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ABSTRACT

Locomotion is a defining characteristic that can dictate many
aspects of an organism’s life history in the pursuit of maximiz-
ing fitness, including escaping predators, capturing prey, and
transitioning between habitats. Exhaustive exercise can have
negative consequences for both short-term and long-term en-
ergetics and life history trade-offs, influencing fish survival and
reproduction. Studies of swimming performance and exhaustive
exercise in fish are often conducted on individual species, but few
multispecies analyses exist and even fewer in field settings. In fish,
swimming performance and exercise have historically been studied
in the laboratory using swim tunnels, but an increasing body of
work in recreational fisheries science provides a novel way to
examine swimming capacity and exhaustion. Using fight time, the
time it takes for a hooked fish to be landed on rod and reel fishing
gear, as an opportunistic proxy for fish exhaustion, a multispecies
meta-analysis of data from studies on recreational fisheries was
conducted to elucidate the factors that most influence capacity for
exhaustive exercise. Data from 39 species of freshwater andmarine
fish were aggregated, and negative binomial mixed effects models
as well as phylogenetic least squares regression were used to
identify the factors that most influenced exhaustive exercise in the
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field. Fish total length, aspect ratio of the caudal fin, and body form
were significant factors in explaining the capacity for exhaustive
exercise. Large migratory fish with high aspect ratios were able to
fight, and therefore exercise, the longest. These results illustrate
that body form and physiology are both deeply intertwined to
inform function across fish species and point to angling fight time
as a useful approximation of fish swimming capabilities that can
be further developed for understanding the limits of fish exercise
physiology.

Keywords: exhaustion, fish, recreational angling, fisheries,
locomotion, anaerobiosis.
Introduction

Movement is integral to many animals as they accomplish life
history tasks (Nathan et al. 2008; Bro-Jørgensen 2013). The precise
ways animals move, including avoiding predators, acquiring food,
and seeking reproductive opportunities that maximize lifetime
fitness potential, are critical to their physical fitness (Brown et al.
2004; Chapman et al. 2015; Halsey 2016). Animals typically move
within their aerobic scope, the range of aerobic metabolic activity
abovemaintenance level (Fry 1947), but in rare instances they will
recruit anaerobic exercise to accomplish specialized tasks such as
chasing prey or escaping a predator and then incur the metabolic
(Seymour et al. 1985; Kieffer 2000) and behavioral (Brownscombe
et al. 2014b) costs of recovery.This exhaustive exercise has received
attention as a key variable of interest for fundamental movement
research (Wood et al. 1983; Wood 1991; Kieffer 2000). The en-
ergetic paradigms of exhaustive exercise have largely focused on
a few species in laboratory settings exploring the fundamentals of
scaling relationships, muscle energetics, and physical forces to
calculate the limits of exercise across taxa (Kleiber1947;Brett 1965;
Webb 1971a, 1971b; West et al. 1997; White and Seymour 2005;
Cloyed et al. 2021). Field research on exhaustive exercise is rare
because of the challenges observing wild animals exercising at
maximum capacity. As such, the relationships between animal
form and function in the wild remain a significant knowledge gap
with respect to the energetic capacity when confronted with a
critical challenge.

Fish are an excellent model for studying exhaustive exercise
across taxa, in part because they are a highly diverse group
spanning a variety of morphologies optimized for various
3. q 2022 The University of Chicago. All rights reserved. Published by The
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habitats. This diversity, however, can result in physiological trade-
offs that influence locomotor performance, such as changes in the
proportion of red to white muscle (see Garland et al. 2022 for a
review on trade-offs in organismal biology). Indeed,fish have been
studied extensively in laboratory settings to understand the be-
havioral and physiological determinants of anaerobic exercise
(Goolish 1991; Hammer 1995; Kieffer 2000; Post and Parkinson
2001). Respirometry and other laboratory experiments have
shown how fish recruit either aerobic red muscle for sustained
swimming within the aerobic scope or anaerobic white muscle for
burst exercise (Brett 1972; Goolish 1991; Blake 2004; Palstra and
Planas 2011). Field experiments with accelerometry (e.g.,
Brownscombe et al. 2014b; Wright et al. 2014; Lennox et al. 2019)
rarely capture sustained anaerobic swimming because animals
seldom recruit these pathways in daily life and would even more
uncommonly be recorded swimming to exhaustion. There is
therefore a lingering gap in our understanding of how much
exhaustive exercise fish can sustain in the wild that, if addressed,
wouldprovidenew insights intohow formand functionare related
within and among species.
Humans operate as predators in wild systems and use a

variety of gears (e.g., fishing rods, nets, traps, guns) to target
animals for harvest or recreation, which elicits an escape re-
sponse from these animals. Recreational fishers in particular
target a wide diversity of fish using rod and reel (Cowx 2002)
that challenge the fish to swim to exhaustion before it can be
landed. Literature on recreational fisheries provides a unique
window into the swimming capabilities of different fish species
and offers an opportunity to observe interspecific capacity for
exhaustive exercise across taxa in response to an extreme
challenge. We capitalized on the wide availability of accurately
timed fights between recreational anglers and fish species
around theworld in scientific literature on recreational fisheries
to investigate how species and individual traits contributed to
the capacity to swim to exhaustion. Because metabolic rate
increases with absolute body size (Clarke and Johnston 1999),
we predicted that larger fish would have longer fight times
across species. We also predicted that the aspect ratio of the
caudal fin, a key morphological trait linked to swimming
function, would influence fight time durations across species.
Finally, we predicted that highly migratory fish, which are
inherently more active over their life span than nonmigratory
fish, would have higher exercise tolerance because their bodies
are conditioned for the intense exercise, both aerobic and
anaerobic, that migrations demand (Brownscombe et al. 2017).

Methods

Data Collection and Preparation

We reviewed the published literature from January 2007 to De-
cember 2017 covering fish caught with recreational angling
equipment (rod and reel), which included studies focusing on
physiological stress responses of angled fish. We emailed corre-
sponding authors for the identified articles and colleaguesworking
in recreational fisheries science for data from studies that recorded
fish capture data, including fight time, defined as the amount of
timeelapsed fromwhenafish isfirsthookedonrecreationalfishing
gear to when it is landed, and fish body size, measured in
centimeters total length (table A1). We identified 23 studies in the
published literature, and unpublished fish capture data from eight
additional studies were shared with us, encompassing 42 species.
Thedata extracted includedfish species, length (fork lengthor total
length), fight time, gear type (fly or conventional tackle), and
location of capture (state/province and country). Fish shape (e.g.,
fusiform or elongate) and aspect ratio were added to the data set
using data extracted from the globalfish database FishBase (Froese
andPauly2000)with the rfishbasepackage (Boettigeretal. 2012) in
R (R Core Team 2020). Aspect ratio was defined as the squared
height of the caudal fin divided by the surface area of the caudal fin
(Froese and Pauly 2000). If multiple aspect ratios were found,
values were averaged, and the mean value was used. Species were
scored as highly migratory or nonmigratory according to
designations for each species available in FishBase. While mi-
gration does exist on a spectrum, the binary classificationwas used
for the purposes of these analyses. If necessary or if no information
was provided in FishBase, these determinations were changed
according to other support from the literature focused on species
ecology. Species trophic level (level 3, level 4), food type (ben-
thivore, piscivore, planktivore), and feeding strategy (ambush,
chasing, crushers, mobile hunters, particulate feeding, stalking,
suction feeders) were assigned according to the designations
discussed byGerking (1994) andnotes on species biology from the
included studies and FishBase. Determinations of the activity level
(high,medium, low)andenergydemand required (minimal, burst,
sustained) for designated foraging strategies were assigned ac-
cording to thedescriptionsofeach feeding strategy (Gerking1994).
Somestudy speciesdidnothavemeasurable fork lengthsbecauseof
the shape of their caudal fin. Because of this, all analyses were
conductedwith total length. For specieswhose total lengthwas not
directly measured in the original studies, fork lengths were con-
verted to total length according to species-specific conversion
equations found in the literature (table A2).When species-specific
conversions could not be found, equations were used from closely
related species to provide a best available approximation. This was
done for eight species in the data set,mainly tunas (Thunnus spp.),
false albacore (Euthynnus alletteratus), and skipjack (Katsuwonus
pelamis; table A2). Some species had missing values for the gear
type; haddock, bluefin tuna, largemouth bass, blue shark, and yel-
lowfin tuna values were imputed to be conventional gear according
to context. We excluded 23 Atlantic bonefish with missing values
for tackle because gear was not known. Phylogenetic relationships
among species were available for bony fish through the fishtree_
phylogeny function in the fishtree R package, an application pro-
gramming interface to the Fish Tree of Life (Chang et al. 2019).
Data Analysis

The response variable, fight time, is essentially a count variable
of seconds to exhaustion. If an appropriate fishing line test is
used, a fish will not be landed before it experiences exhaustion
and can no longer fight against the line. As a count variable,
the data were initially modeled by generalized linear regression
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with a Poisson distribution. To account for evidence of
overdispersion in our Poisson models, a negative binomial
distribution was ultimately used. Twomodels were constructed
and compared, both using the glmer.nb function in the R
package lme4 (Bates et al. 2015). The first model included
multiple putative explanatory variables hypothesized to con-
tribute to time to exhaustion: total length, aspect ratio, body
shape (elongated or fusiform), energy demand (minimal, burst,
sustained), food type (piscivore, benthivore, planktivore),
migratory trait, and gear type. The secondmodel included only
total length and gear type. Both models included species as a
random effect, in part to account for unbalanced observations
among species, as is common in ecology studies (Schielzeth et al.
2020). The models were compared by Akaike information
criterion (AIC; Akaike 1974), a commonly used metric for
selecting the model that best balances goodness of fit and
parsimony from a candidatemodel set. Predictions were drawn
with the predict.merMod function in lme4 without random
effects to provide generic predictions for fight times.
In consideration of potential phylogenetic relations among

species and the influence on violation of independence, an
especially important considerationwhen comparing species for
metabolic scaling (White andKearney 2014), the fullmodel was
repeated using phylogenetic generalized least squares regres-
sion using the gls function in the nlme package (Pinheiro et al.
2020). The nlme package does not take a family argument, so
neither Poisson nor negative binomial distributions were
supported. Using the ape package (Paradis and Schliep 2019),
we included a Brownian motion correlation structure
(Felsenstein 1985; Martins and Hansen 1997) based on the
phylogenetic tree drawn by the fishtree package. Because not all
of the species were included in the possible trees, only 30 species
were used in this model. The corBrownian function assumes
only one line per phylogenetic grouping, so random effects are
not supported. Therefore, the mean fight time and mean total
length for each specieswerefitted alongwith aspect ratio, shape,
energy demand, food type, andmigratory tendency;fishing gear
was not used in this analysis. Again, a full model and reduced
model were fitted and compared by AIC based on maximum
likelihood estimation (method p “ML”).
Results

A total of 5,749 fight time records were extracted from recre-
ational fishing studies on 42 different species of bony and
cartilaginous fish, 30 of which were available in fishtree for
phylogenetic analysis (fig. 1). After removal of three species
with only one observation and observations without length
records, 5,652 records from 39 species were available for
modeling. The longest average fight times were for white marlin
(Kajikia albida), the largest species in the data set (230:9511:6 cm
total length; mean 5 SD) and Atlantic tarpon (Megalops
atlanticus), averaging 37 and 25 min, respectively (figs. 2, 3).
Fat snook (Centropomus parallelus), peacock bass (Cichla
ocellaris), and brook trout (Salvelinus fontinalis) were landed in
11, 14, and 22 s, respectively, on average, representing the
shortest fight times. These were the three smallest species in the
data set, measuring 26:95 9:3, 26:45 4:4, and 18:25 5:2 cm
total length, respectively. The full model performed better than
the simplemodel with only total length and gear type, so the full
model was retained (DAIC p 3:65). The full model revealed
a strong positive relationship to total length (z p 39:93,
P < 0:01; fig. 4) and aspect ratio (z p 2:01, P p 0:04). Fight
times for the fusiform body form were not quite significantly
longer than for the elongated body forms (z p 1:83, P p 0:07;
fig. 4). Fish captured by fly fishing also took longer to land
(z p 23:77, P < 0:01). Food type, energy demand, and mi-
gratory trait were not significant.

The phylogenetic (fig. 1) generalized least squares regres-
sion analysis had results similar to the negative binomial
mixed effects model. In this case, there was no clear difference
between the full model and the reduced model (DAIC p 1:96),
so the simple model, which included only total length, was
retained. In this case, total length was a strong significant positive
predictor of fight time (t p 15:06, P < 0:01).

Discussion

Animals have evolved physiological systems adapted to their
environments and the challenges that confront them in staying
alive (Bro-Jørgensen 2013). The musculature of a fish and the
Figure 1. Phylogenetic relationships among bony fish species covered
in this article, excluding 10 not in the fishtree database, primarily
sharks. These 32 species were used for the phylogenetic generalized
least squares model. The origin (root) of the tree represents the most
recent common ancestor linking the phylogenetic tree of bony fish.
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associated physiological systems that limit exercise potential, es-
pecially the cardiorespiratory system, are shaped by evolution of
the species, with some interindividual variation in performance
(Albert and Johnson 2012). Fish phylogenetic groups vary dra-
matically in musculature, shape, fin placement, and metabolic
capabilities, demonstrating how body form reflects function and
performance (Goolish 1991; Altringham and Ellerby 1999;
Langerhans and Reznick 2010). Among species, the amount of
anaerobic performance required for an ambush predator to forage
efficientlywill be less than the amount ofwhitemuscle required for
cursorial counterparts (Childress andSomero 1990), leadingactive
species to exhibit stronger positive trends of body size with
anaerobic capacity (e.g., Centrarchidae [Kieffer et al. 1996];
Cyprinidae [Ohlberger et al. 2005]). In our analysis of field
responses toan extreme challenge,fishanaerobicperformancehad
significant variation among species groupings reflecting these
interspecific differences in lifestyle, but high variation was asso-
ciated with individual body size. These results are suggestive of a
strong allometric scalingof exhaustive energypotential across taxa.
Body size alone is a strong predictor of metabolic rate across

vertebrate species (Nagy 2005; Cloyed et al. 2021). Larger fish
inherently have more muscle mass and access to larger energy
reserves through both aerobic and anaerobic metabolism
(Kieffer 2000) and, correspondingly, have a greater capacity for
exhaustive exercise in laboratory trials (Ferguson et al. 1993;
Figure 2. Summary of fish fight times, mean and standard error, with mean fish length and body shape scaled and colored to the plot. Fat snook and
butterfly peacock bass had on average the briefest fight times, whereas bigeye tuna and white marlin had on average the longest fight times to exhaustion.
Figure 3. Mean and standard error of fight times on the log scale for
all species by mean total length also on the log scale.



Figure 4. A, Raw observations of fight times recorded for 42 fish species with total length, aspect ratio, and body shape mapped. B, Model-predicted
fight times at given total lengths for fish according to the full negative binomial mixed effects regression. Predictions are drawn across lengths and
aspect ratios and for elongated and fusiform body shapes. Gear type is fixed to spinning gear, food type is fixed to piscivore, energy demand is fixed
to sustained, and the migratory trait is fixed to positive. Random effects are turned off for the prediction.
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Clarke and Johnston 1999). The scaling of anaerobic capacity
with body size has been documented in many commonly tested
laboratory species (brook trout [Kieffer et al. 1996; McDonald
et al. 1998], kelp bass [Paralabrax clathratus; Somero and
Childress 1990], rainbow trout [Oncorhynchus mykiss; Somero
andChildress 1990;McDonald et al. 1998], andAtlantic salmon
[Salmo salar; McDonald et al. 1998]), with some exceptions
(largemouth bass [Micropterus salmoides; Kieffer et al. 1996]
and Dover sole [Solea solea; Somero and Childress 1990]). The
scaling of fight time with individual size was predicted ac-
cording to laboratory and theoretical models explaining animal
exercise but nevertheless represents a unique quantification of
patterns of exhaustive exercise in wild, unconditioned animals
and across a wide breadth of species.
The strong influence of body size on the fight time response

potentially dominated other important variables. Body shape
was marginally significant, suggesting a shorter expected time
to exhaustion for elongated swimmers. We predicted that high
aspect ratio, which maximizes the amount of thrust that can be
generated (Blake 2004) by increasing the aerodynamic effi-
ciency of the caudalfin (Nursall 1958),would allow afish tofight
harder against an angler while using less energy than fish with
lower aspect ratio. This was the case according to the random
effects model but not the phylogeneticmodel. Tunas, sharks (in
this article mainly Carcharhinidae but also Isurus oxyrinchus
andCarcharias taurus), and other cursorial piscivores (Gerking
1994) had a mean aspect ratio of 4.11, and these species had
significantly longer fight times than ambush predators and
particulate feederswhosemean aspect ratioswere 1.79 and 1.75,
respectively. Aspect ratio is also linked to fish migratory be-
havior, with most highly migratory fish having high aspect
ratios tomaximize their performance as steady body and caudal
fin swimmers that often consume widely dispersed prey (Blake
2004). For fish in our data set, the mean aspect ratio (using
unique values) for migratory fish was nearly double that of
nonmigratory fish (3.89 and 2.05, respectively).
The Fry (1947) paradigm outlined the controlling factors

that govern an animal’s metabolic rate in relation to ex-
haustive exercise, including temperature. Water temperature
is missing from our analysis and likely would have had some
effect within studies. However, much of the variation in water
temperature is likely collinear with species because of the
nested nature of data collection. Furthermore, all of the
temperate fish across studies were caught during the summer,
predominantly centrally within their global range, making fish
unlikely to be exposed to their thermal minima or maxima.
Therefore, the variation driven by temperature is likely captured
in our model random effects and correlation structures. Water
temperature was not available for all of the studies in the meta-
analysis, and imputing these values would likely further con-
tribute to collinearity. The effects of water temperature on the
resting metabolic rate of fish varies at the inter- and intraspecific
levels (Killen et al. 2010; Ohlberger et al. 2012), with metabolic
rate often scaling significantly with body mass, lifestyle, and
swimming mode regardless of temperature (Killen et al. 2010). In
other ectotherms, specifically various species of lizard, temper-
ature and body size have been shown to affect locomotor ca-
pacity, with higher temperatures allowing for higher maximum
speeds (Bennett 1987; Garland 1994). However, the effects of
temperature vary across species and among individuals, and
more research is needed in a variety of taxa to fully support the
thermodynamic constraint hypothesis (Angilletta et al. 2009).

Our study addressed field aspects of exhaustive exercise, as
opposed to a laboratory setting, and offers insight into dif-
ferent species across environmental contexts. The taxonom-
ically diverse species presented here, while of importance to
recreational fisheries, are not often tested in the laboratory, in
part because of the challenges of maintaining large-bodied
individuals, such as sharks, tarpon (Megalops atlanticus),
arapaima (Arapaima spp.), marlins (Istiophoridae), and tunas
(Scombridae), in a research setting. When time to fatigue was
available in controlled critical velocity swim tunnel trials,
comparisons between time to fatigue in swimming challenges
and fight times for comparably sized fish were similar for
brook trout (mean fight time: 22:25 14:3 s; time to fatigue
range: 18–90 s; Kieffer et al. 2011) and sockeye salmon
(Oncorhynchus nerka; mean fight time: 2:535 1:12 min; time
to 50% of fish fatigued at constant 3.0 L/s flow velocity: 5 min;
Brett 1967). Laboratory studies conduct manipulations to
better resolve the mechanisms underlying physiological per-
formance, whereas our data are observational from the field
given ambient, unmanipulated fish and environmental con-
ditions. Fish in swim tunnel experiments are often exposed to
incremental increases in water velocity (Brett 1965; Nowell
et al. 2015), allowing fish to gradually engage in anaerobic
exercise, while hooked fish will immediately engage in burst
swimming and may reach fatigue more rapidly, as seen in a
swim trial of comparably sized Atlantic cod (Gadus morhua)
that fatigued after 1515 1:2 min on average (Reidy et al.
1995), compared with our observed mean fight time of
1:585 0:59 min.

Phylogeny is important to consider when comparing lo-
comotor performance across taxa (Cloyed et al. 2021), and we
produced two models that accounted for phylogeny differ-
ently. The random effects model had no structure to account
for species relatedness and performed slightly differently from
the phylogenetic generalized least squares regression analysis.
The phylogenetic analysis excluded a few rare species, in-
cluding arapaima (Arapaima cf. arapaima), whose taxonomy
is relatively new (Watson and Stewart 2020), and all sharks
that were not included in the Fish Tree of Life. The advantage
of the random effects model was the ability to model residual
error with a negative binomial distribution, which was most
appropriate given our data structure. However, the phyloge-
netic relationships violated the assumption of independence
(Cloyed et al. 2021). There are credible reasons why each
model may be considered better, so we presented both. Ul-
timately, the relationship between fish size and time to ex-
haustion was strong and significant regardless of the model.
We considered that this relationship between fight time and
fish size may be nonlinear (i.e., exponential), and predictions
from the negative binomial model suggest some nonlinearity.
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Limitations

Weposit thatfight times represent a robust and comparablemetric
formeasuring field exercise capabilities of wild animals. Capturing
afish via recreational angling simulates apredator-prey interaction
(Carpenter et al. 1994; Johnson and Carpenter 1994), and the
angling process exercises fish to exhaustion (Brobbel et al. 1996;
Kieffer et al. 2002; Currey et al. 2013). This process is physio-
logically comparable to more controlled laboratory analyses of
exhaustive exercise,withangledfishexhibiting the samechanges in
blood physiology as those exercised in the lab (Wood 1991; Suski
et al. 2007; Thompson et al. 2008; Kneebone et al. 2013). Like the
body of literature for lab-based physiology studies, our data set is
not a comprehensive representation of fish diversity. The fish
species included in our analyses were commonly targeted in
recreational fisheries and biased toward higher-trophic-level
consumers. While the fish sampled ranged in size from 10.5 to
358.5 cm total length and had a variety of feeding strategies, from
particulate feeders tomobilehunters, small, low-trophic-levelfish
were underrepresented in the study.
We showed that fight times predictably scale with individual

and species-level metrics of fish. We acknowledge that there are
some limitations to this approach and suggest that these offer
insights into important further studies in movement ecology
research and exercise physiology of wild animals. Research on
artificially selected largemouth bass shows that vulnerability to
capture via recreational angling during the breeding season is
heritable and tied to resting metabolic rate, with more aggressive
and attentive nest guarders having a higher restingmetabolic rate
and being more vulnerable to capture (Cooke et al. 2007). Sam-
pling fish via recreational angling may bias samples toward
individuals with a higher restingmetabolic rate and thus a need to
forage more regularly, which could reduce their metabolic scope.
However,fish fighting on a line against an angler can use currents,
shelter, and other strategies beyond simply maximal swimming,
such that their level of exercise is not necessarily fully exhaustive.
Fight times may not represent the fastest possible onset of ex-
haustion as swim tunnel trials can, but this has the advantage of
being more representative of a true predator-prey encounter
where fish use their environment tomaximize escape probability.
However, for small species such as fat snook, peacock bass, and
brook trout, fight time probably underestimates exhaustive ex-
ercise capacity because the angler canpull harder than thefish and
retrieve it before it is fully spent. Indeed,fight times candependon
angler skill, fishing method (especially the amount of line out
when the fish is hooked), and fishing gear. Fly gear took signifi-
cantly longer to exhaust fish than spinning gear. Other non-
reported aspects of the gear, especially rod lengthand strengthand
line test, would probably affect fight time and should be con-
sidered to introduce some level of error into the estimates that we
were not able tomodel. Generally, recreational angling research is
conducted by experienced anglers using gear that is appropriate
for the target species and not ultralight or ultraheavy gear that
would prolong or truncate fight times, but there is variation
among studies that could affect estimates. Further research should
be conducted to investigate recreationalfishing through the lensof
exhaustive exercise, including how fish balance red and white
muscle activation when hooked to maximize their capacity to
escape.
Conclusions

Predation has a strong influence on animal phenotypes and
physical fitness via natural selection as well as conditioning
(Davison 1997) of individuals. Evading a predator, such as a
recreational angler, is one of the most demanding events that an
animal will experience in its life, and these activities require burst-
speed bouts of energy and cannot be sustained for prolonged
periods of time (Goolish 1991; Kieffer 2000). In this study, we
aggregateddataonfield exhaustive exercise offish fromaround the
world to understand how functional traits of species and indi-
viduals contribute to swimming capabilities. Across species, we
found that an individual fish’s body size prolongs the duration of
the fight with an angler with a linear response based on a negative
binomial error distribution. Functional performance of swimming
fish in response to extreme challenges therefore followspredictable
patterns, which also have important implications for fisheries
management given that larger fish develop greater anaerobic debt
and may therefore be more prone to postrelease mortality (Wood
et al. 1983). This is not surprising given how swimming power and
speed scalewithanimal sizebutprovides insight into the functional
ecology of exhaustive exercise that has not been adequately re-
solved in laboratory trials or from observations of free-swimming
fish using accelerometry devices.
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APPENDIX

Table A1: Species, sample size, and sources of data included in this analysis
Common name
 Scientific name
 Sample size (n)
 Data source
Albacore tuna
 Thunnus alalunga
 4
 Skomal 2007

Arapaima
 Arapaima arapaima
 17
 R. J. Lennox, unpublished data

Arapaima
 A. arapaima
 27
 Lennox et al. 2018

Arctic grayling
 Thymallus thymallus
 39
 Lennox et al. 2016

Atlantic bonito
 Sarda sarda
 20
 Skomal 2007

Atlantic cod
 Gadus morhua
 614
 Capizzano et al. 2016

Atlantic salmon
 Salmo salar
 264
 Lennox 2017a

Atlantic salmon
 S. salar
 264
 Lennox et al. 2017c

Bigeye tuna
 Thunnus obesus
 1
 Skomal 2007

Blackfin tuna
 Thunnus atlanticus
 1
 Skomal 2007

Blue-finned mahseer
 Tor khudree
 37
 Bower et al. 2016b

Blue shark
 Prionace glauca
 75
 Skomal 2007

Bluefin tuna
 Thunnus thynnus
 109
 Skomal 2007

Bonefish
 Albula glossodonta
 40
 A. J. Danylchuk, unpublished data

Bonefish
 Albula vulpes
 86
 Danylchuk et al. 2007

Bonefish
 A. vulpes
 23
 Brownscombe et al. 2015

Brook trout
 Salvelinus fontinalis
 172
 Kerr et al. 2017

Brook trout
 S. fontinalis
 146
 Lizee et al. 2017

Bull shark
 Carcharhinus leucas
 3
 Skomal 2007

Bull trout
 Salvelinus confluentus
 127
 Gutowsky et al. 2011

Cusk
 Brosme brosme
 435
 C. W. Capizzano, unpublished data

Dolphinfish
 Coryphaena hippurus
 3
 Skomal 2007

False albacore
 Euthynnus alletteratus
 5
 Skomal 2007

Fat snook
 Centropomus parallelus
 31
 Lennox 2015

Gaint trevally
 Caranx ignobilis
 71
 A. J. Danylchuk, unpublished data

Golden durado
 Salminus brasiliensis
 47
 Gagne et al. 2017

Golden mahseer
 Tor putitorra
 41
 S. D. Bower, unpublished data

Gray reef shark
 Carcharhinus amblyrhynchos
 4
 Skomal 2007

Great barracuda
 Sphyraena barracuda
 62
 O’Toole et al. 2010

Haddock
 Melanogrammus aeglefinus
 2,305
 Capizzano et al. 2019

Largemouth bass
 Micropterus salmoides
 86
 Brownscombe et al. 2014a

Lemon shark
 Negaprion brevirostris
 32
 Danylchuk et al. 2014

Mako shark
 Isurus oxyrinchus
 7
 Skomal 2007

Muskellunge
 Esox masquinongy
 69
 Landsman et al. 2011

Peacock bass
 Cichla ocellaris
 55
 Bower et al. 2016a

Sand tiger shark
 Carcharias taurus
 83
 Kneebone et al. 2013

Sandbar shark
 Carcharhinus plumbeus
 1
 Skomal 2007

Shortjaw bonefish
 Albula glossodonta
 57
 Lennox et al. 2017b

Skipjack tuna
 Katsuwonus pelamis
 26
 Skomal 2007

Sockeye salmon
 Oncorhynchus nerka
 130
 M. Donaldson, unpublished data

Spinner shark
 Carcharhinus brevipinna
 5
 Skomal 2007

Steelhead
 Oncorhynchus mykiss
 159
 Twardek et al. 2018

Tarpon
 Megalops atlanticus
 28
 L. P. Griffin, unpublished data

Wahoo
 Acanthocybium solandri
 7
 Skomal 2007

White marlin
 Kajikia albida
 5
 Skomal 2007

White sturgeon
 Acipenser transmontanus
 126
 M. F. McLean, unpublished data

Yellowfin tuna
 Thunnus albacares
 65
 Skomal 2007
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Table A2: Equations used to convert fork length (FL) to total length (TL) when TL data were not available based on the best
available literature at the time of publication
Species
 Conversion equation
 Source
Albacore tuna
 TL p (FL 1 .081)/1.026
 Used bluefin tuna conversion

Arctic grayling
 TL p .0622 1 .1.052(FL)
 Reed and McCann 1971

Atlantic bonito
 TL p (FL 1 .081)/1.026
 Used bluefin tuna conversion

Bigeye tuna
 TL p (FL 1 .081)/1.026
 Used bluefin tuna conversion

Blackfin tuna
 TL p (FL 1 .081)/1.026
 Used bluefin tuna conversion

Blue shark
 TL p (FL 2 1.39)/.8313
 Skomal and Natanson 2003

Bluefin tuna
 TL p (FL 1 .081)/1.026
 Perçin and Akyol 2009

Bonefish (Albula
glossodonta)
TL p (FL 1 1.3813)/.8619
 Used conversion for Albula vulpes; Larkin 2011
Bull shark
 TL p 1.21(FL) 1 13.84
 Neer et al. 2005

Dolphinfish
 TL p 1.205(FL) 2 2.648
 Campbell 1984

False albacore
 TL p (FL 1 .081)/1.026
 Used bluefin tuna conversion

Giant trevally
 TL p .182081(FL) 1 .421882
 Smallwood et al. 2017

Gray reef shark
 TL p 3.087 1 1.198(FL)
 Used conversion for Caribbean reef shark Carcharhinus perezi;

Tavares 2009

Mako shark
 TL p (FL 1 1.7101)/.9286
 Kohler et al. 1996

Sand tiger shark
 TL p (FL 1 .592)/.8471
 Goldman et al. 2006

Sandbar shark
 TL p (FL 2 2.5675)/.8175
 Kohler et al. 1996

Skipjack tuna
 TL p (FL 1 .081)/1.026
 Used bluefin tuna conversion

Sockeye salmon
 TL p 1.0202(FL) 1 .3363
 Used conversion for brown trout Salmo trutta; Arslan et al. 2004

Spinner shark
 TL p 1.17(FL) 1 3.05
 Branstetter 1987

Steelhead
 TL p 1.0202(FL) 1 .3363
 Used conversion for brown trout S. trutta; Arslan et al. 2004

Tarpon
 TL p (FL 1 1.062607)/.896584
 Ault et al. 2007

Wahoo
 TL p 2.452 1 1.016(FL)
 Oxenford et al. 2003

White marlin
 TL p (FL 1 .720)/.760
 Prager et al. 1995

White sturgeon
 TL p 1.110(FL)
 Beamesderfer 1993

Yellowfin tuna
 TL p (FL 1 .081)/1.026
 Used bluefin tuna conversion
Note. If conversions were not available for the specific species, a best approximation was made using a conversion available from a closely related species.
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