing the midpoint of the closest pair of points
on the two skew lines. All computations including im-
porting 3D terrain data (OB] format), generating cam-
era rays, and calculating midpoints were performed in
MATLAB (R2022B) using custom in-house code, avail-
able on GitHub: github.com/bhamla-lab/mudskipper-
3D-tracking-ICB-2025.

Directional 3D resolution test using customed
USAF-1951 chart

To validate the estimated directional 3D resolution of
our stereo camera setup, we conducted a resolution test
using a custom-printed USAF-1951 chart. Two GoPro
cameras (Hero 10 and Hero 12), previously calibrated
and synchronized for field work at 240 fps with 2.7K
resolution, were installed on tripods at similar distances
(~1 m) with an angle between lines of sight of ~120°.
The 3D surface of the measurement space in Fig. 5A was
calculated using the Gaussian Splatting with commer-
cial software (PolyCam) and calibrated using a letter-
sized paper located on the flooratx = Om,y = 1.5m,
z = 0m, which simulates the actual field measurement
where the calibration panel is located approximately at
the center of both fields of view.

The resolution chart was handheld and manually po-
sitioned at different locations within the overlapping
field of view. The 3D position of the chart at each loca-
tion was estimated using Direct Linear Transformation
(DLT), i.e., the same technique introduced in Fig. 4F,
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based on known camera parameters such as position,
orientation, and focal depth (see the three-dimensional
locations of symbols in Fig. 5A). In Fig. 5A, the color
of each symbol corresponds to the length ratio (Ry) of
the reconstructed length of the upper side of the largest
square element in the USAF-1951 chart (see Fig. 5B)
compared to the actual length. This indicates thatlength
information is most accurate (~97%), where the lines of
sight intersect (e.g., x = 0m, y = 0.5m), where mud-
skipper lengths were measured in general during field
research. However, length can be significantly underes-
timated outside this region, down to ~60%. This error
likely stems from severe lens distortion at the edge of
the field of view, which could potentially be resolved
using higher-order mapping techniques beyond simple
DLT and advanced calibration methods such as the Tsai
model (Tsai 1987).

Due to the wide field of view, measured resolution
varied spatially. To assess directional resolution at each
position, the smallest resolvable element visible in the
chart was manually recorded for both cameras, and the
corresponding resolution in the image plane was es-
timated in units of mm/pixel using USAF-1951 chart
instructions with appropriate scale factors. Measured
image-plane resolutions from both cameras in their lo-
cal x and y directions were projected into world coordi-
nates using each camera’s rotation matrix, yielding spa-
tial resolution vectors in x, y, and z directions (Fig. 5C-
E).

This estimated spatial resolution along the dominant
axes can be obtained from the square roots of eigenval-
ues of the 3D positional covariance matrix (Xx), which
is defined as Xx = J - &, - JT, where the diagonal co-
variance matrix %, € R*** contains squared resolu-
tion values in pum? /pixel2 along the diagonal: ¥,, =
diag(r,, 11, 13, 13,), Where r; and r;, are the mea-
sured resolutions of camera i in the image x and y di-
rections. The Jacobian matrix J € R*** represents the
partial derivatives of the reconstructed 3D position,
X, with respect to small changes in image coordinates
(U1, v1, Uy, v2): ] = 0X/0(uy, v1, ua, v,). Each element
of ] was estimated using finite differences by perturbing
pixel values by one unit and recalculating the triangu-
lated position using MATLAB in-house code.

Fig. 5C-E clearly demonstrates that resolution varies
depending on both the axis and measurement loca-
tion. In this setup, the highest resolution of 0.27 +
0.03 mm/pixel was achieved along the z-axis, while
the lowest resolution of 0.64 +0.10 mm/pixel occurred
along the x-axis. This corresponds to smallest resolvable
spatial patterns of 1.06 mm £0.11 mm and 2.57 mm
£0.40 mm, respectively, assuming four pixels are re-
quired to resolve one pattern. This difference in ax-
ial resolution is expected due to the camera angles, as

Choi et al.

both cameras have their major line-of-sight compo-
nents along the x-direction. Considering that the mini-
mum mudskipper length exceeds 10 mm, this resolu-
tion is sufficient for quantifying fish length. Detailed
error analysis of positional accuracy and improvement
in directional resolution using enhanced triangulation
and calibration techniques will be essential for future
studies. The complete implementation, including cal-
ibration parsing, Jacobian computation, and resolu-
tion visualization, is available at github.com/bhamla-
lab/mudskipper-3D-tracking-ICB-2025.

Statistics calculation

The reconstructed 3D trajectory consists of time series
data for three position components (x, y, and z over
multiple ¢). Each component is smoothed separately us-
ing the built-in smooth function (MATLAB R2022b)
with a 15-point moving average, and the velocities in
each component are obtained using the central differ-
ence method (CD2) via the built-in gradient function
(MATLAB R2022b). The velocity shown in Fig. 7A rep-
resents the magnitude of the velocity vector, i.e., the
norm of the velocity vector. The path length in Fig. 7B
is calculated as the sum of the horizontal distances, pro-
jected on the xy-plane which is orthogonal to gravity,
between adjacent points in the trajectory. The path cur-
vature in Fig. 7E and F is obtained by fitting the trajec-
tory projected onto the horizontal plane to a circle us-
ing the least-squares method, and the curvature is ob-
tained by inverting the radius of circle. The stride length
in Fig. 7C is defined as the horizontal distance between
local minima of the z-coordinate. The stride height in
Fig. 7D is defined as the difference between the max-
imum height and the initial height. The local minima
and maxima are determined using the zeros and signs
of the first and second derivatives of the vertical posi-
tion z(t), respectively. A local minimum occurs when
dz/dt = 0and d’z/dt* > 0, while alocal maximum oc-
curs when dz/dt = 0 and d*z/dt* < 0. The angle in
Fig. 7F is defined as the angle between two adjacent
trajectory segments, divided by local minima and pro-
jected onto the horizontal plane, representing the turn-
ing angle between the landing and launching directions
at each hopping. We used the sample standard deviation
o= \/Z(x — %)?/(n — 1), where x is each individual
data point, x is the sample mean, and # is the number of
samples.

Results
Representative trajectories

Fig. 6A and B shows three representative 3D trajecto-
ries of mudskippers. In both periodic hopping 1 and 2,
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Fig. 6 (A) Three representative trajectories of mudskipper paths tracked on the 3D space with reconstructed terrain surface, where
“periodic hopping |” traces a mudskipper traveling across the water from one piece of land to another, the “periodic hopping 2” and
“nonperiodic hopping” show mudskippers which traveled onto water but returned back to their starting piece of land. In “nonperiodic
hopping,” the mudskipper taxied intermittently between hops. The pie chart shows the occurrence rates are 86.3% and 13.7% (n = 51) for
periodic and nonperiodic trajectories, respectively. (B) Top view of the three trajectories. (C) Height and velocity over time for two
hopping modes: periodic hopping (top) and nonperiodic hopping (bottom). Each schematic illustrates fin and body movements from both
the side and top views of the mudskipper. (D) Snapshots of fin and body posture during (i—iv) periodic and (1-3) nonperiodic hopping, with
indices corresponding to those in (C). Submerged body edges are highlighted with red dotted lines, while fin edges are marked with yellow
dotted lines. For taxiing phases (2) and (3), the body and fin outlines are inferred from the authors’ observations, as only the eyes are
clearly visible. (E) Multiple trajectories of mudskipper paths in 3D space for one site.

the mudskippers repeatedly hop above the water surface
and make contact with it between hops. The fish either
crosses the water, as in periodic hopping 1 with a rela-
tively straighter trajectory, or returns to the same side of
land, as in periodic hopping 2 with a more curved path.
The top part of Fig. 6C shows the instantaneous veloc-
ity during periodic hopping 1, indicating that velocity
peaks during each hop and decreases when the fish con-
tacts the water surface. Fin movements are illustrated in
the schematics (top part of Fig. 6C) and corresponding
snapshots (Fig. 6Di-iv). During hopping, the pectoral
fins are fully folded and thus nearly invisible, while the

caudal fin undulates (Fig. 6Ci-ii and 7Di-ii). As the fish
descends, the pectoral fins begin to extend (Fig. 6Ciii
and Diii), reaching full extension right just before water
contact while the caudal fin becomes idle, as shown in
Fig. 6Civ and Div.

In nonperiodic hopping (Fig. 6A and B), the fish
jumps from land to water, taxis for ~0.2 s (see the bot-
tom part of Fig. 6C), and then returns to the same land
with another hop. Likewise, nonperiodic hopping in-
volves movement that is not solely consecutive hopping
but includes “taxiing” before, after, or between hops.
Taxiing differs from typical underwater swimming in
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Fig. 7 Statistics of hopping behavior collected from 3D trajectories. (A) Mean velocity, (B) path length, (C) height, and (D) stride length as
functions of fish length. (E) Mean velocity and (F) turning angle versus path curvature. Each plot includes 33 trajectories: 3| from South
Korea (P. modestus) and 2 from Brunei (P. gracilis). Error bars indicate sample standard deviation. P. modestus 1,2, and 3 denote different

capture locations in Daebudo, Korea.

that most of the fish’s body remains submerged, while
the eyes stay exposed to air (see schematics of taxiing
in the bottom part of Fig. 6C2-3). Its fin usage is also
distinctive: after water contact, the pectoral fins remain
extended to generate lift and keep the body close to the
surface while still submerged, while the caudal fin flaps
to produce thrust (see Fig. 6C2-3 and D2-3). Due to the
extended pectoral fins, high drag may occur, resulting in
a low average velocity (< 0.5ms™!). We classify these
irregularly mixed movement patterns as “nonperiodic
hopping.” It should be noted that this type of trajectory
does not always return to the same shore—it can also
involve crossing the water (see Supplementary Video 1,

which shows both periodic and nonperiodic trajecto-
ries.) A detailed analysis of the biomechanics and fluid
mechanics related to fin motion and water surface inter-
action will be conducted in future work by the authors.

The occurrence rates for periodic and nonperiodic
trajectories are 86.3% and 13.7%, respectively (n = 51)
(see pie chart in Fig. 6A), indicating the fish prefer pe-
riodic hopping. Our measurement technique (Fig. 4F)
enables estimation of the fish’s size by calculating the
3D positions of the edges of the head and tail. Total
length (TL) is estimated as 24.6 & 10.8 mm (n =41) and
54.5 4+ 2.9 mm (n = 2) for P. modestus and P. gracilis, re-
spectively. Baeck and Park (2015) reported P. modestus
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in the range of 31-99 mm (TL), which is higher than our
measurements, indicating that the mudskippers in our
current observations are mostly premature. The length
of P, gracilis ranges from 25 to 40 mm in standard length
(Khaironizam and Norma-Rashid 2002), and its maxi-
mum length is comparable to our measurements (not-
ing that our values are in TL), supporting that the ob-
served individuals are fully grown.

Regarding the possibility of species misidentifica-
tion of P. modestus, previous reports indicate that three
species of the same genus, Periophthalmus, are found in
South Korea: P. modestus (Lee et al. 1995), P. magnus-
pinnatus (Baeck and Park 2015), and P. argentilineatus
(Jaafar and Murdy 2017). A distinguishing feature of P,
argentilineatus is the presence of white dots on the first
dorsal fin, while P magnuspinnatus is characterized by
sky blue speckles on the head and flank, both of which
are absent in the specimen observed in this study (see
Fig. 1A). Additionally, the diagnostic traits of P. modes-
tus (Jaafar and Murdy 2017), including anteriorly united
pelvic fins and a single dusky inframarginal stripe on the
dorsal fin, closely match those of our specimen. With
these criteria, all mudskippers collected at the site in
Daebudo, South Korea, were identified as P. modestus.

Statistics analysis

Fig. 7A and B illustrates the mean velocity and the path
length of the trajectory as functions of fish body length.
The mean velocity increases with body length (Webb
1976; Domenici and Blake 1997), while path length
shows low correlation, likely due to the geometry-
sensitive nature of water-hopping locomotion. This
could be due to the irregular shape of water edge or
interruptions caused by land features and dense man-
grove roots, which often led to early termination of hop-
ping. In this study, the maximum velocity normalized
by body length reached 49.5 BL/s, and the maximum
path length covered in a single trajectory was 184.9 BL,
both of which are remarkably fast and long. A compar-
ative analysis will be conducted in future work.

Fig. 7C and D presents the vertical height and hor-
izontal stride length for individual hopping segments.
A single trajectory may include multiple hopping seg-
ments, and each data point represents the mean and
standard deviation of each parameter across all seg-
ments within one trajectory, corresponding to a sin-
gle fish of a specific body length. The stride length and
vertical height increase linearly with fish body length
but begin to plateau beyond a body length of ~0.04 m.
(see the arrows in Fig. 7C and D). When the fish’s
body length is below 0.04 m, it can jump up to its own
body length in height. Horizontally, the mudskipper
can leap to about five times its own body length. For

mudskippers larger than 0.04 m, both vertical height
and horizontal stride lengths tend to remain constant—
~0.027 m and 0.21 m, respectively. The critical limit
of 0.04 m likely reflects allometric scaling, where mus-
cle strength and fin area scale as L?, while body weight
scales as L*. Cano-Barbacil et al. (2020) has reported a
critical swimming length limit of ~0.1 m for freshwa-
ter fish (Cano-Barbacil et al. 2020), probably suggesting
mudskippers face additional energetic costs from over-
coming gravity during water-hopping. Further biome-
chanical analysis and additional hopping data from
larger individuals are needed to confirm this scaling re-
lationship.

Lastly, Fig. 7E and F presents the mean velocity as a
function of curvature and the change in horizontal an-
gle (in the z-plane) between hopping segments. From
Fig. 7F, the mean velocity is hardly affected by small
curvature below 0.1 BL™! after which mean velocity is
significantly decreased < 1ms~!. We can infer that for
more curved trajectories (> 0.1 BL™!), part of the hor-
izontal momentum is lost before the next leap, and as-
suming the same energy expenditure, this leads to lower
overall velocity. In addition, mudskippers can adjust the
horizontal angle between each hopping segment in pro-
portion to the curvature (Fig. 7F). It should be noted
that mudskippers appear to adjust turning angles be-
tween hops in response to predators or terrain, indi-
cating sophisticated sensorimotor control that enables
real-time trajectory adjustments during escape. Future
studies of the neural and biomechanics mechanisms un-
derlying this flexibility could reveal how mudskippers
integrate sensory feedback with locomotor control dur-
ing water-hopping.

Discussion

Comparisons with other amphibious
organisms

The relationship to other water-surface traveling ani-
mals can be made by utilizing dimensionless parame-
ters such as the Bond, Reynolds, and Weber numbers for
each animal. Values and definitions for these numbers
can be found in Table 2. These numbers were calculated
using the mean estimated TL of P. modestus as the char-
acteristic length, D, and the mean velocity, v, was esti-
mated from the trend line in Fig. 7A, with horizontal
and vertical components denoted by subscripts H and
V, respectively. These components were obtained by as-
suming an incoming body angle of 30° relative to the
horizontal plane of the water surface. The other param-
eters, p, v, and o, all correspond to the density, kine-
matic viscosity, and surface tension of water at stan-
dard temperature and pressure, and g is the gravitational
constant near the surface of the earth. Comparing the
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Table 2 Dimensionless numbers (Bond, VWeber, and Reynolds)
definition and value given measurements recorded using proposed
method.

Dimensionless number Definition P. modestus value
Bond pgD/o 821 x 10!
Horizontal Weber pv‘%’D/a 1.99 x 102
Vertical Weber pv&D/cr 6.62 x 10!
Horizontal Reynolds vyD/v 1.87 x 10*
Vertical Reynolds wD/v 1.08 x 10*

Bond number to the Weber numbers and the respec-
tive Reynolds numbers to Weber numbers shows that
the mudskipper closely aligns with the relationships of
dimensionless quantities for water walkers suggested by
Bush and Hu, Fig. 5 and 6 in Bush and Hu (2006) (not
shown here), in the horizontal direction and loosely
aligns in the vertical. The significance of this is that
Froude’s Law applies to P. modestus as well and it can be
classified as a water-walker. Additionally, the high We-
ber number means that the main forces experienced by
the mudskipper are the inertial and buoyant forces.
The mudskipper kinematics observed here, in con-
trast to data from laboratory mudskippers (Swanson
and Gibb 2004) and amphibious animals such as frogs
(Weiss 2023) or the plumed basilisk lizard (Hsieh 2003),
can help elucidate the limits of water-surface traver-
sal mechanisms. Here, water-surface traversal mecha-
nisms refer to locomotion techniques where the only
forces aiding the movement are from the water sur-
face interface. Weiss (2023) indicates that the skittering
frog follows a primarily ballistic trajectory, reaching a
maximum velocity of ~1.1 m/s, and the basilisk is re-
ported to run at about 1.3 m/s (Hsieh 2003). These ve-
locities are similar to the mudskippers mean velocity,
which may suggest that water-surface traversal meth-
ods may have a maximum velocity limit, somewhere be-
tween 1.5 and 2 m/s. This claim is further reinforced
by the water strider, Gerridae, which is reported to have
peak velocities of 1.5 m/s as well (Hu et al. 2003). As
for length scales, the Snout-vent lengths of the basilisk
and skittering frog are on the order of 0.1 m (Laerm
1974; Hsieh 2003), while water striders and mudskip-
pers (studied here) have characteristic lengths on the
order of 0.01 m (Hu et al. 2003). Based on the data re-
viewed here, this limit may only apply to length scales
on orders of 0.01 or 0.1 m. The reason behind this sug-
gested limit is currently unknown, but it may be due
to an increase in the hydrodynamic drag, and an in-
crease in the energy dispersal through water as veloc-
ities increase. Other animals, such as the flying fish Ex-
ocoetidae, also with characteristic lengths on the order
of 0.1 m, are seen breaking this limit at ~15-20 m/s

Choi et al.

(Davenport 1994), although since they generate lift with
their fins they experience forces outside of the air water
interface, and the proposed limit would not apply since
it would not be bound to the water surface to propel or
sustain its movement.

Convergent evolution in water-surface hopping

Interesting comparisons can be drawn between the
mudskippers’ water-hopping behavior and other organ-
isms that have adapted to hop on water, such as the Chi-
nese rice grasshopper, Oxya chinensis, and Pygmy mole
crickets, Xya capensis. Although not closely related to
the mudskipper, both insects can hop on water, often
repeatedly (Burrows and Sutton 2012; Song et al. 2024).
Both mudskippers and the insects use a caudal structure
to propel themselves out of the water. The grasshopper
and crickets use their hind legs, and the mudskipper
uses its caudal fin. This mechanism often functions as
an escape from predators. This similarity can be seen as
a convergent evolution, and deeper investigations may
have significant implications for bio-inspired designs
featuring adaptable, multimodal locomotion. Such de-
signs could address diverse environmental scenarios,
including muddy, wet, and uneven surfaces (as seen in
the mudskipper), flight (as in the grasshopper), flood-
ing and burrowing (as in the cricket), and the common
link of hopping to escape via water.

Evidence for ballistic motion

Our imaging analysis indicates that the mudskipper’s
parabolic hops resemble the ballistic motion observed
in the African Butterfly Fish (Saidel et al. 2004) and
the skittering frog (Weiss 2023), albeit with a distinct
take-off mechanism. The African Butterfly Fish uses an
abduction of its fins to propel itself upward (Saidel et
al. 2004), whereas the skittering frog does a standard
jump but in the water (Weiss 2023), and the mudskip-
per launches itself by rapidly straightening its caudal fin,
previously bent into a C-shape (Wicaksono et al. 2020).
Despite differing modes of propulsion, all follow a sim-
ilarly parabolic path.

Saidel et al. (2004) identify several criteria character-
izing ballistic motion in the African Butterfly Fish; our
findings align with five of their points:

(1) The mudskippers short take-off period occurs
when the fish bends its caudal fin and quickly ex-
tends it.

(2) A single peak in the path is evident in the trajectory
data.

(3) Stride length spans a few body lengths (as shown in
Fig. 5D).
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(4) Velocities remain below those of flying fish Exo-
coetidae (15-20 m/s) (Davenport 1994).
(5) The observed path is parabolic.

There is insufficient data to confirm the sixth crite-
rion of short air time compared to flying fish. However,
the parabolic arc suggests no significant gliding: the
mudskipper’s time aloft is notably shorter than flying
fish, indicating ballistic motion, rather than sustained
flight.

Directional preference as an escape
mechanism

The high frequency of smaller curvatures, correspond-
ing to turning angles < 40°, suggests that mudskippers
typically move in a single direction with minimal veer-
ing. This may be because altering the course could lead
back toward the original danger, introduce new dan-
ger, or require more energy. Consequently, this locomo-
tion is consistent with an escape mechanism, as noted
by Harris (1960), although Davenport observed that fly-
ing fish sometimes employ flying to reach food sources
(Davenport 1994). Overall, water hopping in mudskip-
pers operates as a multifunctional traversal method, yet
its out-of-water motion follows a predominantly ballis-
tic trajectory, distinct from the sustained flight of other
species.

Limitation and application of the proposed
method

This method requires four major constraints.

(1) The camera position must remain fixed during
recording. It cannot be placed on any surface that
moves, such as a vessel in motion or a swaying tree
branch.

(2) The observer must have sufficient accessibility to
collect enough snapshots of the terrain on which the
organism moves. In this study, mudskippers lived
in a creek that reached only thigh depth or in shal-
low puddles entirely surrounded by land, allowing
multiple-angle snapshots. If such viewpoints are not
possible, other measures need to be explored.

(3) The target organisms must stay within or return to
the field of view after setup and snapshot acqui-
sition. Although the mudskippers tended to move
away from observers due to their sensitivity, their
very high density ensured they were always present
in the observation area. Otherwise, one would need
either less invasive methods for snapshots or other
techniques for terrain measurement.

(4) Organisms must be optically visible, as tracking be-
comes difficult, for example, when they frequently
dive or hide in burrows. Mudskippers, however,

typically keep their eyes exposed while hopping,
making this method feasible for their observation.

When these conditions are met, the proposed ap-
proach offers high temporal resolution (e.g., 4.2 ms in
this study) and high spatial resolution (e.g., 0.5 mm)
over a broad observation domain (e.g., 1.5 x 1.5 x
1 m). For instance, water striders ~50 mm in size, found
in the same habitat as P. modestus, were also observed
hopping across the water surface and traveling dis-
tances exceeding 2 m at velocities of about 1 m/s. Their
three-dimensional movement could be adequately cap-
tured with this technique. This approach is not lim-
ited to centimeter-scale organisms. By rearranging the
camera placement, for instance on exposed rocks at
the ocean’s edge, it becomes feasible to measure three-
dimensional movements over tens of meters, including
sea otters swimming at the water surface or pelicans
hunting while floating, as well as the relationships be-
tween these animals and surrounding terrain. Terres-
trial and aerial organisms, such as rabbits moving on
land or insects flying and hopping, could also be ob-
served provided the terrain is captured from multiple
angles in the limited time. This method is particularly
effective in situations where the observer must operate
in random and unpredictable terrain, or when filming
needs to be completed within a short time frame.

It is necessary to discuss potential errors in organism
positioning caused by inaccuracies in the camera’s in-
trinsic and extrinsic parameters. This method adjusts
the camera’s position, orientation, and focal length by
manually matching the real camera view with the re-
constructed terrains virtual camera view. Future re-
finements using advanced techniques, such as cross-
correlation (Lucas and Kanade 1981) based on light in-
tensity and color information in the reconstructed ter-
rain, or methods such as Shake-the-Box (Schanz et al.
2016) and auto-calibration (Theriault et al. 2014), could
further automate and enhance this calibration process,
which is expected to improve the overall methodology.

Conclusion

This study presents the first comprehensive three-
dimensional analysis of mudskipper water-hopping
behavior in natural habitats, revealing fundamental
biomechanical principles that govern amphibious lo-
comotion at the air-water interface. Through our
portable, dual-camera tracking system combined with
Gaussian Splatting terrain reconstruction, we quanti-
fied complex locomotory patterns that were previously
inaccessible.

Our findings demonstrate that mudskipper hopping
follows predictable scaling relationships, with both hor-
izontal stride length and vertical height increasing lin-
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early with body size up to a critical threshold of ~0.04 m
TL. Beyond this limit, performance plateaus, suggest-
ing biomechanical constraints that may reflect the bal-
ance between muscle power scaling and gravitational
forces. The discovery of two distinct hopping modes,
i.e., periodic and nonperiodic, reveals sophisticated be-
havioral flexibility that enables mudskippers to navigate
complex tidal environments. The predominance of pe-
riodic hopping (86.3% of observed trajectories) and the
strong directional preference during escape responses
underscore the adaptive significance of this locomotory
strategy for predator avoidance and habitat exploita-
tion. The dimensional analysis shows that mudskipper
water-hopping can be classified as water-walking and
reveals alignment with the dimensionless relationships
of other water-walking organisms from different taxo-
nomic groups.

The methodological framework developed in this
study is applicable beyond mudskipper biology. Our low
cost (under $1500), field deployable approach (within
25 min) enables high resolution 3D tracking in nat-
ural environments where traditional laboratory setups
are impractical. The quantitative approach established
here offers a foundation for comparative studies across
amphibious species and may inform engineering in-
sights inspired by multimodal locomotion. By inte-
grating field-based tracking with precise biomechani-
cal analysis, this study helps bridge the gap between
laboratory research and natural behavior, contributing
to a more comprehensive understanding of locomotor
adaptation in complex environments.
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