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Abstract 
In this chapter, we outline the fundamental biomechanics of fish swimming. We 
introduce steady locomotion and the key parameters used to quantify it, detailing 
methods for estimating these parameters with a focus on body and caudal fin swimming. 
We also discuss the forces a fish encounters while moving through water and how its 
swimming motion counteracts these forces. Following this, we examine fin structure 
and function, highlighting their roles in stability, propulsion, and maneuverability, with 
particular importance for turning and vertical movements. Although unsteady behaviors 
are less understood, we summarize current insights and promising techniques for their 
quantification. Finally, we address the energetics of swimming and explore how bio-
mechanical and physiological characteristics might be affected by climate change.

Abbreviated terms

2A Maximum excursion, peak to peak amplitude.
f frequency, tail beat frequency.
T Period.
fps frames per second.
λ or k Wavelength.
V wave speed.
φ phase.
s arc length.
M, m mass.
Mi fraction of total mass in a segment of a fish.
Wi horizontal width of a segment of a fish.
Hi dorso-ventral height of a segment of a fish.
com center of mass.
κ 2D curva θ ture.
θi angle of curvature of a segment of a fish.
SVD singular value decomposition.
â(t) unit vector pointing along the primary axis of a swimming body.
κs traveling wave of curvature.
A(s) wave amplitude.
t time.
H Hilbert transform.
V̂ body wave speed.
L, BL body length.
BL s−1 body lengths per second.
U swimming speed of a fish.
Re Reynolds number.
μ dynamic viscosity.
St Strouhal number.
Sw swimming number.
v kinematic viscosity.
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λ*, or SW specific wavelength.
BCF body and caudal fin locomotion.
F inertial force.
Ca accelerated fluid.
ρ density.
AR aspect ratio.
Rturn turn radius or path curvature.
U(t) instantaneous linear speed.
Ac centripetal acceleration.
g gravitational acceleration.
Cg coefficient of normal acceleration.
MO2 rate of change in oxygen in a respirometry chamber relative to a 

fish’s mass.
b allometric coefficient.
2D two-dimensional.
3D three-dimensional.

1 Introduction

Fishes make up half of the vertebrate diversity on the planet and have a wide 
variety of different body and fin shapes (Nelson et al., 2016). Such diversity in 
morphology is also coupled with differences in swimming kinematics, per-
formance, and neuromuscular control. In this chapter, we aim to (1) reference 
some of the foundational work in the field while providing updates from the 
last 20 years of fish swimming research, (2) describe a standardized approach 
to calculating commonly used kinematic variables, (3) briefly link hydro-
dynamics, sensory biology, and comparative anatomy of fin and body struc-
tures to our current understanding of fish swimming, (4) summarize recent 
findings in fish energetics, and (5) reflect on future directions for studies of fish 
locomotion, particularly in the context of climate change.

We start with an introduction to the history of studying fish swimming to 
provide context before we address where the field is at now and where it is 
going. This section is not a full review of the field’s history, but rather an 
introduction or reminder of the lines of thinking that have guided the last 
century of fish swimming research.

This section is followed by a summary (Section 3) of commonly quantified 
dimensional and dimensionless swimming parameters and what they mean in 
the context of swimming performance. We then discuss swimming modes, 
which were originally classified by Breder (1926), but have since been 
reclassified as a continuum of locomotor behavior (Di Santo et al., 2021). 
Following our description of these parameters, we present methods for how to 
calculate them using the package fishmechr, an open source package for R 
(Tytell, 2025). Classification of locomotor behavior is an important area for 
future research as we move away from trying to force fishes into one of the 
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original swimming mode categories towards a more realistic and comprehen-
sive analysis of the diversity and occasional convergence of fish swimming 
kinematics, particularly when accounting for 3D movements. This section is 
written entirely within the context of steady swimming, and unsteady swim-
ming will be discussed later in Section 7.

The next section of the chapter (Section 4) briefly addresses forces that a 
fish experiences during swimming, which are binned into three groups: vertical 
forces (buoyancy and gravity), forward-backward forces (thrust and drag), and 
side-to-side or lateral forces. We also discuss viscous forces and how they 
affect larval fishes specifically. We then move on in Section 5 to discuss 
musculoskeletal dynamics during body-caudal fin swimming (axial locomo-
tion) in the context of muscle activation patterns. For more detail, see Chapter 
4 for a review on the structure and mechanics of fish tissues (Clark and 
Amarnadh, 2025).

Next, we pivot in Section 4 to a discussion of the contribution of the fins 
during steady swimming. This section is divided into small reviews of fin 
anatomy and function during steady swimming, including their roles as sta-
bilizers, primary propulsors, and sensory structures. In the last decade, it has 
become clear that fins are important not only because they produce forces, but 
also are used for mechanoreception. We consider this an important new 
addition to the chapter, but also see the review on how vision and the lateral 
line impact swimming in Chapter 5 (McHenry and Peterson, 2025).

We next provide a short description of some recent work on unsteady 
swimming (Section 7). We first summarize some of the classic and recent work 
regarding routine turning, which has historically received much less attention 
than fast-start or startle responses which are generally on the maximal side of 
turning performance. Fast start mechanics were extensively reviewed in a 
previous edition of this series (Wakeling, 2006). We also discuss vertical 
swimming, which has received little attention even though many fishes swim 
up and down in the water column routinely.

At several points throughout the chapter, we mention possible energetic 
costs in the context of both steady and unsteady swimming. In Section 8, we 
cover the basics of fish energetics, a field aimed at understanding how much 
oxygen fishes are using to perform daily tasks, in the context of swimming and 
station holding. Previous reviews provide additional species specific trends in 
energetics (Di Santo and Goerig, 2025; Lauder and Di Santo, 2015).

We end the chapter with ideas for future directions of fish swimming 
biomechanics and energetics research. Primarily, we suggest that future 
research should consider the effects of climate change on the morphology, 
biomechanics, and metabolism of fishes, all of which could have effects on 
persistence of currently threatened species. We provide examples of studies 
that have already began this pursuit, and ultimately advocate for a new inte-
grative field called EcoPhysioMechanics (Di Santo, 2022).
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2 A brief history of studying fish swimming

Humans have been observing and noting behaviors of fishes for thousands of 
years, with some of the earliest documented accounts tracing back to India 
around 2500 years ago (Webb, 1984). Much later, in the 4th century, Aristotle 
detailed his ideas on how fishes swim and observations of fish fins a series of 
texts: The History of Animals, Movement of Animals, and Progression of 
Animals (translations published as Aristotle, 1937a, 1937b, 1910). In the 
Renaissance, Rondelet expanded upon Aristotle’s ideas by considering the use 
of the body, fins, and swim bladder of fishes during swimming (Alexander, 
1983; Drucker and Summers, 2008; Rondelet, 1554). Borelli followed up on 
the work of Aristotle and Rondelet in the 17th century, hypothesizing that the 
paired pectoral fins of fishes are used for stability and maneuverability (Borelli, 
1680). However, Borelli assumed that these fins did not have any role in 
powering forward swimming, an idea in which many later studies have proved 
incorrect (Drucker and Summers, 2008). For more detailed information on the 
early history of studying fish swimming see Alexander (1983), and for similar 
information from the perspective of studying the contributions of the fins to 
swimming see Drucker and Summers (2008).

Later in the 19th century, the study of fish swimming captured the attention 
of more scholars. Pettigrew (1874) hypothesized that when fishes swim using 
body bending, the body waves are not propagated—rather they are standing 
waves characterized by specific ‘s’ bends. Soon afterward, however, new 
camera technology was used to show the opposite—waves of undulation do 
travel down the body and fins. By this time, methods and techniques for 
recording fast movements were improving, allowing for easier descriptions and 
quantitative analyses of fish swimming (Webb, 1984). See McHenry and 
Hedrick (2023) for a review of the many technological advancements that 
improved our ability to make kinematic measurements. Marey was the first to 
capture fish swimming through sequential photographs of rays, seahorses, and 
eels (Marey, 1894, 1890). Further development of cine-photography allowed 
François-Franck (1906) to observe the fluid flow around a fish by imaging 
India ink moving through the gills of a carp. Even though the ability to record 
fish and fluid movement for the first time was an exceptional step forward for 
understanding fish biomechanics, quantitative data was still lacking.

Early attempts at measuring quantitative parameters of fish mechanics 
began with Houssay in the early 1900s, who tried to estimate power during 
swimming by tethering fishes to a weighted apparatus and prompting them to 
swim forward to lift various weights (reviewed by Alexander, 1983). In the 
1920s and ‘30s, Sir James Gray began developing the first mathematical 
models of swimming fish, in which he treated the body as a series of segments, 
each with a measurable normal and tangential force, which are referred to in 
Section 4 as “resistive forces”. At the same time, he quantified some of the 
traditional kinematic parameters, such as the speed of the body wave and 
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forward swimming speed, from sequential photographs of fishes swimming 
through still water (Gray, 1933). He also made some of the earliest attempts to 
understand the neuromechanics of swimming through spinal cord transections 
in eels (Gray, 1935). This work not only provided evidence for new hypotheses 
on undulatory swimming, but also laid the foundation for early work investi-
gating how body waves are modulated in fishes. Other researchers, particularly 
Breder (1926) were beginning to make more detailed accounts of the diversity 
of fish swimming styles, making the first record in English of different 
swimming modes and gait transitions in fishes. These original classifications 
and their limitations are discussed in detail in Section 3 of this chapter.

Following the heightened interest in the mechanics and forces related to 
fish swimming, many new models and lines of inquiry emerged. Bainbridge 
developed a “fish wheel”, an early flume, to examine how swimming kine-
matics and tail motion depend on fish size (Bainbridge, 1963, 1958), Sir James 
Lighthill developed a theory of swimming forces that focused on the reaction 
of the fluid to the side-to-side acceleration of the body, now called elongated 
body theory or a “reactive” model (Lighthill, 1970, 1969, 1960), and T. Yao- 
Tsu Wu developed a different approach that allowed him to investigate how 
fins and body shape influence force balance of swimming fishes (Wu, 1971a, 
1971b, 1971c, 1971d). Robert Blake expanded these hydrodynamic models of 
propulsion to oscillating and undulating fins based on kinematics of diverse 
groups of fishes from mandarins to knifefishes (Blake, 2004, 1983a, 1981; 
Blake et al., 2009). For a comprehensive analysis on Blake’s work on the 
mechanics of median and paired fins, see Blake (2004) and his chapter from the 
original Fish Biomechanics text (Blake, 1983b). He also authored a book 
which focused entirely on summarizing the knowledge of the mechanics and 
hydrodynamics of fish swimming at the time (Blake, 1983c).

With growing advancements in technology and many new important con-
tributions to the field of fish biomechanics, researchers could begin to look for 
patterns to test and connect those patterns to the ecology and evolution of 
fishes more broadly. One of the foundational publications that spearheaded this 
line of thinking was Paul Webb’s (1975) monograph on hydrodynamics and 
energetics of fish swimming, later summarized for a general audience in Form 
and Function in Fish Swimming (Webb, 1984). In the review, Webb suggested 
that the design of fish bodies and fins (form) could be mapped to swimming 
functional traits, and that fishes could be specialists in cruising, maneuvering, 
or acceleration, or be generalists of all three. Webb worked with Daniel Weihs 
to review the performance costs associated with different forms and kinematics 
(Weihs and Webb, 1983). Webb published numerous reviews on the fins of 
fishes and their role in stability as well as steady and unsteady swimming 
maneuvers (e.g., Webb, 2006; Webb and Weihs, 2015).

Our chapter also covers the contribution of the fins to steady swimming and 
unsteady maneuvers, although in less detail than previous reviews. For 
exceptional reviews of the evolutionary history of the caudal fin of fishes and 

6 Fish Physiology



changes in anatomy over time, see Giammona (2021) and Lauder (2000, 1989). 
For more recent discussion of the anatomy of paired fins as well as their 
activation patterns and hydrodynamics, see Drucker and Lauder’s reviews 
(Drucker et al., 2006; Lauder and Drucker, 2004). For understanding how 
fishes manipulate flow passively (no muscular input) and actively (using fine 
motor control) with their bodies and fins, see Fish and Lauder (2017, 2006). 
Despite all of these reviews, the function and control of fins is still less well 
understood than that of the body. In particular, there is still room for more 
analyses regarding activation patterns in fin muscles, the evolution of fin 
structure as it relates to fin use across understudied groups of fishes, and the 
sensory role of the fins during swimming ( see Aiello et al., 2018; Hale et al., 
2022; Williams et al., 2013 for discussions of the sensory role of the fins).

Our chapter is meant to review the current ideas and questions related to the 
biomechanics of fish swimming and energetics, and particularly, to serve as a 
guide for new biomechanists entering the field. Notable additions to this edi-
tion include the introduction of fishmechr (Tytell, 2025), an open-source R- 
based workflow designed to standardize and demystify the analysis of 2D 
swimming kinematics, and a new section on the sensory functions of fins, 
complementing Chapter 5’s focus on the lateral line system (McHenry and 
Peterson, 2025). In response to pressing environmental challenges such as 
climate change and habitat degradation, we conclude our chapter by advocating 
for greater integration between biomechanists, conservationists, local stake 
holders, and policy makers. We describe EcoPhysioMechanics (Di Santo, 
2022)—a new integrative framework that emphasizes the collaboration 
between these groups and increased focus on the physiological effects of cli-
mate change—to understand how populations of fishes will respond to a 
changing world given the advantages or limitations of their swimming 
mechanics.

3 Steady locomotion

3.1 Traditional kinematic parameters

Most fishes swim by generating undulating waves along their bodies or fins, a 
motion that can be precisely analyzed through parameters commonly used to 
describe waves. Therefore, most of the parameters used to quantify swimming 
kinematics are also parameters of waves, including amplitude, frequency, 
wavelength, and wave speed (Fig. 1). The maximal displacement of a wave is 
called the amplitude (A). Although amplitude can be measured all along the 
body, the tail beat amplitude (often just called the “amplitude”) is typically 
measured at the tip of the tail (Fig. 1A). Amplitudes measured at other body or 
fin points are sometimes referred to as excursion (Fig. 1C). Amplitude is the 
distance from a central axis to the maximum excursion on left or right. The 
peak-to-peak distance, from maximum excursion on one side to maximum on 
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the other, is 2A, but is also occasionally referred to as amplitude. The other key 
parameter is the frequency (f), or the number of times the fin or body completes 
a cycle, which is the inverse of the period (T), or the time it takes for the point 
to complete one cycle, so that f = 1/T (see Fig. 5B, in Section 3.5. for an 
illustration). A cycle for oscillating points, for example, the tip of a fish’s tail, 
would be the movement of the tail from the location of its most extreme dis-
placement across the midline to the opposite location of extreme displacement 
and back. The tail tip of fishes is often thin compared to the body, and fins are 
often fairly transparent, thus making accurate tracking difficult. Paying special 
attention to the contrast of the tail when setting up cameras or using an off-axis 
camera viewing the fish from below may help resolve this during subsequent 
processing (see Section 3.5.1). When working with video data, the time 
component of the frequency will be represented by the number of frames it 
took for the point to complete a full cycle divided by the frame rate at which 
the behavior is filmed. For any point that is tracked on a fish, the frequency of 
oscillation can be calculated as 

=f
Number of cycles

Number of frames analyzed frame rate/

where f is frequency in Hertz (Hz) and the frame rate is the filming speed 
(e.g., 200 fps).

FIG. 1 Waves on a fish. (A) Motion of a fish tail, seen from above. (B) Motion of a ribbon fin, 
seen from below. (C) Midline of a fish, seen from below. The inset shows variables associated with 
calculating body curvature. Red dots indicate nodes of the body wave and the red arrow shows the 
movement of the propagating body wave, or wave along a fin, which is used to indicate wave 
speed. While amplitude (A(s)) is shown at the tail in panel A, it calculated for points along 
the body as well, as shown in C.
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Amplitude and frequency define the behavior of a single oscillating point 
along the body or a fin, but two additional parameters are required to under-
stand the traveling components of the wave: wavelength (λ) and wave speed 
(V). Wavelength is the distance between two adjacent crests or troughs of a 
wave (Fig. 1B), or in the case of a fish’s body, the distance between the peaks 
or midpoint crossings of the body undulation (see the red points on Fig. 1C). 
The wave speed V is the speed the wave moves along the body or fin, and is 
generally approximated as 

=V f .

Wave speed, wavelength, and frequency share a fairly consistent relation-
ship when assuming the parameter of interest is held constant. However, in 
fishes, the assumption of a strictly constant behavior is often violated; therefore 
the expected relationships among wave speed, wavelength, and frequency are 
not always observed when regressed against the swimming speed of the fish.

Frequency, wavelength, and wave speed are all related to the phase φ of the 
wave, or the fraction of the cycle. Phase starts at zero at the beginning of a 
cycle and increases to a maximum value (usually 1, 2π, or 360°) at the end of 
the cycle and then wraps back around to zero. The point at which phase is zero 
is arbitrary; often it is the point at which the excursion increases across zero, 
but sometimes it is at a peak in the cycle. Similarly, the maximum value, 
termed the modulus, of the phase, is a choice; here, we use phase mod 1, which 
corresponds to using phase values that cycle from 0 to 1. Phase is also com-
monly expressed mod 2π or mod 360, for 2π radians or 360° in a circle, 
respectively. Estimating the phase of the kinematic cycle can be challenging 
(e.g., see Revzen and Guckenheimer, 2008), but we outline a procedure in 
Section 3.5.

3.2 Traditional parameters and swimming performance

Each wave parameter—amplitude, frequency, wavelength, and wave 
speed—plays a role in determining the efficiency, speed, and maneuverability 
of fish swimming. For instance, a larger amplitude at the tail tip typically 
results in greater thrust, enhancing forward propulsion (particularly during 
acceleration, e.g., Akanyeti et al., 2017; Schwalbe et al., 2019). Higher fre-
quency, or the rate at which these waves are produced, can increase swimming 
speed but may require more energy, affecting endurance. Wavelength and 
wave speed influence how efficiently the fish can move through water 
(Anastasiadis et al., 2023; Nangia et al., 2017); a longer wavelength can reduce 
drag, while faster wave speeds allow rapid adjustments in direction and speed, 
critical for agile maneuvers. Together, these parameters interact to define a 
fish’s overall swimming performance and its ability to navigate complex 
environments (Fig. 2).
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FIG. 2 Swimming kinematics from a diversity of fish species. Colored points show five 
selected species, shown with silhouettes at the top with other species in gray points. The selected 
species represent diverse body shapes of fishes and are used to illustrate species differences in 
common metrics of swimming kinematics. (A) Tail beat frequency. (B) Tail amplitude. (C) Body 
wave speed. (D) Body wavelength. BL refers to body length. Modified from Di Santo et al. (2021).
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One of the simplest measures of performance is swimming speed, often 
measured in body lengths traveled per second (BL s−1). Using body lengths 
instead of a standard unit of measurement such as meters allows for perfor-
mance comparisons across body sizes and species. Body size, along with 
shape, kinematics, and internal mechanisms such as body stiffness, may 
account for differences in the effect of changing wave parameters on swim-
ming speed (Bainbridge, 1963, 1958; Hoover and Tytell, 2020; Hunter and 
Zweifel, 1971; Sánchez-Rodríguez et al., 2023; van Weerden et al., 2014). In 
most cases, swimming speeds recorded for most fishes are not free-swimming 
speeds but rather speeds set using flow tunnels. Therefore, swimming speed is 
often treated as a predictor of wave parameters and shown on the x axis, rather 
than an outcome of the swimming movements (van Weerden et al., 2014; 
Webb et al., 1984).

Fishes that swim by undulating their bodies and caudal fins tend to increase 
swimming speed by increasing tail beat frequency, rather than adjusting other 
parameters such as amplitude, which can reduce the cost of transport during 
steady swimming (Bainbridge, 1963; Di Santo et al., 2021; Hunter and 
Zweifel, 1971; Li et al., 2021; Sánchez-Rodríguez et al., 2023) (Fig. 2A). 
Similarly, for fishes that use fins rather than body undulations to swim, 
increased fin beat frequency typically results in increased swimming speeds 
(Drucker et al., 2006; Drucker and Jensen, 1996; George and Westneat, 2019; 
Webb, 1973).

The range of frequencies that fishes use for steady swimming also depends 
on body size. In general, smaller fishes use higher frequencies. For adult fishes 
below about 0.5 m in body length ( not including larval fishes), maximum tail 
beat frequency is limited by the maximum contraction speed of the muscles, 
and tends to peak at around 20 Hz (Sánchez-Rodríguez et al., 2023). At larger 
body sizes, the maximum frequency decreases inversely as body size increases 
(Sánchez-Rodríguez et al., 2023).

Similar to frequency, the speed at which a propulsive wave travels along the 
body is proportional to the swimming speed (Gray, 1933; Tytell et al., 2010; 
Wardle et al., 1995), but propulsive wave speed is faster than the swimming 
speed of the fish (van Weerden et al., 2014) (Fig. 2C).

Shark locomotion is similar to that of bony fishes that use their body and 
caudal fin to swim, but with several key differences (Lauder and Di Santo, 
2015). Like bony fishes, most species swim using body undulations, where 
waves of lateral bending travel down the body to generate thrust (Webb and 
Keyes, 1982). Median and paired fins actively contribute to control, helping to 
balance pitch, roll, and yaw, with pectoral fins reoriented during maneuvers to 
generate torques and dorsal fins assisting in stabilization. Unlike most bony 
fishes, a defining feature of shark propulsion is their heterocercal tail, which 
produces a downward-inclined momentum jet that induces a pitching torque 
around the center of mass, counteracted by lift forces from the body and head 
to maintain a stable trajectory (Wilga and Lauder, 2002). Additionally, shark 
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skin is covered in dermal denticles that modify boundary layer flow; experi-
mental work suggests these structures reduce drag and may enhance thrust on 
oscillating surfaces (Oeffner and Lauder, 2012).

Many researchers have attempted to quantify the efficiency of swimming, 
particularly as a way to compare fish or fish-like robots to man-made devices 
with propellers. For a propeller, efficiency is often measured as a Froude 
efficiency, or the ratio of “useful power” (typically the thrust force multiplied 
by the speed) to the total power. A propeller can be tested separately from a 
hull, which allows a clear definition and measurement of thrust separately 
from drag, but the same is not true of a fish. One cannot separate a fin and 
measure the thrust it produces separately from the drag on the body, which 
makes both the definition and measurement of thrust challenging for fishes. 
See Schultz and Webb (2002) and Tytell (2007) for detailed discussions of 
these challenges.

However, there are commonly used metrics that are related to the efficiency 
of swimming. In the context of wave speed, efficiency should increase as the 
propulsive wave speed gets closer to the swimming speed. To quantify this 
effect, researchers use a dimensionless metric called the slip ratio, defined as 

=Slip ratio
U

V

where U is the swimming speed of the fish and V is the propulsive wave speed 
(Lighthill, 1970). Slip ratios that are closer to 1 indicate more efficient 
swimming as the propulsive wave speed matches or is close to the forward 
swimming speed of the fish, suggesting that input power is not lost to the wake. 
However, simulations show that higher slip ratios also may limit a fish from 
making efficient maneuvers out of a steady swimming bout (Yu et al., 2013, 
2012). The average slip ratio is ∼0.7, but it can vary substantially depending on 
the species and behavior (Videler, 1993). To further complicate this idea, the 
propulsive wave speed is not always consistent along the length of a fish. For 
example, Di Santo et al. (2021) found that for thunniform fishes, wave speed 
decreased along the body, resulting in lower speeds at the tail tip. In other 
species such as eels, stiffening of the caudal region increases the wave speed, 
which is thought to then increase swimming speed or decrease the energetic 
costs of body bending from head to tail at a particular speed (Long, 1998). To 
better understand the importance of changing wave speed along the body, more 
work investigating hydrodynamic advantages, body stiffness, and other internal 
mechanisms of propulsive wave modulation is necessary.

In contrast to frequency or wave speed, the tail beat amplitude and body 
wavelength typically do not correlate well with steady swimming speed 
(Fig. 2B and D). Tail beat amplitude is often lower at the lowest swimming 
speeds, but at higher speeds, it tends to remain fairly constant (Bainbridge, 
1963; Di Santo et al., 2021; Videler, 1993; Webb and Weihs, 1986). Com-
putational work by Li et al. (2021) suggested that increasing swimming speed 
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by modulating frequency alone may be more energetically efficient than also 
altering body amplitude. In general, amplitude tends to change along the body 
in a ‘U’ shaped pattern, with the highest amplitude at the tail, a lower 
amplitude at the head, and the minimum amplitude somewhere in the anterior 
two thirds of the body (Di Santo et al., 2021). There may be species-specific 
differences in this pattern: for example, hagfishes have generally higher body 
and head amplitudes than similarly shaped eels (Akanyeti et al., 2017; Di Santo 
et al., 2021; Gillis, 1998; Jayne and Lauder, 1995a; Lim and Winegard, 2015). 
Additionally, different species of hagfishes show different relationships with 
tail beat amplitude while increasing swimming speed—Myxine glutinosa, a 
burrowing specialist, increases amplitude at the tail tip while Eptatretus stoutii, 
a more free swimming hagfish, decreases tail beat amplitude (Lim and 
Winegard, 2015). Head amplitude also appears to differ across many species 
although it does not seem to impact swimming speed (Di Santo et al., 2021). In 
contrast to fishes that swim mainly with their bodies, for some species that 
swim with undulatory fins, fin amplitude is closely correlated with swimming 
speed (Li et al., 2005; Ruiz-Torres et al., 2013; Youngerman et al., 2014).

Similarly, body wavelength does not correlate well with swimming speed in 
many species. It was originally thought to vary primarily with body shape, with 
elongate fishes tending to use a shorter wavelength than other species. For 
example, eels and other elongate fishes use shorter wavelengths than tuna 
(typically ∼0.75 BL and >1.1 BL, respectively), and some species seem to 
have more variability in wavelength than others (Di Santo et al., 2021; Long 
and Nipper, 1996). Moreover, shallow-bodied species tend to have shorter 
wavelengths than deeper bodied species (van Weerden et al., 2014). These 
differences were often categorized into “swimming modes,” which we discuss 
later in the chapter. Recently, however, more careful examination indicates that 
body wavelength may correlate more strongly with swimming speed than 
previously recognized (Anastasiadis et al., 2023; Stin et al., 2024). In elongate 
fishes, body wavelength tends to increase with increasing swimming speed 
(Stin et al., 2024). Some species (such as African aba, Gymnarchus niloticus) 
that undulate a long ribbon fin to power swimming, also increase wavelength 
as swimming speed increases (Li et al., 2005).

3.3 Swimming modes

The diversity of body and caudal-fin (BCF) locomotion has traditionally been 
categorized into discrete swimming modes, each defined by specific kinematic 
and morphological characteristics. The major categories—anguilliform, sub-
carangiform, carangiform, and thunniform modes—were first introduced by 
Breder (1926) and later expanded upon by Lighthill (1969), who provided a 
theoretical framework for understanding these modes in terms of hydro-
dynamics. For example, anguilliform swimmers, such as eels, are characterized 
by their ability to undulate nearly the entire length of their body, whereas 
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thunniform swimmers, like tuna, are believed to generate thrust primarily 
through movements of the caudal fin, with minimal oscillation of the body. 
This classification has been widely accepted and used to describe and predict 
the swimming behaviors of a wide range of fish species (Lauder and Tytell, 
2006; Sfakiotakis et al., 1999; Webb, 1984).

However, recent studies, including a comprehensive analysis of 43 fish 
species (Di Santo et al., 2021), challenged the validity of these discrete cate-
gories. The findings reveal that the kinematics of undulatory swimming do not 
conform to these traditional modes. Instead, the swimming behaviors of fishes 
represent a continuum with wide overlap of locomotor strategies, rather than 
distinct and separate categories. Fig. 3 shows the classic divisions in swimming 
modes, but note how similar the kinematics are, particularly for the sub-
carangiform through thunniform modes. This continuum is evident when 
examining key kinematic parameters, such as body wavelength, oscillation 
amplitude, and head-to-tail amplitude ratios. Contrary to the expected decrease 
in head-to-tail amplitude from anguilliform to thunniform modes, the data 
show significant overlap in these parameters across species with varying 

FIG. 3 Continuum of swimming modes, increasing from short to long body wavelengths. 
Traced outlines of swimming fishes representing the four categories of undulatory swimming and 
their corresponding midline traces from experimental data. The fish outlines are shown swimming 
forward with each shaded outline showing progression over time. The midlines represent the body 
of the fish tracked from snout to tail over a tail beat cycle with different color lines indicating time. 
Fishes swam between 1.6 body lengths per second (BL/s) and were comparable lengths (20–25 cm 
total length). The four genera and their general body shapes representing the four classical modes 
are Anguilla (eel, anguilliform), Lepomis (sunfish, subcarangiform), Scomber (mackerel, car-
angiform), and Euthynnus (tuna, thunniform). This figure is adapted and modified from Lauder and 
Tytell (2006). Midline and kinematics outlines are based on data from Tytell and Lauder (2004), 
Tytell (unpublished), and Donley and Dickinson (2000).
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morphologies. For example, both eels (anguilliform) and tuna (thunniform) do 
not differ significantly in head-to-tail amplitude ratios during steady swim-
ming, a finding that contradicts the long-held assumption of distinct locomotor 
modes (Di Santo et al., 2021).

The concept of a continuum in fish swimming modes is further supported 
by the variability observed within species traditionally classified into the same 
category. Analysis showed that species classified as subcarangiform or car-
angiform displayed a wide range of kinematic behaviors that often overlapped 
with those of anguilliform and thunniform swimmers. For instance, species like 
the Atlantic salmon (Salmo salar), typically classified as subcarangiform, have 
swimming kinematics more similar to anguilliform species, with a shorter 
propulsive wavelength and higher head amplitude than expected. This varia-
bility underscores the limitations of using rigid categories to describe fish 
locomotion and highlights the need for a more nuanced understanding of 
swimming mechanics that considers the full spectrum of locomotor strategies 
(Akanyeti et al., 2022, 2017; Di Santo et al., 2021).

In fact, Di Santo et al. (2021) found that the amplitude of the undulating 
wave in 92 % of tested individuals was well described by a second order 
polynomial curve. In a robotic model, using a similar increasing amplitude 
wave required substantially less energy to swim at the same speed as a robot 
that used a constant amplitude along the body (Anastasiadis et al., 2024). This 
approach not only identifies common locomotor strategies across species, but it 
also clarifies how fishes achieve propulsion efficiency by optimizing body 
wave patterns to minimize drag and maximize thrust during swimming. By 
capturing the nuances of amplitude variation along the body, the model reveals 
how different species, regardless of their morphology, fine-tune their body 
movements to maintain energy-efficient propulsion, adjusting their swimming 
mechanics to varying environmental conditions (Di Santo and Goerig, 2025).

While the traditional classification of fish swimming modes has been 
instrumental in advancing the understanding of fish biomechanics, it is 
increasingly clear that this framework is too simplistic to capture the com-
plexity of fish locomotion. The findings advocate for a shift towards recog-
nizing the continuum of swimming strategies employed by fishes, which better 
reflects the diversity and adaptability of these animals in their aquatic envir-
onments. This continuum perspective not only enhances the understanding of 
fish biomechanics but also has practical implications for fields such as fisheries 
management, conservation, and the design of biomimetic robots, where 
accurate representations of fish locomotion are critical (Castro-Santos et al., 
2022; Lauder, 2022).

3.4 Dimensionless swimming parameters

Dimensionless parameters are a very important way to compare the relative 
importance of certain effects. They are ratios of parameters in the same units 
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(also called “dimensions”), structured so that the units cancel out, and the final 
parameter has no units (hence, it is called “dimensionless”). Dimensionless 
parameters are therefore independent of the original units of measurement. See 
Barenblatt (2003) for an introduction to dimensionless parameters and 
dimensional analysis.

A crucial dimensionless parameter for understanding swimming fish is the 
Reynolds number, a ratio of inertial and viscous forces in a fluid. It char-
acterizes the physical interaction fishes have with the fluid. Water is a dense, 
incompressible fluid and the size and speed of the fish moving through that 
fluid greatly impacts the way fluid moves around a fish. The Reynolds number 
(Re) is defined as 

µ
= UL

Re

where ρ is the density of the fluid at a given temperature and salinity (kg·m−3), 
U is the flow speed (m·s−1), L is a characteristic length (typically the length or 
width of the fish or the diameter of an object; in m), and μ is the dynamic 
viscosity of the fluid at a given temperature and salinity (N·s·m−2). High Re 
means that inertial forces are stronger than viscous forces, and also indicates 
whether the flow around the fish is laminar or turbulent (Fig. 4A). If the 
Reynolds number is less than about 1, viscous forces predominate. For fishes 
with a Re in this range, it likely feels like swimming in honey and flow around 
the fish will remain laminar. For a Reynolds number that is about 1000 or 
greater, inertial forces dominate. In this case, the flow around a fish will 
continue to move freely until it is disturbed, causing turbulent flow. In the 
middle of the two extremes (1 < Re < 1000) there is a range of transient flow 
that is neither strictly laminar or turbulent. In general, a small and slow 
swimmer will experience viscous forces while a large and fast swimmer will 
experience inertial forces (Videler, 1993). Despite the differences in types of 
forces, from mostly viscous forces while in larval form, to inertial forces later 
in development, undulatory movements of the body allow fishes to produce 
thrust (McHenry and Jed, 2003; Müller et al., 2008; Taylor, 1952; Videler, 
1993). See more on the Reynolds number in Vogel (1994).

The Reynolds number also predicts whether the wake, or flow behind a 
fish, will be laminar or turbulent. For a cylinder with Re greater than 1, the 
wake normally takes the form of a von Kármán street, which consists of pairs 
of counter-rotating pockets of water called vortices (Fig. 4B). For fishes, 
however, the wake produced is a reverse von Kármán street, with the direction 
of circulation opposite that of the traditional von Kármán street (Fig. 4B). To 
understand how vortex shedding impacts fish swimming performance, and 
classify the behavior of the wake, another dimensionless parameter is used: the 
Strouhal number (St).
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The Strouhal number was originally developed to quantify how stationary 
bodies in a flow shed vortices (like the cylinder in Fig. 4B) (Triantafyllou et al., 
1993, 2000, 1991). The Strouhal number is defined as 

=St
fA

U

2

where f is the tail beat frequency (in Hz or s−1), A is the tail beat amplitude (in 
m; Fig. 1A), and U is the average swimming speed of the fish (in m s−1). It is 
defined relative to the total width of the wake, approximated by the peak-to- 
peak amplitude of the tail, which is 2A. Triantafyllou et al. (1993) and later 
Taylor et al. (2003) suggested that the swimming efficiency would be highest 
when a fish uses a Strouhal number near 0.3. The shape and kinematics of the 
trailing edge, either in the case of a caudal fin of a fish or a flapping hydrofoil, 
impacts the timing and shape of shedding vortices (Lauder, 2000; Nauen and 
Lauder, 2002; Wang et al., 2022). Furthermore, the swimming speed of the 
fish, wave properties of the body, and median paired and unpaired fin wakes 
also change patterns of the wake behind the fish (Müller et al., 2001, 1997; 
Nauen and Lauder, 2002; Tack et al., 2024; Tytell, 2006; Tytell et al., 2008; 
Tytell and Lauder, 2004). The wake around a fish greatly impacts its propul-
sive efficiency as the wake may impart higher drag, amplify jets to produce 
thrust, or in some cases produce lift (Godoy-Diana and Thiria, 2018; Lauder, 

FIG. 4 Reynolds number and von Karman wakes. (A) Schematic of flow in laminar, inter-
mediate, and high Reynolds number ranges. (B) von Karman wave from a bluff body and a reverse 
von Karman wake from a swimming fish where blue and orange regions indicate clockwise and 
counterclockwise vorticity, respectively.
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2000; Lucas et al., 2020; Tack et al., 2024; Wilga and Lauder, 2002). Within a 
narrow range of St between 0.2 and 0.4, the reverse von Kármán street gen-
erated by the flapping tail acts as to amplify hydrodynamic instabilities in the 
unsteady wake, producing more thrust with less motion, and leading to higher 
performance (Moored et al., 2012; Triantafyllou et al., 1993). The measured 
range of St associated with peak efficiency for fishes, marine mammals, and 
even fliers is between 0.2 and 0.4, with most large fishes swimming at a St 
around 0.3 (Eloy, 2012; Rohr and Fish, 2004; Saadat et al., 2017; Taylor et al., 
2003; Triantafyllou et al., 1993, 2000, 1991).

Although many researchers calculate Strouhal number based on body 
movement, in its original use, it is related to vortex shedding, which is a high 
Reynolds number effect. For small fishes at lower Re, we can calculate St, but 
its influence on swimming seems to be less clear. Indeed, the relationship 
between St and the Reynolds number is weak in the laminar regime (Re < 1), 
St Re−1/4 meaning that St tends to become larger for smaller or slower 
animals (Gazzola et al., 2014).

The Strouhal number is related to swimming efficiency as it combines 
“input” parameters (such as frequency and amplitude of tail oscillations) with 
an “output” parameter (swimming speed). This relationship provides insight 
into the effectiveness of energy transfer from body movement to propulsion. 
Gazzola et al. (2014) attempted to isolate purely “input” parameters with a 
dimensionless parameter they called the swimming number Sw defined as 

=Sw
fAL

v

2

where f is tail beat frequency, A is tail beat amplitude, L is the length of the 
fish, and v is the kinematic viscosity (Gazzola et al., 2014). The swimming 
number is essentially a transverse Re, or the Reynolds number of the side-to- 
side motion of the tail, and for high Reynolds number swimmers, SwRe
(Gazzola et al., 2014). Sw allows for the connection of undulatory motions of a 
swimmer (the “input”) to the measured swimming speed through the traditional 
Reynolds number (the “output”). For swimmers in the laminar regime, 

SwRe 4/3 (Gazzola et al., 2014).
Strouhal number and swimming number are related to the motion of the 

tail. To characterize the body motion or waves on a fin, some researchers have 
developed dimensionless parameters related to the wavelength. For instance, 
Bale et al. (2015) and Nangia et al. (Nangia et al., 2017) estimated the specific 
wavelength λ*, defined as 

=
ã

*

where λ is the wavelength on the f, and ã is the average amplitude of waves 
across the body or fin. They referred to the specific wavelength as SW, but to 
avoid confusion with the swimming number Sw, we suggest λ*. Similar to 
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Strouhal number, swimmers tend to use specific wavelengths that fall within a 
relatively narrow range that seem to be related to propulsive thrust or effi-
ciency. For species that swim using a traveling wave on their body, λ* is 
typically close to 10 (Nangia et al., 2017), while for those that use their fins to 
swim, λ* of the fins tends to be close to 20 (Bale et al., 2015). Bale et al. and 
Nangia et al. collected data from a wide range of species and sizes, and they 
suggest that these values of λ* are optimal for thrust production.

3.5 Computing kinematic parameters

To estimate the kinematic parameters, researchers generally take high speed 
video of fish swimming and then digitize points along the midline of the body 
(e.g., the blue points in Fig. 1C).

3.5.1 Take good videos
To estimate kinematics accurately, one must have clear video that shows the 
movement of interest. Roche et al. (2023) provided detailed guidelines for esti-
mating kinematics for fast starts, much of which is relevant here. We briefly 
summarize these guidelines. First, decide if you need 2D or 3D data. For 2D data, 
we recommend a single camera placed either above or below the tank, perpen-
dicular to the swimming direction. If you take video from above, you may want to 
place a sheet of clear plastic on the surface of the water to minimize wave dis-
tortions. For 3D data, you will need two or more synchronized views, ideally 
separated by angles of approximately 90°. To estimate the 3D location of a point, 
you will need to be able to identify that point unambiguously in at least two 
camera views. Points like the eye or the tip of a specific fin ray are good; points 
like the “the middle of the peduncle” are not as good. Hedrick (2008) describes a 
method and a software package that aids in identifying corresponding points in 
multiple views and then triangulates the 3D location.

Next, set your camera parameters. This process is usually a compromise 
between high enough frame rates and exposure speeds, lighting, focus, and the 
camera aperture (also called F-stop). Start by selecting a frame rate and exposure 
duration (sometimes called the “shutter speed”). Around 100 frames per second 
and 2–5 ms exposure duration is appropriate for many fish and behaviors. Higher 
frame rates and lower exposure durations will be typically be necessary for smaller 
fish or faster behaviors. Be careful to choose a exposure duration that will avoid 
motion blur for the fastest movements. Next, choose an aperture (also called 
F-stop). Larger apertures (corresponding to lower F-stop numbers) let in more 
light, but also have a narrower depth of focus. Things that are too close or too far 
from the camera will be out of focus. Smaller apertures (higher F-stops) let in less 
light but will be easier to maintain focus. You can alleviate some of these chal-
lenges by making sure you have bright enough illumination. Many scientific 
cameras are sensitive to infrared light that fish cannot see, which means that you 
can use very bright infrared lights without affecting fish behavior.
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3.5.2 Digitize points on the body
Once you have clear videos, you must digitize points along the body. This can be 
done manually, using programs like DLTdv (Hedrick, 2008), or semi-auto-
matically using computer vision techniques (e.g., DeepLabCut: Mathis et al., 
2018; Mathis and Mathis, 2020; SLEAP: Pereira et al., 2022). Sometimes the 
outline of the body is easiest to see, and then you can digitize the left and right 
sides and then estimate the midline (e.g., Jayne and Lauder, 1995b); in other 
cases, there are clear features along the midline that can be digitized directly.

The number of points that need to be digitized depends on the kinematic 
parameters to be estimated. To estimate frequency, you only need one point at the 
tip of the tail or any posterior location. To estimate tail beat amplitude, you need a 
minimum of three points: the snout, a point near the center of mass, and the tail tip. 
With these three points, you will be able to estimate a central location and a central 
axis, as detailed below. Finally, to estimate the body wavelength, you need a 
minimum of about four points per wavelength. For eels or anguilliform swimmers 
that tend to have slightly more than one wave along their bodies, that means that 
you probably need at least six points along the body. For carangiform swimmers 
that have a longer wavelength, you may be able to use fewer points.

Once you have digitized midlines, there are a number of important steps to 
estimate the kinematics accurately based on midlines. Many researchers have 
developed their own procedures and code. To streamline future work, we have 
developed an R package (fishmechr: Tytell, 2025) that performs all of the 
calculations described below. Our suggested workflow is detailed below. 

1. Compute the arc length along the curve of the body.
2. If the points are not consistently at the same arc length, interpolate the 

points so that each one is at a consistent point on the body. It is often useful 
to do some smoothing as part of this step.

3. Compute a center location. Ideally this is the center of mass, but it could be 
approximated in a variety of ways.

4. Compute the body curvature or excursion relative to a central axis.
5. Estimate the phase of the oscillation at each point. You can either detect 

peaks and zero crossings or use a mathematical technique called the Hilbert 
transform.

6. Use temporal and spatial derivatives of the phase to estimate the oscillation 
frequency, body wavelength, and body wave speed.

7. Based on the phase, identify individual undulation cycles. Within each 
cycle, you can identify the range of body excursion or curvature to compute 
the amplitude.

This workflow differs from some previous approaches in two main ways. 
First, it does not assume that the fish is swimming along the horizontal or 
vertical axis in the video. It can work with videos of freely swimming fishes, 
including ones in which the fish swims along a curved path, as well as videos 
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taken in a flow tunnel. Second, it estimates the phase for each point along the 
body, which allows a straightforward estimation of cycle-by-cycle kinematic 
parameters (such as amplitude) or merging with other data sets, like electro-
myographic data, that may contain information that is related to the cycle. We 
suggest estimating phase using the Hilbert transform, a Fourier-based tech-
nique that incorporates information about the entire waveform, rather than just 
detecting features like peaks. Using peaks or other features of the waveform to 
estimate phase, frequency, or amplitude is prone to error, because any erro-
neous peak detected leads to large errors in frequency or amplitude. See 
Revzen and Guckenheimer (2008) for a detailed discussion of phase and 
procedures for its estimation.

3.5.2.1 Compute arc length

Most kinematic variables are best specified in terms of arc length s (Fig. 1C), 
the distance along the curve of the body from the head to a particular point i: 

= +
=

s x x y y( ) ( )i
j

i

j j j j
2

1
2

1
2

where (xi, yi) is the location of point i. Using arc length is better than something 
like the x coordinate for two reasons. First, a fish does not often swim precisely 
along an axis, which means that the points would need to be rotated. Second, 
many fish swim with relatively large amplitude motions, which means that the 
distance along the curve is significantly larger than the distance along the 
swimming direction, particularly near the tail where amplitudes are higher.

3.5.2.2 Interpolate points for a consistent position

Ideally, we want each point to represent a consistent location on the fish’s 
body. Particularly with fishes that do not have clear landmarks along the body, 
we may be able to mark the middle of the body easily, but at points that may 
slide along the fish’s length. We can use a spline to interpolate points at a 
consistent location. Additionally, digitized points often have some error. As 
part of the interpolation process, we can use a smoothing spline to smooth out 
some of that error. See examples in the fishmechr package (Tytell, 2025).

3.5.2.3 Estimate a center location

The center location is a weighted average location and may not be located 
exactly on the fish’s body (Fig. 1C). During undulatory swimming, all points on 
a fish’s body move laterally as well as forward, meaning that you may introduce 
errors if you use a specific anatomical point as a reference for the kinematics or 
the swimming speed. Instead, we suggest using one of the metrics below. For a 
midline defined by x and y coordinates, there are four main ways to identify the 
center location, also referred to as the center of mass (COM). 

Biomechanics and energetics of swimming 21



1. If mi is the mass of segment located between (xi, yi) and (xi+1, yi+1), then 
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where M is the total mass of the fish. If you know the mass distribution but 
not the true masses of segments, you could also let M be 1 and then mi 

would be the fraction of the total mass in segment i.
2. If you do not know the mass distribution, then you can approximate mi in 

several ways. The best is to use the width and height of the body. If the 
body, without the fins, has an elliptical cross section, where wi is 
the horizontal width and hi is the dorso-ventral height at point i, then the 
volume of the segment from (xi, yi) and (xi+1, yi+1) is 

= + + +V s w h w h h w w h( 1/2 1/2 1/3 )i i i i i i i i i i

where = +s s si i i1 , = +w w wi i i1 , and = +h h hi i i1 . Then we 
approximate m Vi i, where ρ is the density of the fish, which we assume 
here to be constant, so that 
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3. Often the width is visible from a camera from above or below, but the 
height is not known. If the height does not vary greatly, a reasonable 
approximation is that m wi i, so that 
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4. Choose one point along the body to use as the center. This could be the 
snout or a point close to the center of mass. This has been called the 
“stretched-straight center of mass”, but tends to give inaccurate estimates of 
velocity or acceleration (Roche et al., 2023).
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3.5.2.4 Estimate curvature or lateral excursion

Curvature: The 2D curvature of the midline in the horizontal plane is often 
a useful variable to compute. It can be thought of in two different ways. First, it 
is the inverse of the radius of curvature: the radius of a circle drawn through 
three successive points (Fig. 1C, inset). The smaller the radius of curvature, the 
sharper the body bend, and the larger the value of k. This estimate for curvature 
is defined as 
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Second, it is the spatial derivative of the angle of each segment (Fig. 1C, 
inset). If a segment at arc length s has an angle θ (in radians) to the horizontal 
axis, then the curvature is 

=k
s

The angle for segment i is = + +y y x xtan ( , )i i i i i
1

1 1 .
Although both formulas are mathematically equivalent, they have slightly 

different properties depending on the measurement error on the x and y posi-
tions.

Lateral excursion: One can also estimate the body phase, and then the 
wavelength and wave speed, based on the excursion of the body relative to a 
primary axis, or the direction the fish is swimming. We suggest using the 
singular value decomposition (SVD) to estimate the primary axis, then using a 
low-pass filter to remove any oscillations at the tail beat frequency or higher. 
Start with a matrix X of x and y coordinates of points along the body at a 
specific time: 
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where the subscript indicates the size of the matrix (n points along the body by 
2 coordinates).

First, center each axis by subtracting the location of the center of mass or 
the mean of each column, to produce a matrix, XC centered around 0. Then the 
singular value decomposition allows you to write the matrix in the form 

=× × × ×X U Vn
C

n n n
T

2 2 2 2

The matrix V2×2 then represents the principal axes of the body in that 
frame, one parallel to the main body axis and one perpendicular. The matrix 
can be estimated at each time point, to produce a time-varying matrix V(t).
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Assuming the amplitude is relatively small, the first column of V represents 
a unit vector pointing along the primary axis of the body (which we call tâ( ); 
Fig. 1C) and the second column is a unit vector normal to the primary axis.

We suggest using a low pass filter with a cutoff frequency below the tail 
beat frequency to smooth the components of the tâ( ) vector, making sure to 
normalize it after smoothing. See implementation details below.

3.5.2.5 Estimate phase

To estimate the undulation frequency, body wavelength, and wave speed, 
consider a simple equation for the midline. Fish swim using a traveling wave of 
curvature κs or lateral excursion defined at an arc length s along the body as 

=s t A s
s

ft( , ) ( ) cos 2 (1) 

where A(s) is the wave amplitude, λ is the wavelength, f is the oscillation 
frequency, and t is time. In this case, the phase of the oscillation φ(s, t), or the 
fraction of a cycle completed at a particular point along the body and time is 
approximately equal to the argument of the cosine, =s t s ft( , ) 2 [ / ]. If 
the amplitude A varies over quickly over time or space, this approximation may 
not be exactly correct.

If we can estimate the phase accurately, then we can use a spatial derivative 
(i.e., with respect to s) to estimate λ, the body wavelength, and a temporal 
derivative (i.e., with respect to t) to estimate f, the undulation frequency. 
Therefore, estimating phase of the points along the body, specifically at the tail, 
provides better temporal resolution compared to counting tailbeats across a set 
number of frames. Estimating phase also makes it easier to compare the timing 
of movement across points of interest on the body and fins. See Fig. 5 for an 
illustration of the phase and its derivatives.

Below, we describe two methods for estimating phase.

3.5.2.6 Use the Hilbert transform

One convenient and relatively robust way to estimate the phase of each body 
point involves the use of the Hilbert transform , a procedure that uses the 
Fourier transform to estimate a periodic signal that is 90° shifted relative to 
another. In essence, given a cosine signal, the Hilbert transform returns the sine 
with the same amplitude and frequency. The utility of this operation is that it 
lets us estimate the “analytic signal”, a complex-valued signal where the 
magnitude of the complex number is the amplitude of the wave, and the phase 
angle of the complex number is the phase of the signal. For example, the 
analytic signal of the curvature κ would be 

= +s t s t i s t( , ) ( , ) { ( , )}*
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where i is the imaginary number. (Note that the hilbert function in R and 
Python returns the full analytic signal, not just the imaginary component as 
written above). For a complex number C = a + ib, the magnitude is denoted by 

= +C a b[ ]2 2 1/2 and the phase angle is denoted by ∠C = tan−1(b/a).
One can also estimate the analytic signal using the Hilbert transform for the 

lateral excursion of the body z(s, t), where z is the lateral position of a point on 
the body, relative to the central axis of the body, as described above.

The analytic signal thus provides an estimate of the phase can be estimated 
as a continuous function of both time and position along the body. Other 
techniques for estimating phase require identifying particular features in the 
signal (such as peaks or zero crossings) and therefore do not estimate phase as 
a continuous signal. The estimated phase ˆ is thus 

=s t s tˆ ( , ) ( , ).*

For a traveling wave, this phase, as estimated here, is equal to the argument 
of the cosine function from the traveling wave Eq. (1), =s t s ftˆ ( , ) 2 [ / ].

FIG. 5 Phase along the body of a swimming fish. (A) Midline of the fish, seen from above, 
highlighting two points (blue circle and open black diamond). (B) Side-to-side excursion of the two 
points, showing the cycle period T. The vertical line indicates the time of the midline in panel A. 
(C) Phase of the points along the body relative to arc length, showing the body wavelength. 
Decreasing phase along the body indicates that the wave is traveling backward. The slope of the 
line is equal to 1/λ. (D) Phase of the two points relative to time, showing the cycle period and the 
frequency f (the slope of the lines). While phase ranges from 0 to 1 here (denoting a cycle), note 
that the bounds could also be 0° to 360°, or 0 to 2π.
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The Hilbert transform only works well for this analysis with signals that are 
centered around zero and consist of many relatively smooth tailbeats. To use 
the Hilbert transform on a lateral position, it is important to subtract a baseline 
value or use a high pass filter to ensure that the signal is centered around zero.

Similarly, if the signal is noisy, the phase ˆ will not increase steadily and the 
derivatives used to estimate f̂ and ˆ will not be meaningful. It is best to filter the 
input signal using low pass filter (which removes high frequency noise) or a 
bandpass filter (which removes both slow fluctuations that are not related to the 
tail beat and high frequency noise) so that the oscillations are smooth.

The complex phase angle, as defined above, typically increases from -π to π 
(or from 0 to 1, as shown in Fig. 5C and D) and then jumps back to (or 0). 
To estimate frequency or wavelength, before performing the derivatives, one 
should estimate a smoothly increasing phase (which we will refer to as tˆ ( )c ) 
using the function unwrap (a standard function in modern programming lan-
guages), which searches for jumps and removes them.

3.5.2.7 Detect peaks and zero crossings

We can also estimate phase by detecting specific features in the oscillation, 
such as peaks or zero crossings, and then interpolating a continuous value for 
the phase using a spline curve. For a cosine function, as above, a positive peak 
has phase =ˆ 0, a downward zero crossing has phase /2, a negative peak 
(i.e., a trough) has phase , and an upward zero crossing has phase 3 /2. By 
identifying these features and their corresponding phases (e.g., marked at 
“period” in Fig. 5B), one can then interpolate a continuous phase.

Using this method requires careful error checking. Peaks can be identified 
erroneously, particularly if there is noise in the signal. We recommend using a strong 
smoothing filter on the curvature or lateral excursion before estimating phase. See 
examples and numerical details in the R package fishmechr (Tytell, 2025).

3.5.2.8 Use the phase to estimate frequency and wavelength

We can then use the estimated phase to compute the frequency and wavelength 
by taking derivatives in time or space (Fig. 5C and D), respectively, 

= =f t
t

s t t
s

s tˆ ( )
1

2
ˆ ( , ) and ˆ ( ) 2 ˆ ( , )c s c

1

where =t tˆ ( ) unwrap[ ˆ ( )]c . Estimated this way, frequency should be the 

same at every point along the body. Therefore, you can average f̂ across the 
body or choose a single point along the body (usually the tail) to use as 
the estimate of frequency. The body wave speed V̂ is the product of the two: 

=V t s t f tˆ ( ) ˆ ( , ) ˆ ( )
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3.5.2.9 Quantify swimming parameters on a cycle-by-cycle basis

Once you have estimated a good undulation phase, it is straightforward to 
quantify other parameters that vary every cycle. Usually, we need to define an 
overall phase of the entire body oscillation. It’s best to choose the most reliable 
phase estimate, which is usually the phase of the tail tip or a point near the tail 
(e.g., L tˆ ( , ), where L is the body length).

As phase increases past 2 , it will jump back to 0. Most programming 
languages have a functioned called unwrap that looks for those jumps and 
removes them, producing a steadily increasing phase, tˆ ( )c . Then the cycle 
number is 

=C t t( ) ˆ ( )/(2 )c

where the L brackets denote the floor operation (a standard function in 
modern programming languages) that rounds down to the next lowest integer 
value.

For example, to find the body amplitude, search within each cycle to find 
the range of motion for each body point and divide by two. See details in the R 
package fishmechr.

4 Forces

For movement through water, fishes are subject to five main classes of forces: 
gravity, buoyancy, thrust, drag, and lateral forces. The overall force on the 
body is often separated conceptually into the three orthogonal axes relative to 
the body orientation or swimming direction (Fig. 6): forward-back forces, often 
separated again into the forward force thrust and the backward force drag; side- 
to-side or lateral forces; and vertical forces. These body forces act at the center 
of mass, but represent the sum of all the forces acting on different sections of 
the body and fins.

4.1 Gravity and buoyancy

Most fishes are nearly neutrally buoyant, meaning their average density is 
close, but not identical, to that of water. Importantly, their density distribution 
is uneven throughout the body (Aleyev, 1977; Fath et al., 2023; Webb and 
Weihs, 1994). Skeletal elements are significantly denser than water, while 
buoyancy-regulating structures, most commonly gas-filled swim bladders, are 
markedly less dense. This internal disparity allows fishes to fine-tune their 
buoyancy, maintaining equilibrium in the water column (Alexander, 1982; 
Steen, 1970). Swim bladder morphology varies across fish groups. In physo-
clistous fishes, the swim bladder is sealed and gas exchange is mediated by a 
specialized gas gland. By contrast, physostomous fishes retain a pneumatic 
duct connecting the swim bladder to the digestive tract, enabling them to 
regulate buoyancy by gulping or releasing air (Steen, 1970). Sharks and other 
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elasmobranchs do not have swim bladders, but instead have evolved lipid-rich 
livers that reduce their overall density (Bone and Roberts, 1969; Gleiss et al., 
2017).

Even in a state of near-neutral buoyancy, fishes must counteract gravita-
tional torque. Gravity acts at the center of mass (COM), a point influenced by 
the spatial distribution of dense tissues. In contrast, the buoyant force resulting 
from hydrostatic pressure acts upward at the center of buoyancy (COB), which 
corresponds to the centroid of the fish’s displaced volume (Smits, 2000). These 
two centers are rarely exactly at the same point. Their separation generates a 
torque that induces rotations in pitch and roll, compromising postural stability 
(Fath et al., 2023; Webb and Weihs, 1994). Although the magnitude and 
direction of COM-COB separation have been measured in only a few species, 
available data show consistent anterior-posterior displacement, with the 
potential to produce nose-up or nose-down pitching torques (Fath et al., 2023; 
Webb and Weihs, 1994). Recent work suggests that the swim bladder 

FIG. 6 Flow and forces on a swimming fish. (A) Horizontal and vertical transverse planes 
around a swimming trout. (B) Flow around the fish in the horizontal plane, shown as blue 
streamlines. The solid arrow represents the fish’s forward speed, and the open arrow indicates the 
lateral movement of a segment. H, L; high and low pressure, respectively. (C) Flow around a 
segment in the transverse vertical plane, shown as blue streamlines. (D) Flow close to the body at 
two points along the fish, showing the thickening of the boundary layer via the changing mag-
nitudes of the black arrows. (E) Movement (black and gray arrows) and forces (orange and green 
arrows) on a segment of the body, indicating how the thrust force is produced.
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(in bluegill sunfish) is mobile in the body cavity, which could change the 
location of the center of mass (Fath et al., 2023). Other species have swim 
bladders with multiple compartments that might allow them to actively control 
this hydrostatic instability (Aleyev, 1977).

To counteract these destabilizing torques, many fishes generate hydro-
dynamic lift. This is achieved either through body morphology or fin-based 
propulsion. Elasmobranchs, for example, possess dorsoventrally asymmetric 
bodies that function similarly to aerofoils, producing lift during forward motion 
(Alexander, 1990). Similarly, other fishes use the lift force from their pectoral 
fins to provide an upward force to counteract gravity (e.g., sturgeon: Wilga and 
Lauder, 1999).

Historically, hovering in near-neutrally buoyant fishes was assumed to 
incur negligible energetic cost. However, recent findings challenge this view. 
Di Santo et al. (2025) demonstrated that hovering demands continuous, fine- 
tuned fin adjustments to maintain stability, effectively doubling metabolic rates 
compared to resting. The energetic costs scale with morphological features and 
stabilizing behavior: species with greater COM-COB separation and increased 
caudal fin activity exhibit higher costs. Conversely, fishes with posteriorly 
located pectoral fins and streamlined bodies display enhanced stability and 
reduced energetic expenditure. These findings underscore that hydrostatic 
equilibrium is inherently unstable in most near-neutrally buoyant fishes, and 
that maintaining it is metabolically expensive (Di Santo et al., 2025). Dynamic 
stabilization, therefore, exerts a strong selective pressure on fish morphology, 
with implications for both evolutionary biology and bioinspired design.

4.2 Drag

Drag on a body in a fluid is parallel to the overall flow direction and comes 
from three different physical effects: viscosity, pressure differences, and 
acceleration.

4.2.1 Viscous drag
Viscous drag, or skin friction, is a consequence of the viscosity of the water. 
For a fish swimming in still water, very to the body, the water moves at the 
same speed as the body; far away from the body, the water is stationary; in 
between, there is a gradient in flow speed (Fig. 6D). Due to viscosity, this 
gradient causes a force on the body.

Viscous forces are particularly important for larval fishes, which swim at 
low and intermediate Reynolds numbers (less than about 100). At the larval 
stage, fishes have not fully formed their fins and most muscles are not dif-
ferentiated (Downie et al., 2020). In larval zebrafish, for which the effects of 
viscous forces have received great attention, circulation of vortices decreases 
during swimming (Müller et al., 2000), escape responses are less successful 
(Danos and Lauder, 2012), and generating enough flow for suction feeding is 
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difficult (China and Holzman, 2014; Holzman et al., 2015; Yavno and 
Holzman, 2018). As one way to “escape” the effects of viscous forces, larvae 
may invest more energy in body growth as increasing body size (L) is one way 
to increase Reynolds number rapidly (Müller and Videler, 1996; Yavno and 
Holzman, 2018).

4.2.2 Pressure drag and separation
Pressure drag is due to the shape of the body or segment. Consider the flow 
around a fish’s body in the horizontal plane (Fig. 6B). As the fish moves 
through the water, then water parts around its anterior body, causing a high 
pressure zone. As the water flows around the curve of the body, it flows back 
together, causing low pressure on the sides, and another high pressure zone 
behind the fish (Fig. 6C). The anterior high pressure is always higher than the 
posterior high pressure zone, resulting in a net backward force of drag (Faber, 
1995). The reason the posterior high pressure is lower than the anterior high 
pressure is that the inertia of the fluid prevents it from completely converging 
around the back of the body. Thus at high Reynolds numbers (over about 100), 
when inertia is more important than viscosity, the pressure drag becomes a 
much larger force than viscous drag.

Separation is a high Reynolds number effect. When the fluid curves around 
the leading surface of a body, its inertia will tend to cause it to continue 
diverging, while viscosity will tend to cause it to adhere to the surface and 
converge. If the inertial force is sufficiently high, the fluid will not converge 
fully (see e.g., Fig. 4A in the transitional and turbulent regimes). Close to the 
body, this effect means that the flow will stagnate or even reverse direction. 
This region of separated flow causes much lower pressure on the trailing 
surface, and a much larger pressure drag than if the flow had not separated.

For swimming fish, however, flow in a horizontal plane either does not 
separate or separates only in a very small region that would not cause sub-
stantial changes in drag (Anderson et al., 2001; Fish and Lauder, 2006; Yanase 
and Saarenrinne, 2015). The lack of separation may be because of the undu-
latory movement itself, particularly because the traveling body wave moves 
backwards faster than the forward swimming speed (Akbarzadeh and 
Borazjani, 2019; Lu and Yin, 2005), or because of flow interactions with scales 
(Vandenberg et al., 2024) or denticles, an effect particularly well described for 
shark denticles (Afroz et al., 2016; Domel et al., 2018; Lang et al., 2011; 
Oeffner and Lauder, 2012).

4.2.3 Acceleration reaction, added mass
When a body accelerates through a fluid, it faces the usual Newtonian inertial 
force, F = ma, where the force is proportional to its mass and the acceleration. 
However, because fluid surrounds the body, it must also accelerate some of the 
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fluid around it. This accelerated fluid is, in essence, “added mass”. Thus, for a 
body accelerating through a fluid, it is often appropriate to write 

= + = +F C ma F m C V a(1 ) or ( )A A

where CA is an added mass coefficient, representing the additional fluid that is 
accelerated when the body itself accelerates (Denny, 1993). For a fish accel-
erating forward, it is difficult to calculate an added mass coefficient, but fluid 
dynamic measurements suggest that the body and caudal fin movements 
increase the added mass coefficient substantially above what would be 
expected for a similarly shaped rigid body (Tytell, 2004; Wise et al., 2018).

4.3 Local drag forces

Above, we considered the force on a fish’s body as a whole. But to understand 
the fluid dynamic mechanisms important for swimming, it is often simplest to 
think of many small segments of the body and imagine them as stationary, with 
the water moving around them (Fig. 6E). This allows us to think about the 
forces individually on each segment, which then add up to get the force on the 
fish’s entire body. When the water flows over a segment of a fish’s body, it 
exerts a drag force that is parallel to the instantaneous direction of the flow 
over that segment.

For a small segment of the body, we often think of the segment as sta-
tionary and the water flow moving past it. Local drag is parallel to the local 
flow, but because of the segment’s local velocity and the resulting flow over it, 
the local drag on a segment may be in a different direction than the body drag 
on the whole fish, even though (confusingly) we call them both “drag”.

In fact, because fishes bend their bodies for propulsion, some segments of 
the body are moving backwards relative to the center of mass and the swim-
ming direction. This means that local drag on these segments includes a 
component of thrust relative to the whole body. While the primary motion of 
the body segment is side-to-side, the traveling wave on the body moves 
backwards faster than the fish moves forward, leading to a net backward 
motion of some segments on the body and thus a thrust force.

Flow over a body segment is also affected by separation differently than the 
entire body. As described above, flow in the horizontal plane does not separate 
around the body as a whole, probably due to the undulatory motion. But fluid 
also moves vertically around segments of the body and then separates over the 
dorsal and ventral surfaces. This vertical separated flow is made stronger by the 
presence of sharp edges, such as the median fins (Godoy-Diana and Thiria, 
2018). The vertical flow separation can lead to streamwise vortices shed off the 
median fins (Flammang et al., 2011; Tytell, 2006; Tytell et al., 2008) or the 
dorsal and ventral surfaces. The strength of this streamwise vortex shedding 
was underappreciated for a long time, but may actually represent an important 
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component of the total drag and thrust on the body (Godoy-Diana and Thiria, 
2018; Tytell, 2006).

Because the swimming movement involves moving the body from side to side, 
individual body segments are constantly accelerating and decelerating. Through 
the acceleration reaction, these accelerations of local segments also accelerate the 
flow near the body, resulting in added mass forces on each segment.

4.3.1 Resistive and reactive forces
The pressure and viscous forces together are termed resistive forces, and are 
related to the velocity of the segment. Specifically, viscous drag is proportional 
to the component of the local velocity parallel to the surface of the body, called 
the tangential component, and pressure drag is proportional to the square of the 
component of velocity perpendicular to the surface, called the normal com-
ponent. Summing up the normal and tangential forces on the segments is 
termed a resistive model of forces on the body (Piñeirua et al., 2015; Taylor, 
1952). An graphical example of this resistive force calculation is shown in 
Fig. 6E. Note that the thrust forces (small green arrow in Fig. 6E) depend on 
the angle of the segment, and can often be quite small relative to the lateral 
forces (see discussion in Bale et al., 2014).

The forces due to the acceleration reaction are termed reactive forces, and 
are related to the acceleration of a segment in the backward direction. 
Ultimately, the reactive forces are reflected in the strength of the vertical 
vortices shed off the trailing edges of the caudal fin or the median fins. Note 
that the reactive component of the thrust force is not shown in Fig. 6E.

The importance of resistive and reactive forces depends on the shape of the 
body and the undulatory motion. Resistive models for swimming, initially 
developed in the 1950s (Taylor, 1952), were eclipsed by reactive models and 
later by computational fluid dynamics, but more recent work is suggesting that 
resistive forces play an important role in swimming, particularly for elongate 
fishes (Gemmell et al., 2015; Godoy-Diana and Thiria, 2018; Piñeirua et al., 
2015; Stin et al., 2024). In general, more anguilliform swimmers that have 
larger amplitude motions on the anterior body have more thrust due to resistive 
forces, while fishes with more thunniform or carangiform swimming, with less 
anterior body motion, tend to have more thrust due to reactive forces. Com-
bined resistive and reactive models (Piñeirua et al., 2015) can do a good job of 
accounting for the total force on the body.

5 Musculoskeletal dynamics

5.1 Body-caudal fin swimming

For routine body and caudal fin swimming, fishes use myotomal muscle, the 
nesting segments along the body called myomeres. Such muscle is divided ana-
tomically as well as functionally. At slower speeds, fishes mainly use slow-twitch 
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red muscle, which produces relatively low forces and never really fatigues because 
it uses aerobic metabolism (Syme, 2006). In most fish species, these muscle fibers 
are located in a thin superficial band on the lateral edges of the body, and the fibers 
are largely parallel to the body. Some species have an intermediate aerobic fiber 
type, called pink muscle, that produces higher forces and is additionally recruited 
at higher speeds (Coughlin and Rome, 1996). Red and pink muscle typically have 
close to a 1:1 gear ratio, in which shortening of the muscle directly corresponds to 
body curvature (Coughlin, 2002; Jimenez and Camp, 2023).

At the highest speeds, fishes use fish-twitch white muscle fibers (Jayne and 
Lauder, 1994), which can make up 75 % to nearly 100 % of the cross-sectional 
area of the skeletal muscles (Greek-Walker and Pull, 1975; Jimenez and Brainerd, 
2021). White muscle fibers are not parallel to the vertebral column, and typically 
have a steeper angle for fibers located closer to the vertebrae (Gemballa and 
Vogel, 2002). This leads to gear ratios typically much higher than 1 for white 
fibers, where a given amount of shortening in white muscle fibers produces much 
more body curvature than for red fibers (Wakeling and Johnston, 1999). These 
white muscle fiber orientations have been hypothesized to allow a consistent 
amount of shortening in all white muscle fibers, regardless of their medio-lateral 
position (Alexander, 1969; van Leeuwen, 1999), but evidence to support this 
hypothesis is mixed (see discussion in Jimenez et al., 2021). In general, as speed 
increases, white muscle activity increases, but red and pink muscles also continue 
to be at least partially active (Jayne and Lauder, 1994), even though they may not 
be able to contract fast enough to produce useful power.

Along with the functional progression from red to white muscle, myotomal 
muscles are also recruited in a spatial pattern, from posterior to anterior for red 
and pink muscle, and possibly from ventral to dorsal for white muscle. At low 
swimming speeds, posterior red muscle is active and anterior muscle may be 
only weakly active or completely silent, with anterior muscle becoming active 
at higher speeds (Coughlin and Rome, 1999; Gillis, 1998; Jayne and Lauder, 
1995a; McGlinchey et al., 2001) or during acceleration (Schwalbe et al., 2019). 
For white muscle, recent work has suggested that there may be a progression 
from ventral to dorsal activation in some species (Jimenez and Brainerd, 2021), 
although other studies suggest that white muscle is active at similar levels 
across the dorso-ventral axis (Jayne and Lauder, 1995c), and the patterns may 
differ across species and behaviors (Jimenez and Brainerd, 2021).

Despite this work characterizing muscle activity, the mechanisms of force 
transmission from the muscles to the skeleton of fishes remains unclear 
(Gemballa and Vogel, 2002; Syme, 2006; Westneat and Wainwright, 2001). 
The skin, collagenous layers, tendons, muscles, and bone all interact during 
swimming, meaning that the transmission of force is likely complex (Videler, 
1993; Wainwright, 1983). Some myomeres may insert onto various tendons, 
but others may have their myosepta attaching to the ends of other myosepta 
(Shadwick and Gemballa, 2006; Wainwright, 1983). Myomeres can also span 
multiple vertebrae without directly attaching to them, while others have 
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tendinous attachments to parts of the skeleton such as the neural and hemal 
processes of the vertebrae (Shadwick and Gemballa, 2006). Furthermore, the 
horizontal septum, which is a collection of collagen in crossed-fiber arrays, is 
suggested to be important for force transmission towards the backbone in 
scombrid fishes and may be helpful for other groups as well (Westneat et al., 
1993). White muscle can also attach to the vertical septum or other myosepta 
and myoseptal tendons, and the angle of attachment changes along the body 
(Gemballa and Vogel, 2002; Shadwick and Gemballa, 2006). For a recent 
review of what is known about the transmission of forces within a fish, see 
Shadwick (2024). Chapters from previous editions of this series and chapters 
from Videler (1993) also go into detail about muscle and tendon architecture as 
they relate to fish swimming (Shadwick and Gemballa, 2006; Summers and 
Long, 2006; Videler, 1993; Wainwright, 1983).

5.1.1 Timing of activity
Red muscles alternate activity on the left and right sides, progressing along the 
body from rostral to caudal (Blight, 1977), and the white muscle displays a 
similar pattern once it becomes active (Jayne and Lauder, 1995c, 1994; 
Jimenez and Brainerd, 2021). For most fishes, rostral muscles are active for a 
longer fraction of the cycle than caudal muscles. Overall, the duty cycle (the 
fraction of the bending cycle when muscle is active) is often around 30 % 
(Videler, 1993). In bluegill sunfish, for example, it varies from about 35 % 
rostrally to about 28 % caudally during steady swimming and increases by 5 or 
10 % at all sites during acceleration (Schwalbe et al., 2019).

Similar to the wave of body bending (Eq. 1), there is therefore a traveling wave 
of muscle activity. The activity wave has the same frequency as the bending wave, 
but typically a longer wavelength (McMillen et al., 2008; Wardle et al., 1995; 
Williams et al., 1989), a difference that results in a lag at any location on the body 
between the onset of neural activity and body bending. This neuromechanical 
phase lag tends to get larger closer to the tail. For example, near the rostral end of 
the body, red muscle on the left side generally becomes active just as the body 
begins to bend to the left, and stays active nearly until the body is fully bent to the 
left. Closer to the tail, however, red muscle on the left side tends to become active 
when the body is bending toward the right, stretching the left muscle, and stays 
active only the very beginning of the bending to the left side (Schwalbe et al., 
2019; Wardle et al., 1995).

6 The contribution of fins to steady swimming

6.1 Fin types

Beyond the diversity of body shapes, fishes also differ substantially in both the 
shape and structure of their fins. In general, most fishes have five different 
types of fins: dorsal, anal, pelvic, pectoral, and caudal fins (Fig. 7). The 
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pectoral and pelvic fins are paired, on the left and right sides, while the dorsal, 
anal, and caudal fin are unpaired and are called median fins, since they run 
along the middle of the body. All of the fins have muscles at their bases that 
can move them actively to produce thrust for swimming or for fine scale 
maneuvering and stability (Fish and Lauder, 2017; Webb, 2006).

The external shape of a fin is often quantified using aspect ratio, AR 
= span2/area, where the span is some measure of the length of the fin. High 
aspect ratio fins, or those that are relatively long and narrow, tend to be more 
efficient at producing lifting forces; these might include the pectoral fins of 
some wrasses and the caudal fin of tuna. Low aspect ratio fins may therefore be 
more important for producing drag forces for rowing or maneuvering.

6.2 Fin rays

The musculoskeletal anatomy of median paired and unpaired fish fins is 
generally similar across all bony fishes. Each fin contains fin rays, which are 
long rod-like elements, called lepidotrichia. The rods are then attached to a 
series of basal cartilages which articulate with supports connecting the fin to 
the skeleton. The rays are made of bone and are segmented (Fig. 8A), and they 
are split along their length into pairs of ray elements called hemitrichia (Fig. 8B
and C). The proximal parts of the fin ray are generally unsegmented and 
unbranched, but towards the end of the fin ray it becomes segmented and 
eventually branched (Fig. 8B). Some fin rays in the median fins have fused 
lepidotrichia called spines, which may protrude on their own, or be covered in 
a membrane to make a spinous fin. In the center of paired hemitrichia lies a 
collagen core, and at the tips of the hemitrichia there are branched keratinous 
elements called actinotrichia (Arita, 1971; Becerra et al., 1983; Chadwell and 
Ashley‐Ross, 2012; Flammang et al., 2013). Cartilaginous fishes (sharks, 
skates, rays, and chimaeras; Elasmobranchii and Holocephali) have similar 

FIG. 7 Schematic of a typical percomorph, based on a bluegill sunfish. The fins and cardinal 
rotational axes are indicated.
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rod-like elements in their fins: the rods are called ceratotrichia and are made of 
keratinized collagen, and they are attached to radial and basal cartilages 
(Kemp, 1977).

6.2.1 Musculoskeletal anatomy of the caudal fin
The musculoskeletal anatomy of fish caudal fins (Fig. 8A), like the paired and 
unpaired fins, also differs among fishes based on ecology and evolutionary 
history (Giammona, 2021; Lauder, 1989). For many basal fishes, including 
most sharks and basal actinopterygians (ray-finned fishes), the tail is called 
heterocercal, because it is asymmetric, with a larger dorsal lobe. More derived 
bony fishes generally have an externally symmetric fin, termed a homocercal 
fin. Internally, even for many fishes with externally symmetric fins, the last 
caudal vertebrae fuse upwards into the dorsal lobe of the caudal fin, causing an 
internal dorso-ventral asymmetry (Ferrón et al., 2017; Giammona, 2021; 
Lauder, 1989). In some lampreys (Petromyzontiformes) and lobed finned 
fishes (Sarcopterygii), this asymmetry extends even further, with the notochord 

FIG. 8 Fin ray anatomy. (A) Diagram of the rays in a typical ray-finned fish caudal fin. (B) An 
individual fin ray, showing the main regions. The cross Section 1 shows the two halves, called 
hemitrichia. (C) Longitudinal cross section of fin ray from the soft dorsal fin, showing the two 
hemitrichia and the mechanisms of bending or stiffening of the fin.
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or vertebral column extending dorsally to the dorsal tip of the caudal fin 
(Chang et al., 2006; Giammona, 2021). In contrast, the notochord or vertebrae 
from other basal groups such as hagfishes (Myxiniformes) and extinct ana-
spids, thelodonts, and heterostracans extend into the ventral lobe of the caudal 
fin (Giammona, 2021).

For an extensive review of the major evolutionary changes in caudal fin 
intrinsic musculature over time, see Lauder (2000, 1989). Most of what is 
known about extant ray-finned fish intrinsic caudal fin musculature comes 
from a series of studies on sunfish in which the descriptive anatomy and 
function are characterized (Flammang and Lauder, 2009, 2008; Lauder, 2000). 
In short, the groups of muscles share broad functional roles such as lateral 
flexion of the fin, fin abduction or pinching, and rotation of the caudal ped-
uncle and fin (Flammang and Lauder, 2008). Intrinsic muscles in sunfish are 
typically recruited above swimming speeds of 0.5 body lengths per second, and 
change fin shape and stiffness during steady swimming as well as aid in fine 
maneuvers and acceleration performance (Flammang and Lauder, 2009, 2008). 
The presence and absence of certain muscle groups and their corresponding 
function have not been reported for most groups of fishes. Analysis of intrinsic 
fin muscles across multiple ecologically and evolutionarily diverse groups of 
fishes will provide additional context for observed patterns of fish swimming 
and maneuvering performance.

6.2.2 Musculoskeletal anatomy of other fins
The musculoskeletal anatomy of median paired and unpaired fish fins is 
generally similar across all fishes. Similar to the basal elements in the caudal 
fin, the rays in the dorsal and anal fins attach to bony elements called pter-
ygiophores that are located between the neural and haemal arches of the ver-
tebrae respectively. Different from the caudal fin, however, some fin rays in the 
median fins have fused lepidotrichia called spines, which may protrude on their 
own, or be covered in a membrane to make a spinous fin (Fig. 7). The pectoral 
fins can also differ substantially. Specifically, for lobe-finned fishes (Sarcop-
terygii, the lineage from which land animals descend), the rods articulate with 
basal elements that protrude on to the fin rather than elements held within 
the body (Romer and Parsons, 1986). For ray-finned fishes (Actinopterygii, the 
lineage that includes most extant bony fishes), the supports for fin rays in the 
pectoral fins make up a pectoral girdle that sits intramuscularly in the fish.

The median fins in ray finned fishes are controlled by paired inclinator, 
depressor, and elevator muscles (Winterbottom, 1973). In particular, to control 
lateral movements, bending, and stiffening of the fin rays, fishes use paired 
inclinators, which originate in the fascia and insert onto the lateral heads of 
each hemitrich (Chadwell and Ashley‐Ross, 2012; Flammang and Lauder, 
2009, 2008). The hemitrichia can slide past each other, except at the tip. This 
means that fin inclinator muscles at the base of the fin (Fig. 8C) can actively 
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bend the ray or stiffen it (Alben et al., 2006; Fish and Lauder, 2017; Lauder and 
Drucker, 2004). For instance, to bend a ray, one inclinator shortens while the 
other maintains length. To stiffen a fin ray, the two inclinators can be active at 
the same time (Fig. 8C). The fin erector and depressor muscles originate on the 
pterygiophores (bony supports) and insert onto the anterolateral and poster-
olateral processes of the fin ray head (Chadwell and Ashley‐Ross, 2012; Eaton, 
1945). The erectors and depressors allow for changes in surface area of the fins 
which can aid in stabilizing the fish or maneuverability (Jayne et al., 1996).

The paired fins of fishes (pectoral and pelvic fins) are controlled by sets of 
muscles that vary in attachment and size depending on how they are used 
during locomotion, and the evolutionary history of the fish (Siomava and 
Diogo, 2018). In general, the major groups of muscles in these fins are 
arrectors, abductors, adductors, elevators, depressors, retractors, and pro-
tractors (Eaton, 1945; Winterbottom, 1973). In ray-finned fishes, arrector 
muscles control the spread and angle of the fin rays, thus the changing area and 
angle of attack of the fin (Drucker et al., 2006; Fish and Lauder, 2017; Lauder 
and Drucker, 2004). To move the fin forwards and backwards and up and 
down, fishes use protractor, retractor, elevator, and depressor muscles, 
respectively (Drucker et al., 2006; Eaton, 1945). The abductor and adductor 
muscles are sometimes present in discrete bundles which attach to the base of 
fin rays, or in sharks, attach to the ceratotrichia (Lauder and Drucker, 2004). 
The abductor muscle moves the fin away from the body while the adductor 
brings the fin closer to the body (Drucker et al., 2006; Lauder and Drucker, 
2004). Changes in muscle attachment, size, and activation patterns, coupled 
with the mechanical properties of the paired fin skeletal architecture and 
external shape can all affect locomotor performance in fishes– these ideas will 
be explored by Chapter 4 (Vol 41: Clark and Amarnadh, 2025) and Chapter 8 
(Vol 41: Higham et al., 2025).

6.3 Fins as stabilizers

During steady swimming, fins can generate hydrodynamic forces to stabilize 
the fish. The ability to stabilize is critical as most fish are passively unstable 
(Fath et al., 2023; Hoover and Tytell, 2020; Webb, 2006) and because a fish 
commonly encounters flow perturbations that would cause it to lose its 
swimming trajectory (Weihs, 1993). Forces that are not related to buoyancy 
control mechanisms can be divided into two main types: trimming and cor-
rective (Webb, 2024, 2006). Trimming forces are generated by the flow around 
the fins when they are held relatively still in a particular orientation as the body 
moves forward, similar to the way a flaps or ailerons might be used to control 
flight on an airplane. Fishes can then modulate the trimming forces by actively 
controlling the orientation, shape, or stiffness of the fins (Fish and Lauder, 
2017; Webb, 2006; Wilga and Lauder, 2000, 1999). Corrective forces, in 
contrast, are produced when the fins moves actively and rapidly to direct force 
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(Drucker et al., 2006; Fish and Lauder, 2017). Trimming forces are therefore 
either active or passive, while corrective forces are active.

Different fishes may have different abilities to correct for perturbations due 
to the placement of their fins relative to their center of mass. For instance, the 
paired fins that are behind a fish’s center of mass, such as pelvic fins, often 
produce a downward force that can stabilize the body in the event of a dis-
turbance that causes the body to pitch upwards (Webb, 2006). In contrast, 
upward forces from the pectoral fins, which are sometimes anterior to the 
center of mass, would increase upward pitch. Since most fishes have both 
pelvic and pectoral fins, stabilization can occur due to the arrangement of both 
pairs of fins along the body. Other fins, such as the dorsal, anal, and pelvic fins, 
also contribute to stabilizing the fish. For instance, in the spiny dogfish, the 
first dorsal fin tends to be more important for stability while the second dorsal 
fin can generate thrust, with the first dorsal fin undergoing bilateral muscular 
activation to stiffen the fin (Maia and Wilga, 2016). In bluegill and yellow 
perch, the dorsal fin also helps stabilize the fish through the generation of 
lateral force (Drucker and Lauder, 2001; Tytell et al., 2008). In brook trout, 
dorsal and anal fins both produce lateral forces that may keep the body from 
rolling during steady swimming (Drucker and Lauder, 2005; Standen and 
Lauder, 2007). For dorso-ventrally compressed fishes such as cownose rays, 
stability during wave action can be achieved by holding the pectoral fins 
angled upwards (termed a “positive dihedral angle”), which tends to passively 
correct roll perturbations (Fish and Hoffman, 2015; Weihs, 1993).

6.4 Fins as propulsors: Pectoral fin swimming

While considerable attention is given to fishes that use body-caudal fin 
undulation to swim, there are also many fishes that rely primarily on their 
pectoral fins for steady swimming, or use their pectoral fins at low swimming 
speeds. In particular, a large group of cartilaginous fishes, the stingrays, 
electric rays, sawfishes, guitarfishes, and skates, together called batoids 
(Compagno, 1999), are dorsoventrally flattened with very large pectoral fins 
and reduced caudal fins, and most only swim with the pectoral fins. Some 
groups of bony fishes also specialize in pectoral fin swimming, but are not as 
morphologically specialized as batoids.

6.4.1 Pectoral fin swimming in batoids
Pectoral fin swimming in batoids involves flapping the fins up and down in a 
wavelike pattern. In some species, particularly the pelagic stingrays, this 
motion is called oscillatory. In other species, particularly skates and most 
stingrays, the motion results in a traveling wave that passes along the fin, called 
undulatory swimming, but there is a continuum of swimming patterns from 
oscillatory to undulatory.
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For batoids that use undulatory locomotion, there is often more than one 
wave present on the fins at the same time (Webb, 1984). These fishes are 
generally benthic, and undulations of the pectoral fins are assumed to be more 
efficient than the oscillatory flapping of more pelagic batoids (Di Santo and 
Kenaley, 2016). The relationships between swimming speed and wave kine-
matics in batoids using undulatory locomotion and fishes that use propulsive 
waves along their body are fairly similar. For example, for the blue-spot 
stingray (Taeniura lymma), increased swimming speed is correlated with 
increased fin beat frequency and wave speed while the number of waves 
decreased and amplitude stayed constant (Rosenberger and Westneat, 1999), 
but there may be subtle differences across species (Rosenberger, 2001). Some 
species, such as the little skate (Leucoraja erinacea), modify their undulatory 
kinematics at high swimming speeds by active stiffening and curvature control 
to cup their fins into flow (Di Santo et al., 2017a), but this results in high 
energetic costs (Di Santo et al., 2017b).

For batoids that use oscillatory locomotion, the pectoral fins actively flap, 
mainly along the leading edge, and passive undulation along the chord and span of 
the fins (Breder, 1926; Fish et al., 2017; Rosenberger, 2001). Unlike the round fins 
of undulatory batoids, species that use oscillatory locomotion generally have fins 
that are triangular—potentially reducing drag while providing a high surface area 
for lift (Fish et al., 2017; Rosenberger, 2001). The cross section of the pectoral fins 
of oscillatory swimmers is essentially an airfoil, and the flexibility of their fins 
increases towards the fin tip (Fish et al., 2017; Heine, 1992; Klausewitz, 1964; 
Rosenberger, 2001). These fishes often use a flapping motion that is asymmetric in 
time, with a faster downstroke and a slower upstroke and glide period (Fish et al., 
2017). Different species also have spatial asymmetry: large pelagic batoids such as 
mobulid rays tend to flap their fins further downward, below the body axis, than 
semi-benthic species such as cownose rays (Rhinopterus bonoasus). These semi- 
benthic rays flap their fins upward more, and the downstroke rarely ends below the 
body axis, possibly due to its proximity to the benthos during feeding (Fish et al., 
2017; Klausewitz, 1964; Rosenberger, 2001). For most species in which flapping 
kinematics are documented, the flapping amplitude of the pectoral fins remained 
similar across swimming speeds while the frequency increased with an increase in 
swimming speed, similar to fish that swim with their caudal fins (Fish et al., 2017; 
Heine, 1992). For batoids, oscillatory flapping is usually assumed to be less 
efficient than undulatory fin motion, but flapping generates sufficient thrust for 
high-speed cruising and falls withing the optimal range of Strouhal numbers (Fish 
et al., 2017, 2016). At low swimming speeds the Strouhal number is high, possibly 
indicating less efficient swimming (Fish et al., 2017).

6.4.2 Pectoral fin swimming in non-batoid fishes
Many groups of fishes, including sunfishes (Centrarchidae), wrasses and par-
rotfishes (Labridae), surfperches (Embiotocidae), sticklebacks (Gasterostidae), 
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ratfishes (Chimaeridae), and poachers (Agonidae), use pectoral fin swimming 
at low speeds before transitioning to body-caudal fin swimming at higher 
speeds depending on the species (Drucker et al., 2006). The kinematics and 
resulting hydrodynamics of the pectoral fins at low speeds differs across 
species and is broadly classified into flapping and rowing, but many fishes use 
intermediate behaviors between the two extremes (Drucker et al., 2006; Walker 
and Westneat, 2002).

Overall, pectoral fin flapping is considered to generate thrust mainly by lift- 
based mechanisms, which can lead to substantial thrust on both the up and 
downstroke (Webb, 1973). Pectoral fin rowing relies mainly on drag-based 
mechanisms that generate thrust on the backstroke (Blake, 1981), with a 
feathered recovery stroke that produces little or no thrust (but see Lauder et al., 
2006).

The flapping motion is a mainly up and down movement of the fin, with 
little to no recovery stroke (Drucker et al., 2006; Walker and Westneat, 2002). 
One species that uses flapping based pectoral fin locomotion is the spotted 
ratfish, Hydrolagus colliei (Combes and Daniel, 2001; Foster and Higham, 
2010). Unlike body-caudal fin undulation or pectoral fin swimming in most 
batoids, the spotted ratfish increases its stroke amplitude as swimming speed 
increases, with the highest fin velocity observed during the downstroke (Foster 
and Higham, 2010). During a flapping cycle, the wing tip makes an oval shape, 
while in other pectoral fin flappers such as labrids (specifically Gomphosus, 
Cirrhilabrus, Tautoga, and Scarus) a figure eight shape is made—possibly due 
to different demands for thrust and lift (Aiello et al., 2020; Drucker et al., 2006; 
Foster and Higham, 2010; Walker and Westneat, 2002; Westneat and Walker, 
1997). For G. varius and other labrids that almost exclusively use pectoral fin 
flapping to power swimming, flapping can power swimming at high speeds (up 
to 6 body lengths per second; Westneat and Walker, 1997). In other groups 
such as Embiotocidae (surfperches) and Centrarchidae (sunfishes), both flap-
ping frequency and flapping amplitude increase with swimming speed with 
amplitude reaching a plateau at speeds when the fish tend to transition to using 
caudal fin swimming (Drucker and Jensen, 1996; Drucker and Lauder, 2000; 
Mussi et al., 2002; Webb, 1973).

The rowing motion is more common in many species at low swimming 
speeds. Several species of rowing wrasses (such as Halichoeres bivittatus and 
Paracheilinus octotaenia) decrease the stroke plane angle as swimming speed 
increases, thus increasing their ability to generate thrust via rowing before 
switching to axial undulation (Walker and Westneat, 2002). In bluegill sunfish, 
pectoral fin swimming is sustained only up to speeds of around 1 body length 
per second (Drucker and Lauder, 1999; Gibb et al., 1994). At low swimming 
speeds, one laterally oriented vortex ring is shed while at higher speeds that 
approach the maximum speed before the transition to axial undulation a pair of 
vortex rings are formed (Drucker and Lauder, 1999). The flexibility of the fins 
helps to increase thrust (Drucker and Lauder, 2000; Lauder et al., 2006). 

Biomechanics and energetics of swimming 41



During the outstroke, the fins make a cupped shape while during fin retraction, 
there is a slight deformation in the upper edge of the fin, possibly to stabilize 
the leading-edge vortex (Drucker and Lauder, 2000, 1999; Lauder and 
Madden, 2007). In addition to fin flexibility, the orientation and precise 
movements of the pectoral fins during rowing can minimize drag during fin 
retraction (Walker, 2004). Some fish species such as icefish and poachers keep 
the pectoral fins extended to glide in between power strokes (Archer and 
Johnston, 1989; Nowroozi et al., 2009).

Many studies of pectoral fin and caudal fin swimming separate the two as a 
discrete transition from purely pectoral fin swimming at low speeds to purely 
body and caudal fin swimming at higher speeds. But many fish species pair 
pectoral fin swimming with body caudal fin swimming at speeds beyond the 
gait transition. For example, silver mojarra (Eucinostomus argenteus) produce 
medially oriented vortices that are recaptured by the caudal fin after a tail beat 
cycle (Tack et al., 2024). Additionally, mojarra observed by Tack et al. (2024)
in the field all used a combination of pectoral fin and caudal fin swimming at 
many speeds and not just during gait transitions.

Other fishes coordinate the median fins with the pectoral fins to 
power swimming. This coordination has been observed in pufferfishes 
(Tetraodontiformes), pipefishes and seahorses (Syngnathiformes), boxfishes 
(Ostraciiformes), and triggerfishes and filefishes (Balistiformes) (Breder, 1926; 
Breder et al., 1942; Drucker et al., 2006; Hove et al., 2001; Korsmeyer et al., 
2002). The pectoral fin movements are either undulatory in nature, as observed 
in seahorses and some pufferfish, or within the flapping to rowing continuum 
as observed in triggerfishes and boxfishes (Breder, 1926; Hove et al., 2001; 
Korsmeyer et al., 2002).

Overall, pectoral fin swimming, and particularly its coordination with the 
dorsal, anal, and caudal fins, seems to have substantial behavioral flexibility, 
and likely more than body-caudal fin swimming. For example, pectoral fin 
rowers can beat their fins at the same time or alternate them, and it is unclear 
why they shift between synchronous and alternating gaits. Moreover, the 
coordination in fins is complex and flexible, as observed by Tack et al. (2024).

6.5 Fins as propulsors II: Dorsal, anal, and pelvic fins

The use of the dorsal, anal, and pelvic fins as propulsors during steady 
swimming is less well understood compared to the pectoral fins and the caudal 
fin. The dorsal fin of fishes was originally thought to be something like a 
passive keel, but studies over the last 20 years have shown that its motion and 
stiffness are actively controlled to produce lateral and thrust forces during 
swimming. For example, in the bluegill sunfish, the inclinator muscles for the 
soft dorsal fin are active during swimming (Jayne et al., 1996; Lauder and 
Drucker, 2004). The dorsal fin produces vortices of similar strength to those 
shed by the caudal fin, and the caudal fin is likely able to harness the incoming 
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vortices to enhance thrust (Tytell, 2006; Tytell et al., 2008). Similarly, in 
several sharks (the spiny dogfish Squalus acanthias and the bamboo shark 
Chiloscyllium plagiosum), the dorsal fins actively produce thrust forces (Maia 
et al., 2017; Maia and Wilga, 2016, 2013).

For bluegill swimming at speeds above 1 body length per second, the dorsal 
and anal fins oscillate in phase with each other and increase lateral displace-
ment as swimming speed increases (Standen and Lauder, 2005). The anal fin, 
like the dorsal fin, produces thrust, and the summation of dorsal and anal fin 
forces are approximately equal to the force produced by the caudal fin (Tytell, 
2006; Tytell et al., 2008). Some fishes such as triggerfishes have taken this to 
an extreme, and power swimming primarily by flapping the dorsal and anal fin 
(George and Westneat, 2019; Korsmeyer et al., 2002; Wright, 2000). Boxfishes 
also use their dorsal and anal fins to produce thrust (Hove et al., 2001). At 
speeds greater than 1 body length per second, the flapping frequency of all 
three fins increases linearly with swimming speed while amplitude becomes 
constant (Hove et al., 2001). In seahorses and pipefishes, the dorsal fin 
undulates together with the pectoral fins to produce downwards and posteriorly 
directed force during steady swimming (Breder et al., 1942). In Hippocampus 
seahorses and Syngnathus pipefish, dorsal fin undulation at high frequencies 
(>30 Hz for the seahorse and around 20 Hz for the pipefish) is controlled by 
individual inclinator muscles which produce positive work (force and dis-
placement in same direction) at higher frequencies observed in fin muscles of 
other fishes (Ashley-Ross, 2002).

Several groups of species have evolved elongated dorsal or anal fins, called 
“ribbon fins”, and swim by passing undulatory waves down the fins while 
keeping the body relatively still and straight (Jagnandan and Sanford, 2013; 
Ruiz-Torres et al., 2013; Sefati et al., 2013). Many of these species produce and 
sense electrical fields with receptors in their bodies, and it is hypothesized that 
ribbon fin locomotion helps electrosensory perception because it allows them 
to move while keeping the body straight to better sense the electrical field 
(Snyder et al., 2007). For example, the weakly electric aba (Gymnarchus 
niloticus) tend to increase the wavelength, wave speed, and amplitude of the 
dorsal fin as swimming speed increases, but decrease the frequency (Li et al., 
2005). Bowfin (Amia calva), which do not have electrosensation, mostly 
increase the frequency of undulation to move forwards at speeds up to 1 body 
length per second and tend to transition to body and caudal fin swimming at 
high speeds (Jagnandan and Sanford, 2013).

The propulsive role of the pelvic fins of fishes has received considerably 
less attention as their primary function is assumed to be for stabilizing the body 
during swimming (Harris, 1938). However, studies investigating the role of the 
pectoral fins during steady swimming find that in addition to stabilization, the 
pelvic fins of trout can produce lateral forces that may aid in forward swim-
ming through muscle-powered oscillations at low speeds (Standen, 2010, 
2008). There remains a large gap in our understanding of the role of pelvic fins 
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for propulsion and given the importance of the pelvic fins for locomotion on 
land and along the benthos in some fishes, there are likely patterns of diverse 
pelvic fin function that are currently unknown.

6.6 Fins as sensory structures during swimming

Fins have been long recognized as propulsive structures, but more studies are 
indicating that they are also important sensory structures. The role of 
mechanosensation in fins has not been studied extensively, but there is evi-
dence of sensory function of fins in catsharks (Lowenstein, 1956), rays (Ridge, 
1977), catfish (Aiello et al., 2016), trout (Buckland-Nicks, 2016; Buckland- 
Nicks et al., 2011), lanternfish (Buckland-Nicks and Reimchen, 2022), bluegill 
(Flammang and Lauder, 2013; Williams et al., 2013; Williams and Hale, 2015), 
blind cavefish (Marketaki et al., 2025), and wrasses (Aiello et al., 2020, 2017).

Mechanosensation is best understood in the pectoral fins, primarily from 
studies of bluegill sunfish. To sense deformation and bending of the fin rays, 
the pectoral fins of bluegill contain 4 nerves that start at the base of the fin, 
running through some of the musculature and distal fin rays (Williams et al., 
2013). The nerves branch and innervate the core between the hemitrichs, 
branching again as the fin rays branch, with additional branches innervating the 
fin membrane (Williams et al., 2013). The nerves respond to bending in the fin 
rays (Williams et al., 2013). When fin ray nerves were transected, fin kine-
matics changed during hovering to include more bouts of small, high frequency 
fin beats (Williams and Hale, 2015). Additionally, in the absence of vision and 
lateral line senses, bluegill used their pectoral fins to touch obstacles to help 
them traverse a peg obstacle course (Flammang and Lauder, 2013). In par-
rotfish, transection of the pectoral fin afferent nerves resulted in higher flap-
ping frequencies, more inclined stroke plane angle, higher angular velocity of 
the fin stroke, and a transition to axial swimming at lower speeds (Aiello et al., 
2020). Antagonistic muscle groups in the pectoral fins tended to be active 
simultaneously more often after nerve transection, potentially stiffening the fin 
to compensate for a lack of sensory information (Fig. 9) (Aiello et al., 2020). 
Furthermore, in another labrid group (wrasses), species with stiffer fin rays had 
pectoral fin ray afferents with increased sensitivity at lower bending ampli-
tudes, indicating mechanosensory feedback may be a hidden link in the evo-
lution of fin properties and thus swimming behavior (Aiello et al., 2017).

The sensory role of the other fins during swimming is less clear than that of 
the pectoral fins. For trout, catfish, and lanternfish, an accessory fin on their 
dorsal surface called an adipose fin is heavily innervated (Aiello et al., 2016; 
Buckland-Nicks and Reimchen, 2022; Buckland-Nicks, 2016; Buckland-Nicks 
et al., 2011). The adipose fin can sense its own magnitude of displacement, 
acting as a flow sensor prior to flow reaching the caudal fin (Aiello et al., 2016; 
Buckland-Nicks and Reimchen, 2022; Buckland-Nicks, 2016; Reimchen and 
Temple, 2004). The increased ability to sense flow would be important in high 
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flow habitats such as streams or rivers, and it has been observed that in catfish 
species living in these types of habitats are more likely to have adipose fins 
than species that live in slow moving or stagnant waters (Temple and 
Reimchen, 2008). However, in the deep sea where there are generally not high 
flows, lanternfish retain an innervated adipose fin, potentially due to increased 
microturbulence as they make their vertical migrations to follow prey 
(Buckland-Nicks and Reimchen, 2022). Currently, it is presumed that the 
dorsal, anal, pelvic, and caudal fins of fishes have sensory capabilities and 
likely impact stability and fine corrective movements during steady swimming, 
but there are few studies being conducted in this area (Aiello et al., 2018).

7 Unsteady locomotiont

7.1 Turning

Turning is an incredibly common and important locomotor behavior in fishes 
as it is used for prey capture, mating, predator avoidance, and the navigation of 

FIG. 9 Mechanosensation affects pectoral fin coordination in parrotfish. (A) Primary 
motions of the fin. (B) Muscle activity before (blue colors) and after (yellow colors) transection of 
the sensory nerve. The arrectors ventralis (v) and dorsalis (d) are important for spreading the fin 
rays and the abductor and adductor profundus control abduction (ab) and adduction (ad). Note the 
overlap between antagonist muscles after transection (yellow bars). The bottom bars show the 
overall pattern of protraction, abduction and adduction. Modified from Aiello et al. (2020).
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hydrodynamically and structurally complex habitats. Many fishes spend more 
of their time turning or accelerating than they do swimming steadily (Coughlin 
et al., 2024; Webb, 1991). Researchers have devoted more effort to studying 
escape responses than routine maneuvering. However, like fast starts, routine 
turns retain distinct kinematic phases. For example, in both fast starts and 
routine turns, the maneuver is initiated by a change in heading (Howe and 
Astley, 2020). The rest of the turn is completed through a series of passive and 
active movements of the body and fins depending on the species.

Characterizing turning is much more complicated than steady swimming. 
Overall performance can be quantified with a variety of parameters, including 
the minimum turn radius (or the maximum path curvature) and the maximum 
turning rate. Turn radius rturn or path curvature can be computed in the same 
was as body curvature (Fig. 1C) but applied to the location of the center of 
mass over time, and is best expressed relative to body length. Turning rate is 
typically estimated based on the angular velocity (deg/s) of the head segment. 
Researchers also quantify linear and angular momentum and acceleration 
through the turn. Overall, there tends to be a tradeoff between high linear 
momentum, high angular velocity, and low turn radius (Fish et al., 2018; 
Webb, 2006). Measures of turn angle or curvature are sometimes called 
“maneuverability”, while measures of speed or angular acceleration are 
sometimes called “agility” (Howe and Astley, 2020).

Like with steady swimming, it is best to characterize turning performance 
with nondimensional parameters. A variety of metrics have been proposed, 
though none have become common. One relatively simple metric is the cen-
tripetal acceleration, which can be estimated directly as the component of the 
acceleration vector that is perpendicular to the velocity (Howe and Astley, 
2020), or more simply as 
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where U(t) is the instantaneous linear speed and rturn(t) is the turn radius at that 
time. Webb (2006) and Bandyopadhyay proposed nondimensionalizing ac by 
dividing by gravitational acceleration g to produce a coefficient of normal 
acceleration Cg = max ac/g that makes it easier to compare animals to 
underwater vehicles (Bandyopadhyay, 2002). In coral reef fishes and boxfishes 
that primarily use the pectoral fins to swim, rturn is typically low, but the linear 
speed U through the turn is also quite low, meaning that the centripetal 
acceleration is also low (Gerstner, 1999; Walker, 2000). Other fishes that use 
their bodies to turn typically have higher turning radii, but also maintain a 
higher velocity through the turn, resulting in higher centripetal acceleration. 
For example, giant danio Devario aequipinnatus perform routine turns with 
centripetal accelerations of more than 2 g and minimum radii of about 0.1 BL, 
while maintaining speeds up to 9 BL s−1 (Howe and Astley, 2020). Turning 
bluefin tuna are more extreme. They can turn with radii as small as 0.2 BL 
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while maintaining swimming speeds near 10 BL s−1, resulting in centripetal 
accelerations greater than 10 g (Downs et al., 2023).

Routine turning, by its nature, tends to be variable and challenging to study 
in a controlled way. Despite this challenge, many researchers have explored 
how fishes that use different locomotor modes complete routine turns. Most of 
the work on turning in fishes focuses on body-caudal fin swimmers such as 
bluegill and trout. In bluegill, asymmetric forces due to asymmetric pectoral fin 
use provides an inertial force that contributes to torque, causing yaw (Drucker 
and Lauder, 2002, 2001; Lauder and Drucker, 2004). The pectoral fin on the 
side opposite to the direction of the turn is pulled towards the body, thus 
generating a lateral vortex ring with a central jet more powerful than jets 
produced while swimming steadily (Drucker and Lauder, 2001). When the 
opposite pectoral fin pulls closer to the body, it generates a vortex ring that 
moves posterior to the fish, again with a much stronger jet than produced 
during steady swimming (Drucker and Lauder, 2001). With one laterally 
oriented jet that causes yaw, and one posteriorly oriented jet that generates 
thrust, the net movement of the fish consists of both rotation and translation. 
The dorsal and anal fins also contribute to yaw turns in bluegill, likely due to 
jet formation on the side opposite of the trajectory causing torque (Drucker and 
Lauder, 2001; Standen and Lauder, 2005; Webb, 2006). In bluegill, the dorsal 
and anal fins are both located on the posterior body near the caudal fin, but in 
trout, the dorsal fin is more anterior while the anal fin remains closer to the tail. 
For trout, the anal fin contributes a higher force during maneuvers than the 
dorsal fin, likely due to its proximity to the caudal fin and its square-like shape 
(Standen and Lauder, 2007). Additionally, the pelvic fins of trout, while not 
used for thrust or torque production during a turn, are thought to provide 
stabilization after turning (Standen, 2008). For both bluegill and trout, the body 
and the caudal fins produce large normal forces in addition to the jets from 
asynchronous fin use, increasing momentum at the center of mass to power 
turns (Drucker and Lauder, 2002, 2001; Lauder and Drucker, 2004; Weihs, 
1993).

For other body-caudal fin swimmers that are more specialized for high- 
speed cruising such as tuna, the dorsal, anal, and caudal fins contribute to 
turning (Downs et al., 2023; Li, 2021; Pavlov et al., 2017). Pacific bluefin tuna, 
make turns that can be classified into three types: gliding turns, powered turns, 
and ratchet turns, each of which use the caudal fin differently (Downs et al., 
2023). During gliding, the tuna uses its tail as a rudder, while during powered 
and ratchet turns, the tail makes symmetrical and asymmetrical motions 
respectively (Downs et al., 2023). The dorsal and anal fins of tuna can also be 
actively stiffened via musculo-vascular control of their lymphatic system and 
undergo changes in area and shape that likely contribute to maneuvers (Pavlov 
et al., 2017).

Batoids have very stiff bodies, and turn using their pectoral fins. 
Nevertheless, they still manage to achieve similar performance space to other 
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rigid bodied animals (Fish, 1999; Parson et al., 2011). However, oscillatory 
swimming batoids and undulatory swimming batoids turn differently, with 
oscillating species making use of both powered turns and gliding turns and 
undulatory species using asymmetrical undulations of their pectoral fins 
(Parson et al., 2011).

Tunas, batoids, and other species with very stiff bodies have relatively high 
yaw moment of inertia (Fish, 1999; Schaefer and Summers, 2005). Other fishes 
can bend their bodies to reduce the moment of inertia, much as a figure skater 
can pull their arms in to speed up rotation. For example, zebrafish flick their 
tails to one side to produce initial torque for a turn, then bend their bodies to 
reduce moment of inertia and accelerate through the turn (Dabiri et al., 2020). 
Similarly, several species of sharks use high body curvature during turns 
(Porter et al., 2009; Shadwick and Goldbogen, 2012), and the maximal cur-
vature is predicted by the body morphology, including the shape of the body 
cross-section, properties of the vertebral column (Porter et al., 2009), and 
lateral white muscle activation patterns (Shadwick and Goldbogen, 2012). The 
black ghost knifefish, a species that normally holds its body rigid and powers 
swimming using an undulating ribbon fin, nevertheless turns by bending its 
body and modulating its ribbon fin kinematics (Hawkins et al., 2022). During 
wider turns, it increases ribbon fin frequency, wavelength, and wave speed, 
while using its pectoral fins more synchronously, perhaps for stabilization 
throughout the turn (Hawkins et al., 2022). In extremely rigid fishes, such as 
boxfish, the pectoral fins are main drivers of turning as the only body bending 
that can physically occur is near the tail (Walker, 2004, 2000).

A promising set of techniques for quantifying mechanics of unsteady man-
euvers like turns is to estimate the pressure field around the animal, which allows 
researchers to estimate the forces on the body with high temporal and spatial 
resolution (Dabiri et al., 2014; Lucas et al., 2017; Oudheusden, 2013). These 
techniques use standard particle image velocimetry (PIV) measurements, but 
with an additional requirement that there cannot be any shadows. Researchers 
usually use two or more lasers to prevent shadows. Once a complete flow field is 
estimated around the fish, the Navier Stokes equations can be integrated along 
contours that run from the boundary of the field of view, where pressure should 
be ambient, to the body of the fish (Dabiri et al., 2014), or other more complex 
techniques can be used to estimate the pressure. Pressure is force distributed over 
an area, which means the force on a fish’s body can be estimated based on the 
estimated pressure and the body’s surface area. These force estimates then allow 
precise quantification of torque and power produced, even during unsteady and 
relatively unpredictable behaviors like turning.

Fig. 10 shows an example of such a pressure-based calculation. 
Thandiackal and Lauder (2020) asked what parts of the body are actively 
transferring power to the fluid (positive power), and what parts are moving 
passively due to fluid forces (negative power). They measured the flow field 
around a swimming zebrafish using standard PIV (yellow arrows in Fig. 10A). 
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They then estimated the pressure field (blue and red background in Fig. 10B) 
using Dabiri’s (2014) algorithm, which allowed them to estimate the pressure 
on the surface of the fish’s body. Multiplying the pressure by the surface area 
of each segment of the body gave them an estimate of the force on the left and 
right sides of the body, which they then summed to get the net force (purple 
arrows in Fig. 10B). The power produced or absorbed by each segment is then 
the product of the net force and the segment velocity (Fig. 10C, where color 
from green to red indicates the segment from head to tail). Thandiackal and 
Lauder (2020) hypothesized that the anterior body moves actively to power the 
turn, and the posterior body and tail may move more passively (producing 

FIG. 10 Using pressure fields to quantify mechanics of turning. (A) Flow around a zebrafish 
during a turn at three points in time, where yellow arrows represent flow velocity. (B) Pressure 
field (blue and red background) and forces (purple arrows) on the fish during the same times. (C) 
Positive and negative power on ten segments along the body (green to red) during the turn. 
Modified from Thandiackal and Lauder (2020).
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negative power). Instead, they found relatively little negative power overall, 
and more centered on the midbody and head (Thandiackal and Lauder, 2020). 
Dabiri et al. (2020) used the same type of techniques to estimate pressure 
during turning in zebrafish and jellyfish and found that both animals used 
similar strategies: first producing torque with the tail or bell margin, then 
bending to reduce the moment of inertia.

Similar pressure-based techniques have also been effective for quantifying 
details of steady swimming performance (Gemmell et al., 2015; Lucas et al., 
2020; Tack et al., 2024, 2021), and show promise for providing a more 
mechanistic understanding of complex swimming behaviors overall.

7.2 Vertical maneuvering

Many of the above studies have focused on movement in the horizontal plane, 
such as steady swimming, forward acceleration, or horizontal plane turns. 
However, fish live in a 3D world and regularly move vertically in the water 
column. They may swim upwards to catch prey at the water’s surface, make 
quick upward and downward darts to escape predators, or even embark on diel 
migrations. Even the thoroughly studied fast-start escape response, often 
thought of as a horizontal plane movement, often involves substantial vertical 
movement (Domenici and Hale, 2019; Fleuren et al., 2018). Vertical move-
ments are exhibited by fishes in both fresh and marine habitats regardless of 
depth, but the way in which fishes maneuver vertically in the water column has 
received considerably less attention than horizontal maneuvers and steady 
swimming depth (Coffey et al., 2020; Mehner, 2012; Neilson and Perry, 1990; 
Sims et al., 2005).

The interplay between active and passive control of rising and sinking in 
the water column has been studied in leopard sharks and sturgeon (Ferry and 
Lauder, 1996; Liao and Lauder, 2000; Wilga and Lauder, 2002, 2000, 1999). 
While the pectoral fins of both leopard sharks and sturgeon do not generate lift 
during steady swimming, active modulation of the pectoral fin’s trailing edge 
generates vortices that cause reorientation of the body (Wilga and Lauder, 
2000, 1999). However, the cause of destabilization to allow for vertical 
maneuvering occurs in slightly different ways for the shark and the sturgeon 
due to different forces caused by their tails. In leopard sharks, the tail generates 
both torque and lift, so when swimming upwards, the pectoral fins greatly 
decrease the negative dihedral angle (−35°) and increase their body angle to 
the flow (Ferry and Lauder, 1996; Wilga and Lauder, 2002, 2000). When 
swimming downwards, to counteract the lift from the tail, the negative dihedral 
angle is much smaller (−5°) and the body angle is slightly decreased (Wilga 
and Lauder, 2000). In sturgeon, however, the tail does not produce lift, but 
instead rotates, therefore changing the orientation of reaction forces (Liao and 
Lauder, 2000). When ascending, the tail rotates ventrally and the trailing edge 
of the pectoral fins curve downwards with the reaction force ventral to the 

50 Fish Physiology



center of mass (Liao and Lauder, 2000). When descending, the tail rotates 
dorsally and the trailing edge of the fins flips upwards, directing the reaction 
force dorsal to the center of mass (Liao and Lauder, 2000).

While leopard sharks and sturgeon use a combination of passive and active 
movements of the body and fins that slightly deviate from steady swimming 
behaviors, other fishes maintain typical swimming with slight adjustments. For 
instance, some tuna dive in order to follow food but adjust their kinematics 
based on whether they are diving or ascending (Gleiss et al., 2019). When 
diving, they glide passively downward, reducing active swimming to 30–40 % 
of normal swimming activity (Gleiss et al., 2019). When ascending, they swim 
more or less normally, but at an upward angle (Gleiss et al., 2019). Addi-
tionally, for elongate swimmers that use whole body undulations to power 
swimming, similar wave patterns are used for vertical swimming. Gunnels 
swim vertically within nearshore habitats and to approach nightlights (Kells 
et al., 2016; Lamb and Edgell, 2010). Different gunnel species also twist their 
bodies along the long axis (referred to as “wobble”), which is hypothesized to 
produce upward forces as the body and tail are angled relative to the side-to- 
side movement (Donatelli et al., 2017). For swimmers such as oarfishes and 
knifefishes that use undulations of elongate fins, ribbon fin undulation is used 
to swim upwards and hold station in the water column as well as power the 
descent tail first (Benfield et al., 2013; Youngerman et al., 2014).

8 Fish swimming energetics

The majority of our knowledge regarding the energetics of fish swimming has 
been obtained through controlled laboratory experiments, where fishes swim 
against a flow of water at a set velocity (Brett, 1967, 1962; Dewar and Graham, 
1994; Priede and Holliday, 1980; van Ginneken et al., 2005). Flow induces 
rheotaxis in fishes, leading them to orient and swim against the current. This 
behavior allows researchers to measure the costs of locomotion at various 
speeds indirectly through oxygen consumption (MO2, the rate of change in 
oxygen in the chamber, relative to the fish’s mass), which is calculated by 
monitoring the decrease in oxygen concentration within a chamber over time as 
the fish swims. The oxygen consumption rate is typically expressed as 

=M
V

M t
0

0
b2
2

where O2 is the change in oxygen concentration (usually in mg O2 per liter), 
V is the volume of the respirometer chamber (in liters), t is the time interval 
over which oxygen concentration is measured (in hours), M is the body mass of 
the fish (in kilograms), and b is the allometric coefficient, typically ranging 
from 0.67 to 0.9, depending on the species or group of fish.

The coefficient b accounts for the fact that the relationship between MO2 

and body mass is not isometric; fishes do not consume oxygen at a rate directly 
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proportional to their size. Instead, metabolic rate scales with body mass 
according to this exponent, reflecting the non-linear nature of metabolic 
demands across different sizes and species (Schmidt-Nielsen, 1984, 1970; 
White and Kearney, 2014). The value of b varies among fish groups; it is 
important to use the correct value to ensure that the energy costs of swimming 
can be adjusted and compared across species.

Oxygen consumption measurements in fish are often conducted using Brett- 
type or Blazka swim tunnels, which track oxygen decline as fish swim against a 
flow. During steady swimming, oxygen consumption either increases expo-
nentially or by following a nonlinear J- or U-shaped relationship with velocity 
(Di Santo et al., 2017b; Di Santo and Goerig, 2025; Zhang and Lauder, 2024). 
While most classic studies have shown a linear relationship between speed and 
metabolic rates, it has recently emerged that MO2 at very low speeds may be 
significantly higher than those at intermediate speeds that are optimal for 
cruising. This might explain why fishes may opt to swim at intermediate rather 
than very low speeds, and by doing so, save energy. At high speeds, the 
hydrodynamic power needed to overcome body drag increases as the cube of 
velocity, and thus increases energetic costs of swimming exponentially. At low 
speeds, the power to overcome drag is small, but fishes may struggle with 
postural instability, which would also increase the costs of locomotion.

Oxygen consumption is the standard proxy for estimating the energetic cost 
of swimming, but accurate interpretation of metabolic data requires nuance. 
Traditionally, fish energetics have been quantified using respirometry in swim 
tunnels, where individuals swim against a current and oxygen consumption 
(MO2) is measured over time. However, the assumption that steady-state 
oxygen consumption reflects the total cost of locomotion is increasingly 
challenged. Studies now show that excess post-exercise oxygen consumption 
(EPOC) must be included to avoid underestimating metabolic costs—particu-
larly at low and high swimming speeds (Di Santo et al., 2017b; Di Santo and 
Goerig, 2025).

Recent empirical work has revealed that fishes may accumulate an oxygen 
debt even during routine swimming, suggesting that anaerobic metabolism 
contributes to energetic demand well below maximum speeds. For example, in 
clearnose skate (Raja eglanteria), anaerobic metabolism was evident at all 
speeds tested, and including the recovery oxygen cost increased total energetic 
expenditure by approximately 50 % (Di Santo et al., 2017b). This indicates that 
fish may use fast-twitch glycolytic muscle fibers intermittently even during 
steady swimming, contradicting the long-held assumption that low-speed 
locomotion is exclusively fueled by aerobic red muscle (Di Santo et al., 2017b; 
Svendsen et al., 2010). Moreover, these findings emphasize the shortcomings 
of widely used protocols like the critical swimming speed (Ucrit) test, which 
incrementally increases flow speed until exhaustion. While this method offers a 
convenient metric of performance, it cannot differentiate aerobic from 
anaerobic contributions nor detect carryover effects of metabolic debt. As 
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demonstrated in both skates and trout, fatigue can occur at submaximal speeds 
when anaerobic metabolites accumulate, distorting estimates of maximal sus-
tainable speeds and oxygen consumption (Di Santo et al., 2017b; Svendsen 
et al., 2012, 2010; Weber, 1991).

In addition to protocol design, methodological constraints of flow-through 
swim tunnels also introduce potential errors. Small chambers, in particular, 
may amplify wall effects, confinement stress, and spontaneous activity, arti-
ficially inflating MO2 readings (Di Santo and Goerig, 2025; Steffensen, 1989). 
These conditions suppress natural swimming behavior and compromise the 
ecological relevance of metabolic measurements. Consequently, energy costs 
derived under such settings may misrepresent actual locomotor expenditure in 
the wild. Altogether, these insights reveal that to accurately quantify the cost of 
swimming in fishes, one must consider postural and stabilization costs, inte-
grate aerobic and anaerobic metabolism, account for excess post-exercise 
oxygen consumption, and critically assess the limitations of laboratory proto-
cols. Only then can we approach a comprehensive understanding of the 
energetic landscape underlying fish locomotion (Webb, 2006, 1984).

Measurements at low speeds are particularly challenging, since many fishes 
with a swim bladder are inherently unstable at low speed. For decades, 
researchers have reported that fishes at low speeds swim erratically, and show 
“restlessness”. From a biomechanical perspective, this restlessness can be 
explained by the necessity to stabilize body posture at very low speeds which 
come to a cost. At lower swimming speeds, fishes encounter greater challenges 
in maintaining stability and equilibrium, akin to the difficulties faced by a 
cyclist moving slowly. Indeed, Webb (2002) estimated that postural costs 
constitute about 10 % of the total cost of steady swimming and should increase 
at lowest speeds. At higher speeds, fishes can use more subtle, and less energy 
intensive, adjustments of their fins and body orientation to correct deviations 
from their intended path. The forward momentum at these speeds also provides 
a stabilizing force, enhancing the fish's ability to resist perturbations such as 
currents, turbulence, and torques (Webb, 2002; Webb and Weihs, 2015). 
However, as swimming speed decreases, this forward momentum diminishes, 
reducing the stabilizing effect and making it more difficult for a fish to 
counteract any perturbations. The reduced hydrodynamic forces at low speeds 
also result in effectively lower inertia, meaning that even minor imbalances or 
external disturbances can cause significant deviations from a steady trajectory. 
To maintain stability, a fish must exert greater effort to make corrective 
adjustments, but the slower speed limits the effectiveness of these responses. 
As a result, swimming at low speeds can be more energetically demanding, as 
fishes must work harder to sustain balance and control (Di Santo et al., 2025).

Even while stationary, most fishes are inherently unstable because the 
center of mass (the force of gravity as it acts on the relatively dense skeleton 
and muscles) is separated by the center of buoyancy (the net effect of the water 
pressure on the body, influenced by the less dense viscera and swim bladder) 
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(Fath et al., 2023; Webb and Weihs, 1994). Separation of the center of mass 
and center of buoyancy along the anterior-posterior axis causes a pitching 
torque, and along the dorso-ventral axis causes a rolling torque. Despite the 
common anecdote that dead fish roll belly up, most fish species have a larger 
anterior-posterior separation, resulting primarily in pitch instability rather than 
roll (Aleyev, 1977; Fath et al., 2023; Webb, 2006). Fishes adjust body position 
to respond to these destabilizing forces by moving their fins and adjusting their 
body angle. As a consequence, fishes swimming slowly may show erratic, 
unsteady behaviors that correspond to relatively high metabolic rates when 
compared to intermediate cruising speeds. These costs might be even higher in 
negatively buoyant fishes, as they need to swim to create hydrodynamic lift, 
causing the speed -metabolic relationship to assume a U shape instead 
(Di Santo et al., 2017b).

Not all studies on swimming energetics do not show this pattern at low 
speeds (Korsmeyer et al., 2002; Svendsen et al., 2010). Some classic studies on 
fish locomotion reported high energetic costs of swimming slowly, but were 
attributed to what they termed “restlessness” (Brett, 1967; Sepulveda et al., 
2003). Most others do not even report an increase in metabolic rates at low 
speeds. More studies are needed to match physiological and biomechanical 
measurements to assess the costs of swimming across a wide range of speeds.

9 Swimming performance under climate change

As climate change intensifies, the field of fish biomechanics must advance to 
systematically address the complex, interrelated effects of environmental 
stressors—such as temperature variability, ocean acidification, hypoxia, and 
habitat degradation—on fish locomotion, survival, and ecological function. We 
advocate a new focus on ecological physiology within the context of bio-
mechanics, a framework termed “EcoPhysioMechanics” (Di Santo, 2022). This 
integrative framework combines principles of biomechanics, energetics, and 
ecology to provide a comprehensive approach for understanding fish adapt-
ability, resilience, and vulnerability in rapidly changing conditions (Claireaux 
and Chabot, 2016; Pörtner and Knust, 2007). As climate-driven changes 
interact with habitat degradation, biomechanics research must pivot towards 
developing predictive, forward-thinking models to anticipate how fish popu-
lations, and animal populations more broadly, might respond to these unpre-
cedented shifts by exploiting their locomotor capacities (Di Santo and Goerig, 
2025). A promising direction for this field involves integrating empirical data, 
technological advancements, and simulation models to better understand and 
predict migration patterns and movement, ultimately contributing to con-
servation frameworks that protect species and ecosystems (Di Santo, 2024; 
Lubitz et al., 2024). Some additional suggestions for integrating these ideas 
into our proposed framework of EcoPhysioMechanics are discussed in Chapter 
8 (Vol 41: Higham et al., 2025).
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In particular, ocean acidification introduces significant physiological dis-
ruptions that cascade into biomechanical consequences, severely compro-
mising the sensory, motor, and cognitive functions that underlie effective 
locomotion (Allan et al., 2014; Chung et al., 2014; Hamilton et al., 2014; Wang 
et al., 2017). In fact, acidification impacts neurotransmitter function, especially 
GABA receptors, which play a crucial role in behaviors like predator evasion, 
orientation, and spatial navigation (Munday et al., 2009; Nilsson et al., 2012). 
In reef fish like clownfish and damselfish, these neurological disruptions 
manifest as erratic swimming patterns and impaired foraging behaviors, ulti-
mately reducing survival rates (Allan et al., 2014). Acidification also affects 
otolith development, compromising sensory input crucial for balance and 
orientation, which directly impacts locomotor control in species that rely on 
precise movements for habitat interaction and predator avoidance (Checkley 
et al., 2009; Kwan and Tresguerres, 2022). These neurological and sensory 
impacts call for future research that links EcoPhysioMechanics with neuro-
biology, exploring how acidification-induced changes in sensory processing 
alter fish biomechanics and locomotor behavior. As ocean acidification hot-
spots—regions with especially high CO₂ concentrations—emerge globally, 
eco-mechanics studies may prioritize species in these areas, aiming to quantify 
the cumulative effects of acidification on neural and sensory systems across 
life stages and habitats. For a review on sensory systems that may be impacted 
by increased acidification in aquatic systems, see Chapter 5 (Vol 41: McHenry 
and Peterson, 2025).

As fishes face the mounting impacts of ocean acidification, the additional 
stress of rising temperatures further intensifies these challenges, exerting pro-
found effects on locomotor energetics, metabolic scope, and kinematic efficiency 
(Di Santo, 2016; Todgham and Stillman, 2013). While warmer waters can 
potentially enhance muscle contractility and burst-swimming, temperature 
increases quickly surpass species-specific thermal optima, leading to increases in 
metabolic demands (Clark et al., 2013; Pörtner and Knust, 2007). This condition 
elevates oxygen requirements within muscle tissue, often resulting in severe 
fatigue, reduced endurance, and impaired agility, which are essential for species 
that migrate, evade predators, or engage in high-energy behaviors (Brett, 1967). 
Temperature-induced stress during embryonic development is a recognized 
teratogenic factor in fishes, leading to skeletal deformities (Pimentel et al., 2016; 
Takle et al., 2005; Vilmar and Di Santo, 2022). Rising temperatures increase the 
occurrence of severe axial malformations, with a higher incidence of enlarged, 
fused, and deformed vertebrae as thermal conditions intensify (Fraser et al., 
2015; Sassi et al., 2010; Takle et al., 2005; Ytteborg et al., 2010). In elasmo-
branchs, warming affects cartilage mineralization, possibly reducing the bio-
mechanical stiffness of fins of species that rely on pectoral fin undulation 
(Di Santo, 2019). Without adequate skeletal support, these fishes may expend 
more energy on basic movements and experience heightened vulnerability in 
dynamic, high-flow environments, where fin stiffness and shape play a pivotal 
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role in swimming performance. To address these impacts, biomechanics research 
may quantify how structural and metabolic thresholds shift under elevated 
temperatures, particularly using 3D imaging and kinematic tracking to monitor 
minute biomechanical changes in real-time and pair those with energetics 
measurements (Vilmar and Di Santo, 2022). Such studies will be key to 
developing predictive models that can assess the combined impacts of acid-
ification and temperature on biomechanical performance.

Additionally, hypoxia, which is increasingly prevalent in coastal zones and 
some oceanic regions, restricts aerobic capacity, limiting fish’s ability to sus-
tain high-energy activities like migration, schooling, and predator evasion 
(Claireaux and Chabot, 2016; Larsson, 2012; McBryan et al., 2013). Fishes in 
hypoxic conditions often reduce their swimming speed and adopt more con-
servative movement patterns to reduce costs of locomotion, a response that can 
delay or prevent important behaviors like foraging or mate-seeking (Claireaux 
and Chabot, 2016). As hypoxic zones often coincide with warming waters, 
fishes face compounded challenges: elevated temperatures increase metabolic 
demands, further exacerbating oxygen limitations. Migratory species like cod 
and salmon, which rely heavily on aerobic scope for their long migrations, are 
particularly vulnerable under these combined stressors (Claireaux and Chabot, 
2016; Mandic and Regan, 2018; McBryan et al., 2013). Future research should 
prioritize physiological and kinematic models that simulate interactions among 
multiple stressors, particularly how warming and hypoxia jointly reduce 
aerobic scope in migratory fish. Developing predictive frameworks that con-
sider seasonal hypoxic events, especially in estuarine and coastal nursery 
habitats, could significantly improve targeted conservation efforts.

All of these environmental stressors may disproportionately affect larvae 
and juvenile fishes. Therefore, research on developmental biomechanics is 
increasingly essential (Mayerl et al., 2023). Juveniles, with their high metabolic 
demands and still-developing systems, show greater sensitivity to acidification, 
hypoxia, and warming than adults, often displaying altered kinematic patterns 
during swimming such as changes in tail beat frequency and reduced endur-
ance (Berio et al., 2023; Di Santo et al., 2016; Lin et al., 2019), or changes in 
the escape response (Ottervall, 2025). Shoaling and schooling behavior, which 
are critical for energy conservation and predator evasion, can deteriorate in 
warmer waters as cohesion weakens, leading to increased predation risk and 
reduced foraging efficienc (Berio et al., 2023). Understanding how develop-
mental plasticity might buffer or exacerbate these vulnerabilities across gen-
erations will be central to assessing long term effects of stressors on locomotor 
performance (Donelson et al., 2012; Ryu et al., 2018; Veilleux et al., 2015). 
Longitudinal studies that track fish populations over multiple generations could 
provide insights into whether certain species can acclimate to altered envir-
onmental conditions, helping scientists anticipate which populations or phy-
siotypes are most likely to persist and what shifts we might observe, for 
instance in geographic distribution.
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These physiological stressors are intensified in many areas due to the 
degradation of habitat complexity—particularly in coral reefs, kelp forests, and 
seagrass beds—by removing critical structural elements that many fishes rely 
on for energy conservation (Di Santo and Goerig, 2025). Fishes often exploit 
currents and physical structures within their environments to reduce the 
energetic costs of movement, even positioning themselves behind objects to 
‘draft’ and take advantage of reduced water flow. Such behaviors (Liao, 2007; 
Liao et al., 2003) demonstrate how fish can minimize energy expenditure by 
using structural features for flow refuging. Additionally, species have been 
known to ‘surf’ upwelling zones, maintaining position with minimal exertion 
as they leverage the flow dynamics in these habitats (Papastamatiou et al., 
2021). However, as ocean acidification and warming continue to degrade 
foundational species like coral and kelp, thus reducing the landscapes that were 
originally highly complex 3D environments into 2D flatlands, the natural 
energy-saving opportunities they provide diminish, forcing fish to expend more 
energy on basic locomotion (Di Santo and Goerig, 2025). Future biomechanics 
research could investigate how fishes adjust their locomotor strategies in 
response to degraded, uniform environments and explore the limits of their 
behavioral plasticity to help offset the energetic costs of navigating these 
altered landscapes. Such studies are essential to identify the species most 
affected by habitat loss and to inform habitat restoration projects that aim to 
rebuild structural complexity.

Emerging technologies in biomechanics, including high-resolution 3D 
kinematics, bio-logging, and artificial intelligence (AI), provide invaluable 
tools for studying fish responses to environmental stressors in unprecedented 
detail. Machine learning tools for tracking videos, including DeepLabCut 
(Lauer et al., 2022), SLEAP (Pereira et al., 2022) and TRex (Walter and 
Couzin, 2021), are decreasing a key bottleneck in behavioral research. By 
facilitating automated tracking of many points on individual fishes or groups of 
fishes, they are enabling scientists to capture fine-scale changes in movement 
in response to subtle shifts in water chemistry, temperature gradients, or 
oxygen availability, offering novel insights into behavioral and physiological 
responses across longer video sequences. They also are enabling high-resolu-
tion 3D kinematics, allowing researchers to process many videos for “high- 
throughput biomechanics” (e.g., Tidswell et al., 2024). Bio-logging devices 
capable of monitoring metabolic rates, heart rates, and kinematic patterns over 
extended periods allow researchers to study how fishes adjust locomotor 
strategies in natural settings compared to controlled lab environments. For 
instance, White and Lauder (2024) used multiple data loggers to quantify time 
synchronization and drift in animal locomotion studies, highlighting the 
importance of precise temporal alignment in multi-sensor data collection. 
Furthermore, AI-driven simulations enable complex, multi-variable modeling 
that reveals how different environmental stressors interact over time, helping 
to identify vulnerable species and life stages. By combining empirical 
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observations with predictive AI models, biomechanics research can shift 
toward a proactive approach that anticipates how fish populations might shift, 
adjust, or decline under various climate and altered flow scenarios, offering 
essential insights for management practices.

The future of biomechanics research in the context of climate change will 
also rely on interdisciplinary collaboration to develop effective conservation 
strategies. Biomechanists, ecologists, conservation scientists, and climate 
modelers may work together to build integrated models that consider the 
multiple factors impacting fish populations. For example, biomechanics 
insights on fish energy expenditure and locomotor efficiency under stressors 
can be incorporated into ecological models to simulate population-level 
responses to habitat loss and environmental change. Such collaborations could 
help refine marine protected areas by identifying critical habitats that support 
energy-efficient behaviors in fish (e.g., Hernández et al., 2019) and guiding 
restoration initiatives aimed at preserving structural complexity (Di Santo and 
Goerig, 2025).

Adaptive conservation strategies informed by integrative studies can 
enhance habitat restoration efforts and shape policies that strengthen species 
resilience. For instance, in regions with frequent upwelling, habitat restoration 
could prioritize maintaining or increasing structural complexity to maximize 
energy-saving opportunities for local fish populations (Castro-Santos et al., 
2022; Di Santo and Goerig, 2025; Lacey et al., 2012; Silva et al., 2018). 
Policies aimed at reducing nutrient runoff and improving water quality could 
also help mitigate hypoxia in coastal zones, supporting the energy demands of 
migratory and high-performance species (Pörtner, 2010). Predictive models 
that combine biomechanics, physiology, and ecological data can guide these 
conservation efforts, allowing management strategies to be tailored to the 
specific needs and vulnerabilities of fish populations facing climate-driven 
stressors. By aligning biomechanical insights with ecological data, scientists 
can provide actionable information that supports marine management efforts 
and helps to safeguard fish populations' adaptive potential, fostering resilience 
within marine ecosystems under unprecedented environmental pressures.
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