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Hovering, the ability to maintain a stationary position in fluid, is essential for many
fish species during prey capture, habitat exploration, and mating. While traditionally
assumed to be energetically inexpensive for fishes with a swim bladder, the metabolic
costs and morphological factors influencing postural stability during hovering remain
poorly understood. Hovering requires fishes to counteract small instabilities in position
and orientation, often through continuous adjustments using their fins and body. To
examine the energetic consequences of this active stabilization, we measured body
posture, fin kinematics, and metabolic rates in 13 near-neutrally buoyant fish species
during both hovering and resting. Our results show that hovering nearly doubles
metabolic rates compared to resting, and species with greater separation between the
center of mass and center of buoyancy and increased caudal fin activity exhibit higher
energetic costs. In contrast, species with more posteriorly positioned pectoral fins and
lower length-to-depth ratios show reduced hovering costs. Our findings demonstrate
that, despite morphological traits that promote instability, fishes maintain posture and
position through fine-scale fin control—at a significant energetic expense. This study
suggests that hovering is a costly behavior that likely plays a key role in shaping the
evolution of fish morphology and locomotor strategies.
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Hovering—the ability to maintain a stationary position in a fluid medium—exemplifies
the complex interplay between stability and maneuverability across different groups
of animals, from insects and fishes to birds and mammals (1-4). Achieving this
locomotor feat in air or water requires finely controlled movements that generate lift
and stabilize the body relative to the surrounding environment (5, 6). This ability is
particularly advantageous for accessing otherwise unattainable resources, such as nectar
in flowers or small prey in crevices in aquatic habitats. Hovering demands a balance
between maintaining position and executing quick, agile maneuvers in response to
environmental stimuli or evading predators. Although stability and maneuverability
operate on distinct principles, they are inherently connected: Stability corrects unintended
displacements, while maneuverability enables deliberate changes in direction(7). Inherent
(or static) instability is therefore crucial for achieving effective high maneuverability
underwater (7).

Most fishes possess a swim bladder, making them nearly neutrally buoyant and
allowing rapid adjustments to buoyancy in response to changes in depth and pressure
by modulating the gas within the bladder (8). These fishes experience instability due
to destabilizing forces generated by ventilation and morphological factors, such as the
physical separation between their center of mass (COM) and center of buoyancy (COB).
The COM is determined by the distribution of major muscle groups and the axial
skeleton, typically positioned dorsally, while the COB is influenced by the location of
the viscera and swim bladder, often situated ventrally. After small perturbations, whether
caused by internal processes like ventilation or external forces from the environment,
the COM-COB separation induces torque around the center of mass, making the fish
roll and pitch involuntarily (9). Rotations result in changes in body posture that can be
controlled by modulating the movement of body and fins (1, 10). Dynamically stable
fishes are able to take corrective actions using their body and fins to maintain fixed position
and orientation. Traditionally, hovering has been considered energetically inexpensive
because the near-neutral buoyancy of many fishes reduces the need to generate lift (11).
As aresult, it was often assumed that at a speed = 0, metabolic rates would be comparable
to resting metabolic rates in a diversity of fishes (11-13). However, this perspective may
overlook the role of inherent instability, which necessitates continuous fin movements for
stabilization, potentially increasing energy expenditure from resting (14). As a result, the
energetic costs of maintaining a stationary position in the water column may be higher
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than previously thought (10, 11, 13). While stationary flight
control and energetics have been well studied in aerial animals
(3, 15-17), hovering in the aquatic environment has received
limited attention (10, 18). Hovering is essential for prey
capture, exploration, and mating in fishes, requiring continuous
postural adjustments. These demands have likely shaped the
evolution of fish morphology and locomotion. Understanding
these dynamics reveals how fishes optimize posture, stability, and
energy efficiency in complex aquatic environments (5, 19).

Here, we present a comparative study that quantified the
relationship between morphology, kinematics, and energetics in
a diversity of near-neutrally buoyant fish species. To investigate
potential variation in hovering mechanisms and energetic conse-
quences, we selected 13 fish species with different morphological
characteristics. We hypothesized that morphological features
that destabilize posture—such as a large COM-COB distance,
fin position away from the COM, and a laterally compressed
body shape—could drive a diversity of versatile fin movements
or, alternatively, converge toward a narrower range of effective
motions to achieve postural equilibrium during hovering. Similar
patterns have been observed in steady swimming (20, 21)
and maneuvering (7). We further expected that the inherent
instability and the fin movements needed to correct postural
imbalances could lead to higher energetic costs than previously
anticipated (10).

Results

Hovering resulted in significantly higher metabolic rates
(MO2hover) compared to rest (MOgyeqr) for most species, with
a doubling of MO, (Fig. 1 and SI Appendix). MOgpoyer values
ranged from 158.48 to 351.37 mgO; kg~ ! h™!, with significant
variation across species (SI). Energetic costs ranged from 0.12 to
0.94 KJ kg™! for 10 min of hovering. Species were grouped
into low and high MO, groups (G1 and G2, respectively)
based on whether the hovering metabolic costs were below
or above the average for all the species tested (Fig. 1 and
SI Appendix, Table S1).

Fishes exhibited complex 3D fin movements during hovering,
with caudal fin distance traveled being significantly higher in
species with elevated metabolic costs (Fig. 2). The movement
patterns of pectoral fins varied between in-phase and antiphase,
with no significant difference in pectoral fin displacement over
time across species (Fig. 2). Hovering fishes maintained stable
roll and pitch angles, despite inherent instability due to the
separation of their centers of mass and buoyancy (COM and
COB) (Fig. 3 and S/ Appendix, Table S1). Body angle differed
across species, ranging from nearly horizontal to steep positive or
negative angles. Significant variation was observed in body mass,
total length, and fineness ratios (total length to maximum body
depth and total length to maximum body width) across species
(81 Appendix, Table S1).

The multilinear regression model revealed that body mass,
fineness ratios, COM-COB, and the position of the pectoral
and caudal fins significantly predicted metabolic rates during
hovering, explaining 86% of the variation in MOgpe; and 63%
of the variation in MOjhoyer/MOgrese (Table 1 and Fig. 4).
Specifically, larger body mass was associated with lower MOjpe
and MOahoyer/MOogest, while higher fineness ratios correlated
with increased metabolic costs. A greater COM-COB separation
was correlated with higher energetic costs, particularly along the
dorsal-ventral axis. The reason for the regression model returning
a negative coefficient for COM-COB separation was due to the
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Fig. 1. Hovering increases metabolic rates (MO,) from resting across
species (n = 5 to 8). (A) MOypqyer Was significantly elevated from MO et
for all the species except for sand smelt and three-stripe gourami (asterisks
denote statistically a significant difference between MOy qyer and MOy est
for each species, P < 0.05). (B) Species are divided into two groups based on
whether their MO, ¢ is above or below the average (horizontal dashed line).
(C) The same grouping is applied for MOopoyer/MO2rest-

selection of the most dorsal point as the origin, i.e., the distance
between COM and COB is a negative number when COB is
positioned more ventrally (i.e., lower) than COM. Hence, the
negative coefficient represents a positive relationship between
COM-COB separation and MO;. Fishes with more posterior
pectoral fins (i.e., farther from the center of mass) exhibited
lower metabolic costs of hovering.

Modeling the energetic demands of hovering in fishes is
inherently complex, requiring the integration of body morphol-
ogy, hydrodynamic forces, and three-dimensional fin kinematics.
Here, we attempt to provide a simple mechanistic model linking
morphology to energetic cost, thereby justifying the inclusion of
specific morphological variables in our regression analysis.

The stability equation can be expressed as

Thn = TCOM-COB — [ — D, (1]
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Fig. 2. Hovering requires the movement of all fins. (A) 3D fin movements during hovering. (B) Pectoral fin movements varied between in-phase and antiphase.
(C) The distance traveled by each fin varied across species, with significant differences in caudal fin movement between the metabolic rate group, G1, or low
metabolic group (species: Atherina presbyter, Carassius auratus, Chromis viridis, Dichotomyctere ocellatus, Gasterosteus aculeatus, Poecilia latipinna, and Trichopsis
schalleri) and G2, or high metabolic group (species: Dermogenys pusilla, Devario aequipinnatus, Hemigrammus rhodostomus, Kryptopterus vitreolus, Lamprologus
ocellatus, and Trigonostigma heteromorpha). Asterisks denote a statistically significant difference between G1 and G2 (P < 0.05). (D) Example of 3D caudal fin

movement in a fish from the G1 and G2 groups.

where 7com-coB is the torque generated by the spatial separation
between COM and COB. During hovering, this is the torque
that induces instability and scales linearly with body mass and
distance between COM and COB (87 Appendix, Fig. S1). tg, is
the torque generated by the corrective fin movements opposing
TCOM-COB to maintain posture and depends on both fin position
and kinematics. All else being equal, the pectoral fins positioned
farther from the center of mass have a longer lever arm, hence
generating greater torque, than those positioned closer to the
center of mass. To put it in another way, more distal fins will have
greater leverage and need to produce smaller forces to oppose the
destabilizing Tcom-coB, thus improving stabilization efficiency.
However, we recognize that too much leverage can itself be
destabilizing if fins overproduce these forces.

I (moment of inertia), which is the resistance of the body to
angular acceleration (a), is a function of body mass (linear scaling)
and radius of gyration (exponential scaling). The latter changes
depending on the axis of rotation; i.e., it is proportional to body
width during roll and body length during pitch. Finally, D is the
hydrodynamic drag which opposes 7com-cop and depends on
the surface area and angular velocity.

PNAS 2025 Vol. 122 No. 28 e2420015122

This equation suggests that fishes with smaller surface area
(lower drag), greater COM-COB separation (greater TcOM-COB)>
and pectoral fins located near the center of mass (less leverage)
experience increased energetic demands for stabilization. While
mass affects both tcom.cop and /7 linearly, their counter-
balancing effects suggest that mass alone does not directly
dictate instability. However, assuming isometry, body size affects
I more than 7com.cop (due to exponential term), making
bigger fish more stable. In addition, it is likely that lighter
fishes are less stable, incurring higher energetic costs due to
overcorrection of the fins or oversensitivity to internal (e.g.,
ventilation) and external perturbations (e.g., turbulence). Hence,
we predict negative regression coefficients for COM-COB (at
least on the dorsal-ventral axis), fin positions, and mass, and
positive coefficients for fineness ratios, as deeper and wider-
bodied fish have larger surface areas (greater drag). Nevertheless,
nonlinear interactions and additional factors may modulate these
relationships, necessitating empirical validation.

Among the variables tested, only pectoral fin position along
the anterior—posterior axis was phylogenetically structured (Fig. 5
and SI Appendix, Table S2). When the pectoral fin position was
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Fig. 3. Inherent instability vs. dynamic stability during hovering. (A) Near-neutrally buoyant fishes are inherently unstable due to the separation of the center
of mass (COM) and the center of buoyancy (COB). (B) Measurements show that 12 out of 13 fishes are inherently unstable on either the dorsal-ventral,
anterior-posterior axes, or both, given that the COM and COB are separated. (C) The roll angle across species is maintained low, and most fishes have an
average roll angle at or below an average of about 4° (horizontal dashed line). (D) The pitch angle is also low across species, and most fishes show a pitch angle

at or below the average of about 2° (horizontal dashed line).

removed from the multiregression analysis, the model still had a
high prediction performance (R* > 0.6). This suggests that the
link between morphology and energetics cost of hovering cannot
be solely explained by the phylogenetic relationships. Among all
the variables included in the model, only the two fineness ratios
were not independent (P < 0.01), suggesting that in our dataset
deep-bodied fishes were also wide (87 Appendix, Table S3).

We next evaluated the importance of each variable predicting
MO2ec and MOghgyer/MOgrese using two different methods (by
removing it from the regression analysis or randomly shuffling
its values) and observing the resulting degradation in the model’s
performance, which was measured by the change in R? value (S7
Appendix, Table S4). The results from both methods were in close
agreement, indicating that mass, COM-COB separation (on both
axes), pectoral fin position, and fineness ratios were the most
influential morphological predictors. The results also showed that
having only one fineness ratio (either TL/MBD or TL/MDW)
was sufficient to maintain high performance. This was rather
expected, as the two fineness ratios were highly correlated.

We ran a multilinear regression analysis, using a reduced
set of predictor variables, demonstrating that the model retains
strong predictive performance, with R = 0.80 for MOy, and
R? = 0.59 for MOahover/MOoese (ST Appendix, Table S5).
The regression coefficients indicate that mass is a dominant
negative predictor for both MOgper and MO2hover/MO2yest,
with coefficients of —307.43 and —2.21, respectively. Similarly,

40f 9 https://doi.org/10.1073/pnas.2420015122

COM-COB displacements in both the anterior—posterior and
dorsal-ventral directions negatively influence metabolic rates.
To assess whether the position of the COB along the anterior—
posterior axis relative to the COM (i.e., anterior or posterior)
was important in predicting hovering metabolic rates, we ran
the model using the absolute value of the anterior—posterior
COM-COB displacement and found no significant change in
the model R? values (0.75 for MOsper, 0.65 for MOapover
MOj.eer). In contrast, the fineness ratio (TL/MBW) exhibits
a positive effect, suggesting that elongated body shapes are
associated with increased metabolic rates. Pectoral fin position
exerts the most substantial negative effect on both response
variables, with coefficients of —1,438.78 and —4.78. These
findings highlight the robustness of the regression model in
capturing key morphological influences on metabolic rates with
high explanatory power grounded by the theory.

Discussion

Many near-neutrally buoyant fishes are typically highly maneu-
verable and capable of maintaining dynamic postural equilibrium
during swimming. Being inherently unstable, they use fins to
generate stabilizing forces and correct rotational movements.
This comparative study demonstrates that hovering is expensive
in a diverse group of fishes with different morphological and
ecological adaptations (Fig. 5). On average, fishes double their
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MO, from resting to hovering. Pectoral fins can switch between
in-phase and antiphase motion, yet remain synchronized for the
majority of the fin beat cycles, indicating a convergence toward
a small range of effective motions. We identified two groups of
fishes based on MO»pgver: a low-rate group (G1) and a high-rate
group (G2). G1 fishes are characterized by larger masses or deep
bodies, while G2 fishes are small, thin, and have elongated bodies,
exhibiting greater caudal fin movement, and pectoral fins closer
to the anterior of their body, typical of maneuvering fishes (S/
Appendix, Table S1). Additionally, a high COM-COB distance
along the anterior—posterior and dorsal-ventral axes increases
MOgpover (Table 1).

Much research on hovering has focused on insects, birds,
and bats (4, 6, 17, 23-25), but studies on fishes are scarce and
mostly descriptive (1, 26, 27). From a fluid dynamics perspective,
negatively buoyant fish, birds, bats, and insects have similarities
since they all need to create lift during hovering (28, 29).
However, the density (p) of air is much lower than that of
water (pair = 1.3kg m2, puaer = 1,000 kgm_3), meaning
that animals in water experience a much greater buoyant force.

Table 1. Multilinear regression coefficients for
MO3 et and MOy oyer/MO2rest
Mozhover/
Coefficient variable (X) MO> net (Y) MO>est (Y)
Co = intercept 1,501.05 9.35
Cq = mass —440.24 —-2.91
C, = fineness ratio (TL/MBD) 201.28 0.63
C3 = COM-COB (A-P) -114.18 -0.34
C4 = COM-COB (D-V) -116.80 -0.80
Cs = fineness ratio (TL/MBW) 194.16 0.21
Cg = pectoral fin position —1,297.36 -3.94
C7 = caudal fin position -1,297.60 —-6.97
R? 0.86 0.63

TL = Total Length, TL:MBD = Total Length to Maximum Body Depth ratio, COM-COB
(A-P) = distance between the center of mass and buoyancy on the anterior-posterior
axis as a proportion of body length, COM-COB (D-V) = distance between the center of
mass and buoyancy on the dorsal-ventral axis as a proportion of body depth, TL:MBW
= Total Length to Maximum Body Width ratio, pectoral and caudal fin position on the
anterior-posterior axis.

PNAS 2025 Vol. 122 No. 28 e2420015122

As a result, even negatively buoyant fishes have their weight
partially offset by the water they displace (i.e., buoyant force
= volume displaced X pwaeer X £). Thus, the net force that
must be actively countered to hover in water is considerably
smaller than the full body weight (mass x g), as is the case for
aerial hoverers. For instance, induced power during hovering
was 0.075 W N~! in mandarin fish (Synchropus picturatus), a
negatively buoyant fish (28), and was relatively low compared
to bumble bee (Bombus terrestris) (2.1 W N~ (4)), and pigeon
(Columba livia) (2.2 W N~ (23)). In fishes, the energetic cost
of hovering therefore comprises both lift generation (where
needed) and the continuous fine motor control required to
maintain postural stability (10, 30). By focusing on near-neutrally
buoyant species, our study isolates the cost of postural control
and demonstrates that it is a significant contributor to elevated
metabolic rates during hovering.

Hovering is a widespread behavior observed across many fish
species (5, 31), and is often associated with station-holding near
physical structures such as corals or the benthic substrate (27, 32).
When hovering occurs within approximately 1 cm of a surface,
fishes can reduce the power required for station-holding by 30
to 60% (28), likely due to hydrodynamic interactions with the
boundary layer. In the present study, the high costs of hovering
did not originate from the need to create hydrodynamic lift but
rather from the need to counteract morphological instability and
perhaps internal perturbations (i.e., ventilation). It is the impres-
sive dynamic stability that fishes exhibit, despite their inherent
instability, that necessitates multiple propulsors to move contin-
uously to remain “in place,” resulting in high metabolic costs.

Previous studies have described the general motions of near-
neutrally buoyant fishes while hovering. Drucker and Lauder
(33) described the movement of the pectoral fins in rainbow
trout (Oncorhynchus mykiss) as depressed beneath the body and
twisted while sculling. Rainbow trout move their pectoral fins
synchronously but antiphase (33). Pectoral fins create a rotational
moment around the COM during each half of the 8-shaped
cycle, which is balanced across the full fin cycle, reducing the
yawing of the body during hovering (33). In a study on bluegill
sunfish (Lepomis macrochirus), Kahn etal. (26) reported that these
fish exhibit a variety of kinematic patterns during hovering, not
easily quantifiable using the same metrics as those for translational
locomotion (20, 34, 35). Sunfish bluegill use their pectoral fins in
symmetric or asymmetric cupping motion, or as a flat plate during
the instroke motion (26, 36). In the present study, fishes used
their pectoral fins continuously to create complex 3D motion,
including 8-shaped trajectories. We found that the pectoral fins
traveled a distance of up to about 2.5 BL in one second, while
the other fins moved much less (1 BL or less in one sec, Fig. 2).
While it is apparent that the pectoral fins move continuously and
in a complex pattern to allow the fish to stay “in place,” it is
the caudal fin movement that differs between the high and low
MO, groups. The caudal fin is key during steady and unsteady
swimming in the majority of fishes (9, 37, 38) and might stabilize
the body during hovering as well (36, 39). During unsteady
maneuvers, such as hovering and forward-sinking, parrot cichlid
(Cichlasoma sp.) execute caudal fin-wave propagation (40). The
caudal fin undergoes significant deformation to allow a wave
of bending to pass across the fin surface, thereby facilitating
pitching stabilization of the fish (40). In our study, fishes with
the greatest inherent instability exhibited increased caudal fin
movement, leading to higher MOjpoyer. The caudal fin, being
large and costly to actuate, contributes to high locomotion costs
(41), as confirmed by our data.
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depth along the dorsal-ventral axis. Pect. fin A-P axis = pectoral fin position along the anterior-posterior axis as a proportion of body length. Caud. fin A-P

axis = caudal fin position along the anterior-posterior axis as a proportion of bo

dy length. All values have been centered and scaled for each variable. Color

gradient ranges from light (low values) to dark (high values) blue. Phylogenetic relationships follow Betancur-R et al. (22).

The caudal fin is not the only propulsor used for body
stabilization; pelvic, anal, and dorsal fins also contribute (1, 36)
(Fig. 2). Pelvic fins are used to actively control posture at
low velocities by oscillating and slowing the flow along the
ventral body, affecting pitch and yaw perturbations (42). This
movement generates trim correction forces during unstable
maneuvers (43). Additionally, pelvic fins influence the anal
fin’s angle of attack and help damp body oscillation, providing
drag for stabilization during slow-speed swimming (42). The
anal and dorsal fins, positioned above and below the COM,
produce balancing torques that stabilize the body (34, 44). For
instance, the ribbonfin, used by knifefishes for propulsion and
maneuvering, extends along the body and consists of numerous
fin rays that undulate in a wave-like motion. This undulatory
motion allows precise control and maneuverability, enabling the
fish to move forward, backward, and hover in place. Hovering in
ghost knifefish (Apteronotus albifrons) is achieved by generating
two counterpropagative waves, one from the caudal edge and the
other from the rostral edge (1). These waves meet at a nodal point
near the middle of the fin, canceling translational movement and
enhancing stabilization (1).

Inherent instability, while energetically costly, represents a
biomechanical trade-off enabling enhanced maneuverability,
an advantageous trait in structurally complex aquatic habi-
tats. The evolution of the swim bladder facilitated diversified
fin positioning, thereby supporting the extensive radiation of
locomotor morphologies in teleost fishes (45). Instability thus
provides a functional reference upon which control systems
can effectively operate (5, 36, 46). Our findings challenge
the widespread view that hovering is energetically inexpensive
(11, 14). Instead, we demonstrate that the need to counteract
the inherent instability caused by the separation of COM and
COB requires continuous fine motor control, leading to higher
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energy expenditure. This shift in our understanding of the
energetic demands of hovering reveals that dynamic stability,
while essential, comes at a significant metabolic cost. These
findings suggest that hovering may play a more influential role
in shaping fish morphology and biomechanics than previously
thought, with important implications for how fish balance the
trade-offs between stability and energetic efficiency. The survival
and growth of fishes depend on their ability to swiftly and
effectively respond to internal and external stimuli (31). For
instance, fishes may quickly change direction to avoid predators
or follow conspecifics in a school (47). Although maneuvers
are energetically expensive, they are essential and widespread
behaviors. Near-neutrally buoyant fishes, with their bodies mostly
supported by water, can use their fins as control surfaces (5). In
this study, we found that the position of the pectoral fins affected
the energetic costs of hovering. In particular, we found that fishes
with more posterior pectoral fins had lower MOjpe; as pectoral
fins act as stabilizers (48, 49). Fishes are constantly engaging these
control surfaces to create counteracting and stabilizing forces, in
addition to generating thrust (37).

While maneuvering has been well studied in fishes, stabiliza-
tion motions are less apparent. Stability limits maneuverabil-
ity, yet studies have shown that most fishes are both highly
maneuverable and dynamically stable (50). Our study shows
that both roll and pitch angles in near-neutrally buoyant fishes
while hovering are comparable to those during steady swimming
(<10°) (51). Webb (7) suggested that postural adjustments when
fishes are not resting on a substrate may constitute up to 10%
of the total energy costs of swimming. Our study analyzes the
costs of stabilization during hovering in a 13 fish species. We
found that, in the investigated species, stabilization costs range
from 0.1 to 3 times those of resting, which is in agreement
with some of the costs hypothesized by Webb. Unsurprisingly,
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hovering specialists such as gourami, stickleback, and pufferfish
have low energetic costs of hovering, while giant danio, cichlid,
and glass catfish have exceptionally high metabolic rates during
hovering. While giant danio spend much of their time moving
and rarely swim in place, cichlids and glass catfish often hover.
Frog-faced cichlid need to hover over their nests to protect
their offspring (52). Perhaps cichlids use the interaction with
the substrate to reduce energy expenditure during hovering, as
seen in mandarin fish (28). In our study, fishes hovered off the
substrate and away from the walls to reduce ground and wall
effects (32), so we might have restricted the employment of
clever behavioral adjustments that save energy through body—
substrate interactions. However, this elevation from the substrate
provides a more objective estimation of hovering costs. While
glass catfish hover in school formations, they might harvest
vortices shed by conspecifics to save energy (18, 53). Further
research is necessary to elucidate the hydrodynamic consequences
of instability during hovering. Our results indicate that hovering
is a costly maneuver, for instance requiring, on average, 464%
more energy than swimming at 0.5 BL s™! in eel (Anguilla
anguilla) and 45% more than swimming at 0.25 BL s~ in
rainbow trout (10, 54). These high costs are the consequence
of the need to balance inherent instability with precise control of
body posture.

Conclusions

This comparative study elucidates the mechanics and ener-
getic costs associated with hovering in near-neutrally buoy-
ant fishes. Our results show that hovering elevates metabolic
rates significantly, with substantial interspecific variation in-
fluenced by morphological characteristics and fin movements.
Smaller fishes with greater caudal fin activity and higher
fineness ratios experience higher energetic costs during hov-
ering. Despite their inherent instability, caused by mor-
phological characteristics such as the spatial separation of
COM and COB, near-neutrally buoyant fishes achieve dy-
namic stability through continuous fin adjustments. Desta-
bilizing forces are mitigated by hydrodynamic friction and
inertia of the fish’s morphology. For instance, deep-bodied
fish, with a larger surface area, experience increased hydro-
dynamic friction, reducing the impact of destabilizing forces,
while greater mass increases inertia, further dampening these
effects.

This study shows that hovering can be energetically expensive,
revealing that the need to counteract instability comes with
considerable metabolic costs. This underscores the complex
interplay between instability and the use of control surfaces to
maintain position. This study also advances our understanding
of the biomechanical and energetic constraints of hovering,
offering key insights into the adaptations that allow fishes to
remain stationary while highlighting the inherent trade-offs
between maneuverability and energetic efficiency. Future
rescarch may explore the ecological implications of these
energetic demands and investigate strategies fishes may employ
to optimize energy efficiency during hovering and maneuvering.

Materials and Methods

Animal Husbandry. Individuals from each of the 13 species of fish (n = 4 to
8 for metabolic measurements and n = 3 for kinematic analyses) (S/ Appendix,
Table S1) were obtained from vendors (Imazo, Sweden, DeJong Marine, The
Netherlands, and Flying Sharks, Portugal) or wild-caught, and imported to

PNAS 2025 Vol. 122 No. 28 e2420015122

Sweden with permit no. 6.6.18-11773/2019. All fishes were maintained at the
Department of Zoology at Stockholm University. All husbandry and experimental
procedures followed the Animal Ethics Protocol (no. 11924-2020) approved by
the Swedish Board of Agriculture. The fishes were fed a diet of frozen fish,
squid, shrimp, or flakes ad libitum, but were fasted for at least 24 h before
experimentation to ensure postabsorptive state for all metabolic measurements
during hovering and resting.

Energetic Measurements. Dissolved oxygen was measured using an optical
oxygen meter (FireSting-02, PyroScience, Germany) calibrated with 100%
air-saturated water. Fishes were individually transferred to a 0.615 L glass
respirometer chamber and allowed to acclimate for 2 h before trials, with the
chamber open and water continuously aerated. As the species used in this study
are social, the respirometers were positioned adjacent to each other, and dim
lighting was provided to allow the fish visual contact with their conspecifics,
thereby reducing stress. Following acclimation, fishes remained in the chamber
for 1 h while oxygen consumption was recorded every minute to determine
metabolic rates during hovering (MOgpoyer)- All fishes hovered for at least
30 min. MOypoyer Was calculated from the slope of oxygen decline over time in
the respirometer using the formula:

Mo, = 2%y o9,

At

where A[0,] is the change in oxygen concentration (mg 0, L'1), At is the
change in time (min), V is the volume of water in the respirometer chamber (L)
minus the fish volume, M is the fish mass (kg), and 0.9 is the scaling coefficient
correcting for the allometric relationship between metabolic rates and mass
(55, 56). To quantify resting metabolic rates (MOyeqt), individual quiescent
fishes were placed in the respirometer chamber for about 1 h. As most fishes
hovered continuously, a small amount of M$-222 (0.02 g L'!) was added to
the water to lightly sedate the fishes, ensuring they rested and exhibited no
fin movement without being fully anesthetized. Using low-dose MS-222 to
calculate resting metabolic rates has been validated in previous work for fishes
that do not cease moving in the respirometer chamber (57). These studies
show that MS-222 does not significantly affect metabolic rates in fishes (57-59).
To quantify the net energy used to hover (MOgpet), MOgpest Was subtracted
from MOyp,over for each fish. To account for differences in size, salinity, and
temperature across the species, the ratio MOp,qyer/MO2rest Was calculated to
measure the relative energy expenditure for hovering compared to resting (56).
The net energy required to hover for 10 min was then converted to KJ kg~
using an oxy-calorific equivalent of 3.25 cal per 1T mg 0 (60). The species
were classified into two groups based on their metabolic rates (MOypet and
MO2hover/MOgest). Group 1(G1), which includes species with low MOp,¢¢ and
MO9hover/MOgyest, consists of Atherina presbyter, Carassius auratus, Chromis
viridis, Dichotomyctere ocellatus, Gasterosteus aculeatus, Poecilia latipinna,
andTrichopsis schalleri. Group 2 (G2), which includes species with high MOyt
of MOgpover/MO2rest, consists of Dermogenys pusilla, Devario aequipinnatus,
Hemigrammus rhodostomus, Kryptopterus vitreolus, Lamprologus ocellatus,
and Trigonostigma heteromorpha. If either MOy net or MOppgyer/MOgest
values were in the higher category, the species was considered in the
high group.

Kinematic Data Collection. Hovering experiments were conducted in a 52-
L recirculating flow tank respirometer (Loligo Systems®) maintained at the
appropriate temperature and salinity for each species, at flow speed = 0. To
elicit hovering behavior, the fishes were individually placed in an open, optically
transparent Plexiglass container within the flow tank, as described in previous
work (1). The container served as a refuge for most fish species; its volume was
0.465 L, nearly 100 times larger than the largest species used in this study to
avoid interactions between the fish and the walls. Ventral and lateral views were
recorded using two synchronized and orthogonal high-speed cameras (1080p,
Chronos Camera 2.1, Krontech) at 1,000 fps. Each video was calibrated with a 3D
calibration plate using DLTdv (v.8) in MATLAB (Mathworks) (61). For each fish, a
sequence of at least three complete fin cycles was extracted. Points on the body
and fins of each fish were digitized and 3D coordinates of points on the body
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were extracted for analysis. In particular, we digitized 15 points on the fishes (tip
of the snout, eye, bottom of the eye, dorsal fin tip, each pectoral and pelvic fin
base and tip, anal fintip, caudal peduncle, caudal fin tip). These points were used
to quantify roll and pitch angles (°), as the max excursion on the y and z axes for
two points on the eye (roll) and the snout-peduncle (pitch). Body angle (°), the
angle between the fish body and the horizontal plane, was measured using the
three-dimensional distance between the x, y, and z coordinates of the eye and
the midpointofthe caudal peduncle. Body curvature (k) was measured using the
equation

dr
ds
where s is the arc length of a curve connecting all three points in the transect
and T is the unit tangent vector of that curve using snout, peduncle, and
caudal fin coordinates. Synchronization of the right and left pectoral fins during
hovering was evaluated by calculating the phase lag between the fins, which
ranged from 0° (in-phase, where both fins reached the maximum abducted
position simultaneously) to 180° (antiphase, where one fin was maximally
abducted while the other was maximally adducted). To estimate the phase
lag, fin movements were cross-correlated, and the time shift required to
achieve maximum correlation was measured. We also calculated the distance
traveled by each fin and then standardized this distance to a one-second
interval.

’ [2]

K =

Morphological Measurements. Measurements from individuals (n = 4 to
5) from each species were obtained from thawed frozen specimens or the
Swedish Museum of Natural History (NRM no. 17318, 18927, 30004, 56788).
From each individual, we obtained linear measurements: mass, total length
(TL), maximum body depth (MBD), and maximum body width (MBW) used to
calculate dimensionless numbers such as fineness ratios (TL/MBD or MBW). The
COMand COBof each specimenwere quantified through distinct methodological
approaches to characterize their spatial distributions within the body. The
COM was determined by suspending each specimen from multiple anatomical
landmarks (e.g., caudal peduncle, posterior-dorsal region of the cranium, ventral
midline) and capturing equilibrium positions via digital imaging (62). A vertical
reference axis was overlaid on each image, extending from the suspension point,
and theimages were subsequently coregistered based on body morphology. The
COM was identified at the intersection of the three reference axes. Its position
was then expressed as a proportion of body length, calculated as the ratio of
the snout-to-COM distance to the snout-to-caudal peduncle distance, and as
a proportion of body depth, determined as the ratio of the dorsal surface-to-
COM distance to the dorsal-ventral span at the COM. The COB was established
via microcomputed tomography (nCT) of specimens preserved in 70% ethanol
and chemically contrasted with Lugol's iodine solution to enhance visualization
of the swim bladder (63). Fishes were CT-scanned head-down (64). Scanning
was performed using a Zeiss Xradia Versa 520 uCT system at an isotropic voxel
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resolution 0f27.7t0 57.1 pm (100 kV, 90 mA). Image acquisition and volumetric
reconstruction were executed using the Scout-and-Scan Control System and
Reconstruction Software (v.16.1). The swim bladder was digitally segmented in
3D Slicer (v.5.2.2) (65), and its centroid (COB) was computed as the mean X, Y,
and Z coordinates of the segmented volume using R (66). The COB was then
spatially registered to the whole-body scan, and its position was quantified in
the same proportional reference frame as the COM, relative to both body length
and body depth (SI Appendix, Table S1).

Model and Statistical Analysis. Descriptive statistics were computed for
kinematic variables and MO,. Mean values were compared across species
using a one-way ANOVA (@ = 0.05). Comparisons of MOpgyer and MOgpet
within each species were also conducted using one-way ANOVAs (& = 0.05).
Species were categorized into low and high MO, groups based on Tukey's HSD
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Moran's | tests (67, 68), which do not require branch lengths and rather use
tree topology. The Abouheif's C-statistic and P values were calculated with the R
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