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Fishes are often caught as bycatch on longlines and subsequently discarded. The behavioural response of ﬁshes to longline capture is poorly
understood, although it may be linked to the magnitude of the physiological stress response, and, ultimately, contribute to stress-induced
mortality. We used accelerometers, video cameras, and hook timers to analyse the behavioural response of 13 subtropical teleost and elasmobranch species to experimental longline capture in The Bahamas. We found that, across all species and species groups, ﬁght intensity during a
capture event was best described by a negative linear and positive quadratic response. Nurse sharks and tiger sharks had lower ﬁght intensity
values and exhibited less steepness in their quadratic response during the ﬁrst 10 min of capture than other species, particularly blacktip and
Caribbean reef sharks. Nurse sharks also exhibited the most consistent ﬁght intensity during the entire capture event compared to other shark
species, particularly the blacknose shark. Generally, obligate ram ventilators and mixed ventilators exhibited higher steepness in ﬁght intensity
trajectories than buccal/spiracular pumpers, which had more consistent, lower ﬁght intensity values. Behavioural responses to longline capture are species speciﬁc but may be linked to distinct evolutionary traits such as respiratory mode.
Keywords: accelerometer, bycatch, capture behaviour, ﬁsheries capture, longline, shark, stress physiology, ventilation mode

Introduction
The accidental capture and subsequent discarding of fishes can
lead to population declines and ecosystem-level effects (Lewison
et al., 2004; Harrington et al., 2005) as a result of sub-lethal impairment, reduced fitness, and mortality in discarded individuals
(Harrington et al., 2005; Raby et al., 2014; Wilson et al., 2014).
These interactions represent a serious challenge to the sustainable

management of commercial fish stocks (Davies et al., 2009) and
likely involve a greater diversity of fishes than ever before because
commercial fleets have expanded into pelagic (Swartz et al., 2010)
and deepwater habitats (Watson and Morato, 2013).
Longline fishing is a common capture method for sharks and
teleosts (Beerkircher et al., 2002; Lewison et al., 2004; Mandelman
et al., 2008; Oliver et al., 2015); yet, despite its prevalence, the
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modes (obligate ram, mixed, and buccal/spiracular pumpers) because the ability to efficiently respire while on the line may be
closely tied to swimming impairment and physiological disturbance through positive feedback loops (Dapp et al., 2016a).

Material and methods
Study site
This study took place between January 2012 and December
2013 in waters adjacent to the Cape Eleuthera Institute (CEI)
in Eleuthera, The Bahamas (24.54 N, 76.12 W). Research was
conducted under research permits MAF/FIS/17 and MAF/FIS/
34 issued by the Department of Marine Resources of the
Government of The Bahamas. Permission to capture sharks
within The Bahamas Shark Sanctuary was established in accordance with Department of Marine Resources Form 20A,
Regulation 36D(3), permitting the fishing of sharks. Research
followed CEI animal care protocols based on guidelines from
the Association for the Study of Animal Behavior and the
Animal Behavior Society (Rollin and Kessel, 1998), as well as
the Florida State University Animal Care and Use Committee
Protocol Number 1412.

Animal collection
We targeted seven elasmobranchs (Carcharhinus acronotus,
Carcharhinus limbatus, C. perezi, Galeocerdo cuvier,
Ginglymostoma cirratum, Negaprion brevirostris, and Squalus
cubensis) and six teleosts (Caranx latus, Epinephelus striatus,
Lutjanus analis, Mycteroperca bonaci, Ocyurus chrysurus, and
Sphyraena barracuda). We caught fishes opportunistically in shallow water (2–20 m deep) on stationary mid-water longlines or in
deep water (400–700 m deep) on demersal longlines. Mid-water
longlines were 125 m long and included six experimental gangions spaced 5 m apart separated by surface floats every two gangions. Each gangion was 1.3 m long and consisted of a longline
snap crimped to 0.15 m of monofilament attached to 1.0 m of
braided polyester line, which we crimped to 0.15 m of steel leader
terminating in a 16/0 circle hook. We placed swivels (size 8/0) at
each attachment point. We mounted GoPro cameras (Hero 1 and
Hero 3 Silver, San Mateo, CA, USA) on 10 cm  2.5 cm polyvinylchloride (PVC) pipes with roll bar mounts directly adjacent to
the longline snap. We rigged a hook timer (LP Hook Timer HT
600; Lindgren Pittman, Pompano Beach, FL, USA) between the
monofilament and braided polyester sections of the gangion,
which allowed us to back-calculate the initial time of capture for
video and accelerometer reference. Lastly, we set a tri-axial datalogging accelerometer (Hobo Pendant G Logger; Onset
Computer Corporation, Bourne, MA, USA; measurement range
of 63 g, 29.4 m/s2; accuracy of 60.075 g, 0.735 m/s2 at 25 C) in a
7.6 cm  3.8 cm PVC capsule 15 cm above the circle hook
(Figure 1; Grace et al., 2010). Accelerometers logged acceleration
every second and were secured in uniform orientation in the PVC
capsule using foam pool noodle fragments (Figure 1). We baited
hooks with 100 g sections of little tunny (Euthynnus alleteratus).
We checked mid-water lines every 30 min to assess the condition of captured fishes. We limited capture duration to <4.5 hr
(Brooks et al., 2012) and attempted to experimentally bin capture
durations into 0–0.5, 2–2.5, and 4–4.5 hr categories, although
fishes that were observed in poor condition were immediately released (including those with a hooking location other than the
jaw or mouth and teleosts with overinflated swim bladders). In
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response of fishes to longline capture is poorly understood compared to other gear types (Skomal and Mandelman, 2012; Cook
et al., 2019). Recent studies have provided insights into the physiological stress response of marine fishes during and after longline
capture and the link between physiological disruption and postrelease mortality (Moyes et al., 2006; Skomal, 2007; Frick et al.,
2010; Danylchuk et al., 2014; Gallagher et al., 2014a; Marshall
et al., 2012; Roth and Rotabakk, 2012; Humborstad et al., 2016;
Talwar et al., 2017; Bouyoucos et al. 2018). Generally, the magnitude of the species-specific stress response is proportional to the
magnitude of the stressor (Skomal and Mandelman, 2012), driven
by the gear type, respiratory mode, and metabolic capacity of the
species in question (Davis, 2002; Mandelman and Skomal, 2009;
Dapp et al., 2016b; Ellis et al., 2017). Longer fight times are also
correlated with increased physiological disturbance (Danylchuk
et al., 2014; Brownscombe et al., 2015; Dapp et al., 2016a) as fish
deplete energy reserves and shift from aerobic to anaerobic respiration (Kieffer, 2000; Richards et al., 2003; Brownscombe et al.,
2014).
The behavioural component of the stress response during capture has been poorly studied despite its possible role in mediating
or amplifying physiological disruption or being a manifestation
of the stressor (Schreck et al., 1997; Guida et al. 2016; Gallagher
et al., 2017). Past research has suggested that behaviour may vary
during a hooking event, shifting from an initial high-intensity escape response to a period of reduced activity (Brooks et al., 2012;
Gallagher et al., 2017). This shift may facilitate the physiological
recovery of Caribbean reef sharks (Carcharhinus perezi) during
extended longline capture durations (Brooks et al., 2012).
Similarly, limited movement and stationary respiration may mitigate the physiological stress response of gummy sharks (Mustelus
antarcticus) to longline capture (Guida et al., 2016).
Quantifying capture behaviour and the links between behaviour and physiological disruption has been a challenge (Frick
et al., 2010), but the recent application of accelerometers
(Brown et al., 2013) to captured animals and capture gear has
been helpful. Accelerometer-derived data have documented variability in intra- and inter-specific fight behaviours during capture as well as behaviours after release (Brownscombe et al.,
2014; Whitney et al., 2016b; Bouyoucos et al., 2017; Gallagher
et al., 2017; Guida et al., 2017; Bouyoucos et al., 2018).
Brownscombe et al. (2014), for instance, used accelerometers to
describe the fight behaviour of largemouth bass (Micropterus
salmoides) during angling events and suggested that fight
intensity had little effect on their physiological impairment,
behavioural impairment, or survival after short (<2 min)
capture durations on recreational gear. However, fight intensity
may have more of an influence in commercial capture scenarios,
particularly those associated with longer capture durations.
Gallagher et al. (2017), for example, found a correlation between
fight intensity and the magnitude of the stress response in
sharks caught on drumlines for up to 88 min. The role of onhook fight behaviour had yet to be thoroughly examined for
most fishes caught on commercial gear types (Guida et al.,
2017), although this understanding could be helpful when developing gear modifications to reduce mortality (Barton, 2002;
Guida et al., 2016; Gallagher et al., 2017).
The goal of this study was to quantify the on-hook behavioural
responses of a diversity of subtropical marine elasmobranch and
teleost fishes to longline capture. We were particularly interested
in differences in shark capture behaviour between ventilation
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Accelerometer and video data analysis

Statistical analysis
Figure 1. Graphical representation of the experimental gangions on
mid-water longlines and accelerometer proﬁles.

the field, we defined capture duration as the time between hooking (back-calculated from the hook timer) and gangion removal
from the longline and then cross-referenced that with video footage in case the hook timer mechanism was delayed (see
Supplementary material—nurse shark capture). We secured fishes
alongside the boat to collect length measurements, sample blood
and tissue for other studies, and tag before release. We held
sharks in tonic immobility as much as possible during sampling.
Deepwater demersal longlines were a minimum of 1.5 times
the water depth and consisted of a tarred, polyester mainline held
to the seafloor by a grapnel anchor or cinderblock with eight
gangions attached via longline snaps. Each gangion consisted of
0.70 m of steel leader with a deep-sea capsule made of black delrin
(5.08 cm in diameter, 10.16 cm in length; Blue Turtle
Engineering, FL, USA) containing the same data-logging accelerometers described previously crimped in place 15 cm above a
12/0 circle hook baited with miscellaneous fish scraps. We spaced
gangions 5–10 m apart and placed an archival temperature and
depth recorder (Lotek LAT-1400, Newfoundland, Canada) 5 m
from the last hook to record depth and temperature every 4 s. We
determined capture duration by careful examination of
accelerometer profiles and defined it as the first major spike in acceleration to the time of longline retrieval. We recorded longline
depths and temperatures as the deepest and coldest points of a
longline set, which in some instances may have been above the
seafloor. Soak times were roughly 3.5 hr. We hauled longlines using an electric pot hauler (Waterman Industries of Florida, Inc.,
Odessa, FL, USA) at a rate of 0.3 m/s and worked up animals as
described previously. We used demersal longlines to catch only
one species examined in this study (S. cubensis).

Prior to running multi-level, random effects linear models
(Raudenbush and Bryk, 2002), we explored the dataset to identify
possible trends between and within variables to inform our
selection of model predictors. We examined the normality and
skewness of our response variable (fight intensity) using the
Shapiro–Wilk test and calculated descriptive statistics for variables of interest (fork length, water temperature, capture duration,
species, ventilation mode—determined based on in situ observations). We then ran bivariate analyses using each animal as the
unit of analysis, including Spearman’s correlations to look for
relationships between fight intensity and predictors as well as
Mann–Whitney tests to identify differences in fight intensity between species groups. We further used the non-parametric
Kruskal–Wallis H test to determine if there were differences in
fight intensity between species. Lastly, we ran a Wilcoxon signedrank test to assess whether there were significant differences in
fight intensity during capture. Fight intensity was split into two
bins for this analysis (the first 5 min of capture, referred to as the
“initial capture event”, and the remainder of the capture event)
based on the hypothesis that the highest fight intensity values
would be recorded during this initial period (Gallagher et al.,
2017). In preliminary analyses, capture duration was examined as
a continuous variable and a categorical variable (split into the 25,
50, and 75 percentiles) using pairwise comparisons of marginal
linear predictions to identify any possible inflection points prior
to running full models that included covariates.
We transformed the fight intensity variable based on the results
of a Tukey ladder of powers in an attempt to reduce its heavy
skewness (Tukey, 1977). The final multi-level models that we
used to describe fight intensity included some combination of
fork length, capture duration, species (or species group), ventilation mode, linear and quadratic terms for capture duration, and
interaction terms for capture duration (both linear and quadratic
terms) by species. These models used the GLS estimator and included a random intercept for “animal ID” to account for the dependency among repeated measures taken over time from the
same individual. Only species captured five or more times were
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We summarized tri-axial acceleration data by calculating the vectorial sum, VS ¼ 冑(x2 þ y2 þ z2), for each second during capture.
We used k-means clustering (as per Sakamoto et al., 2009) on the
spectral characteristics of VS, which identified three unique acceleration signals that were consistent amongst all captured animals,
including high (>0.25 g signal amplitude), medium (0.05–0.25 g
amplitude), and low (<0.05 g amplitude) intensity categories. We
used video footage of capture events to validate accelerometer
measurements, which indicated that the high-intensity cluster
represented burst swimming behaviour. The medium intensity
cluster represented more routine swimming behaviours, while the
low-intensity cluster represented the fish resting, hanging from
the longline, or floating at the surface (Table 1 and Figure 1). We
used these data to qualitatively describe the response to capture
and provide context for the acceleration measurements that we
analysed in detail. We also calculated the sum and mean acceleration values per minute (VS per minute), with the “fight intensity”
variable measured in sum g’s per minute. We analysed acceleration data with Igor Pro 6.0 software (WaveMetrics) and
Ethographer (see Sakamoto et al., 2009).
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Table 1. Coded behavioural categories of on-hook behaviours deﬁned by movement patterns, orientation, and relative activity levels.
Deﬁnition
Burst swimming and/or strong muscular contortions
Brief aggravated movement (e.g. head shaking)
Slowly swimming uniformly in one direction
Circular swimming with gangion outstretched
Slow circling, inability to maintain upright orientation
Unmoving, voluntary resting on bottom
Momentary exhaustion-induced immobility
Hanging vertically on the gangion

included in these analyses. We examined fight intensity for a
maximum of 175 min for sharks and 48 min for teleosts to avoid
inaccurate estimates due to the loss of observations over time (as
not all animals were hooked for long capture durations). Since
the median capture duration for each group was very different
(sharks: 71 min, teleosts: 20 min), we split the data into “shark”
and “teleost” groups to examine fight intensity across the whole
capture event, whereas for the first 10 min of capture we examined the effects of species and time for all fishes together because
there were sufficient observations for most species sampled. We
included fork length as a covariate in the analysis of fight intensity
for the first 10 min of capture (which excluded serranids because
fork length was measured for fewer than five animals) and across
the capture event for sharks. We did not include fork length as a
covariate in our final model for teleost fight intensity across the
entire capture event due to a lack of observations. We did not include ventilation mode in the model for teleosts and did not include water temperature in any models because it had no
significant effects in our preliminary bivariate analyses.
Furthermore, our sample size would have been greatly reduced
due to missing temperature values, and variability in temperatures was too low to detect effects (26.8 6 2.23 C, mean 6 SD).
Reference categories for each multi-level model were as follows: C. perezi in the model describing fight intensity during the
first 10 min of capture and the model describing fight intensity
across shark species, buccal pumping (which includes spiracular
pumping) for the model describing fight intensity across ventilation modes, and S. barracuda for the model describing fight intensity across teleost species. We used post hoc tests (i.e. pairwise
comparisons) to test for species-specific differences that were adjusted by Sidak multiple-comparisons corrections using the Stata
command xtreg.

Results
Qualitative behavioural response to capture
The most common behavioural response to capture involved an
immediate escape response, whereby an animal rapidly and repeatedly swam the length of the gangion, followed by a lower energy response characterized by brief periods of intermittent burst
swimming separated by longer periods of circling, directional
swimming (often angled into the current), and resting (if possible). Exhaustion-induced behaviours were apparent when individuals slowed to the point of vertical immobility on the line,
particularly in C. limbatus and C. acronotus (see Supplementary
material for video footage of C. perezi and G. cirratum).

Relative activity
High energy
High energy
Medium energy
Medium energy
Low energy
Low energy
Low energy
Low energy

Descriptive statistics
We collected 11 302 animal-minute observations from 148
unique animals hooked on longlines for an average of 76.4 full,
1-min periods (Table 2). Of these observations, 10 629 were from
shark species and 673 from teleosts. Fight intensity, our primary
response variable, exhibited strong positive asymmetry with
skewness coefficients >10 for both shark and teleost groups prior
to power transformation. Measured variables included fork length
(mean: 169 cm, range: 58–257 cm), capture duration (mean:
75 min, range: 3–274 min), and water temperature at the time of
capture (mean: 27 C, range: 22-31 C). We summarized these variables by species and species group (Table 2).

Preliminary analyses
When we conducted preliminary bivariate analyses (Table 3), we
found a moderate negative correlation between mean fight intensity and capture duration (Spearman’s rho 0.478, p < 0.001) as
well as fork length (Spearman’s rho 0.295, p < 0.001), while we
found no association between fight intensity and capture temperature. We detected no differences between fight intensity levels
exhibited by sharks and teleosts (z ¼ 0.60, p ¼ 0.55). There were
also no differences in fight intensities across species when including species with three or more individuals (v2(11) ¼ 12.98,
p ¼ 0.295). We did find significant differences between fight intensity values observed during the initial capture event and the
remainder of capture when all minute observations were pooled
together (z ¼ 10.18, p < 0.001). These results were consistent
within sharks (z ¼ 9.563, p < 0.001) and teleosts (z ¼ 3.46,
p < 0.001).
A power transformation of k ¼ 5:46 (Tukey ladder of powers) was optimal in reducing the asymmetry of the fight intensity
variable’s distribution. This resulted in skewness of almost zero
(0.002). When exploring the fight intensity variable for all shark
observations in the absence of covariates, we found that (i) when
capture duration was analysed as a continuous variable, there was
a significant negative linear term and a significant positive quadratic term for fight intensity over time, and (ii) when capture
duration was organized as a categorical variable (group 1: minute
0 to minute 25, group 2: 26 to 70, group 3: 71 to 120, group 4:
121 to last minute of capture), we identified significant differences between all periods (p  0.001) except when comparing group
4 with group 3 (p ¼ 0.51). These results demonstrate that there
was a decrease in fight intensity during the first 120 min of capture followed by a period of increasing fight intensity thereafter.
When exploring the fight intensity variable for all teleost observations in the absence of covariates, we found the following:
(i) when capture duration was analysed as a continuous variable,
there was a significant negative linear term and a significant
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Behaviour
High-energy escape response
Low-energy escape response
Directional swimming
Circling
Low-energy circling
Resting on bottom
Exhaustion-induced immobility
Vertical immobility
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Table 2. Capture characteristics of longline-caught ﬁshes in waters adjacent to Cape Eleuthera, The Bahamas.
Common name
Blacktip shark
Blacknose shark
Caribbean reef shark
Tiger shark
Lemon shark
Nurse shark
Cuban dogﬁsh
Great barracuda
Nassau grouper
Horse-eye jack
Mutton snapper
Black grouper
Yellowtail snapper

Ventilation mode
Obligate ram
Obligate ram
Mixed
Mixed
Mixed
Buccal pumping
Buccal/spiracular pumping

N
10
5
41
8
2
59
4
10
4
3
3
2
1

Mean fork length 6 SD (cm)
166.6 6 22.9
104 6 6.9
151.1 6 32.5
183.6 6 45.2
243.5 6 19.1
207.2 6 31.0
40.1 6 6.8
97.6 6 10.1
80 6 14
71 6 3
62.8 6 5.3
104
–

Mean capture duration 6 SD (min)
91.4 6 65
102.3 6 106.7
84.6 6 57.7
24.7 6 17.8
9.5 6 5.8
95.6 6 98.3
85.8 6 35.1
62.9 6 55.5
19.5 6 13.1
76.1 6 43.3
17.7 6 5.1
90.3
19.7

Table 3. Mean (6 SD) and median untransformed values of ﬁght intensity for various predictor variables, as well as results from the
preliminary bivariate analyses used to inform ﬁnal modelling procedures.
Fight intensity
Predictor (n)
Species group
Sharks (125)
Teleosts (23)
Species
C. limbatus (10)
C. acronotus (5)
C. perezi (41)
G. cuvier (8)
N. brevirostris (2)
G, cirratum (59)
S. cubensis (4)
S. barracuda (10)
E. striatus (4)
C. latus (3)
L. analis (3)
M. bonaci (2)
O. chrysurus (1)
Time—all
Initial capture event (148)
Remainder of capture event (146)
Time—sharks
Initial capture event (125)
Remainder of capture event (124)
Time—teleosts
Initial capture event (23)
Remainder of capture event (23)

Mean (6 SD)

Median

1.06 6 0.07
1.10 6 0.14

1.05
1.04

1.09 6 0.12
1.05 6 0.04
1.08 6 0.08
1.07 6 0.04
1.01 6 0.01
1.04 6 0.04
1.02 6 0.05
1.10 6 0.13
1.09 6 0.13
1.05 6 0.12
1.06 6 0.05
1.27 6 0.37
1.04

1.05
1.05
1.07
1.07
1.01
1.04
1.02
1.05
1.07
0.99
1.08
1.27
1.04

1.25 6 0.19
1.03 6 0.04

1.20
1.02

1.26 6 0.19
1.03 6 0.03

1.2
1.02

1.19 6 0.19
1.04 6 0.08

1.12
1.02

Test statistic
z ¼ 0.60

df

p-Value
0.55

v2 ¼ 12.98

11

0.30

a

z ¼ 10.18

***

z ¼ 9.563

***

z ¼ 3.46

***

p-Values indicate the level of signiﬁcance for the following statistical tests: Mann–Whitney (between species groups), Kruskal–Wallis (between species comparisons), and Wilcoxon signed-rank (across time of capture). *p<0.05, **p<0.01, ***p0.001
a
Ocyurus chrysurus excluded from a Kruskal–Wallis test for differences in ﬁght intensity between species.

positive quadratic term for fight intensity over time, and (ii)
when capture duration was analysed as a categorical variable
(group 1: minute 0 to minute 12, group 2: 13 to 20, group 3: 21
to 42, group 4: 42 to last minute of capture), there was a significant decrease in fight intensity between group 2 and group 1 (B
¼ 0.077, p ¼ 0.002). Group 3 also showed a significant decrease
in fight intensity compared with group 1 (B ¼ -0.079, p ¼ 0.001),
while group 4 was not significantly different than group 1

(p ¼ 0.16). These results agree that the relationship between fight
intensity and capture duration is best described by a quadratic relationship for teleosts.

Multi-level models: variability in ﬁght intensity during a
capture event
In the multi-level model that examined fight intensity during the
first 10 min of capture, we found a significant negative slope for
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Species
C. limbatus
C. acronotus
C. perezi
G. cuvier
N. brevirostris
G. cirratum
S. cubensis
S. barracuda
E. striatus
C. latus
L. analis
M. bonaci
O. chrysurus
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Table 4. Results of ﬁnal multi-level regression model describing ﬁght intensity for all species during the ﬁrst 10 min of capture, as well as
contrasts of marginal linear predictions (joint hypothesis test) for differences between species and interaction terms.
GLS regression outputs
Coef.
0.26

s.e.
0.02

z
14.21

Ref
0.05
0.19
0.32
0.24
0.12
0.16

Ref
0.14
0.11
0.11
0.064
0.11
0.13

Ref
0.37
1.72
2.87
3.74
1.03
1.24

0.01
0.02
0.13
0.08
0.005
0.01
0.02

0.05
0.04
0.04
0.02
0.04
0.05
0.002

0.18
0.43
3.07
3.25
0.11
0.22
10.53

0.002
0.00005
0.01
0.005
0.002
0.001

0.005
0.004
0.004
0.002
0.004
0.004

0.39
0.01
2.66
2.66
0.4
0.13

0.0002
0.0001
0.02

0.0004
0.0002
0.08

0.52
0.52
0.21

Overall R2
Rho
Animal level (Ru)
Occasion level (Re)

p
***

Ref
**
***

**
***

***

**
**

95% CI
0.29, 0.22

df

v2

p

6

28.25

***

6

20.38

**

6

14.88

*

Ref
0.31, 0.21
0.03, 0.40
0.54, 0.10
0.37, 0.11
0.34, 0.10
0.41, 0.09
0.10, 0.11
0.10, 0.06
0.05, 0.21
0.03, 0.12
0.08, 0.09
0.08, 0.10
0.01, 0.02
0.01, 0.007
0.007, 0.007
0.02, 0.003
0.009, 0.001
0.006, 0.009
0.008, 0.009
0.0006, 0.001
0.0005, 0.0002
0.13, 0.17

0.44
0.21
0.11
0.22

Unstandardized coefﬁcients are presented. “Ref” refers to reference category for the model.
*p < 0.05,
**p < 0.01,
***p  0.001.

time (linear). We also found significant differences in fight intensities between species (v2(6) ¼ 28.3, p < 0.001; Table 4). We
recorded the highest fight intensity values for C. limbatus followed by C. perezi, C. acronotus, S. barracuda, the lutjanid/carangid group, G. cirratum, and G. cuvier (Figure 2). Significant
differences from pairwise comparisons included the following: (i)
C. limbatus exhibited greater fight intensity than G. cuvier (z ¼
3.6, p ¼ 0.007) and G. cirratum (z ¼ 4.0, p ¼ 0.001) and (ii) C.
perezi exhibited greater fight intensity than G. cirratum (z ¼
3.7, p ¼ 0.004). We also found a significant interaction between
fight intensity over time (linear) and species (v2(6) ¼ 20.4,
p ¼ 0.002) and between fight intensity over time (quadratic) and
species (v2(6) ¼ 14.9, p ¼ 0.02). Fight intensity decreased sharply
after capture followed by an increase towards the end of this 10min period as suggested by the estimates for the linear slope (negative) and quadratic slope (positive, Table 4). Compared to C.
perezi, G. cuvier and G. cirratum exhibited significant positive
slopes for time (linear) and significant negative slopes for time
(quadratic). Fork length had no effect on fight intensity in this
model.

In the multi-level model that investigated differences in fight intensity between shark species across an entire capture event, we
found no significant differences in fight intensity values (v2(4) ¼
3.31, p ¼ 0.508). We did find a negative slope for time (linear) and
significant differences in the linear slopes of fight intensity over time
between species as indicated by a significant interaction term (v2(4)
¼ 65.68, p < 0.001). Compared to C. perezi (the reference species),
C. acronotus exhibited a negative relationship between fight intensity
and time and G. cirratum exhibited a positive relationship between
fight intensity and time. There was also a positive slope for time
(quadratic) and a significant difference in the quadratic term for
fight intensity over time between species (v2(4) ¼ 133.71, p < 0.001;
Figure 3 and Table 5), with C. acronotus displaying a positive quadratic relationship and G. cirratum displaying a negative quadratic
relationship compared to C. perezi. Sharks in the genus
Carcharhinus exhibited the most dramatic changes in fight intensity
over time (Figure 3). Fork length had a negative relationship with
fight intensity in this model. S. cubensis, the only deepwater shark
that we sampled, exhibited some of the lowest fight intensity values
of any in this study but was not included in this model.
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Variables
Time (linear)
Species or species group
C. perezi
C. acronotus
C. limbatus
G. cuvier
G. cirratum
S. barracuda
Lutjanidae and Carangidae
Time (linear)  species or species group
C. acronotus
C. limbatus
G. cuvier
G. cirratum
S. barracuda
Lutjanidae and Carangidae
Time (quadratic)
Time (quadratic)  species or species group
C. acronotus
C. limbatus
G. cuvier
G. cirratum
S. barracuda
Lutjanidae and Carangidae
Covariates
Fork length
Capture duration
Constant

Joint hypothesis test
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Discussion

Figure 2. Model outputs showing ﬁght intensity (transformed)
measured by on-hook accelerometers during the ﬁrst 10 min of capture
for seven species and species groups of ﬁshes caught on longlines.
Species of interest are highlighted by bold colours and represent those
species with signiﬁcant differences in ﬁght intensity: C. limbatus
exhibited greater ﬁght intensity than G. cuvier and G. cirratum, and C.
perezi exhibited greater ﬁght intensity than G. cirratum.

Figure 3. Model outputs showing ﬁght intensity (transformed)
measured by on-hook accelerometers for ﬁve shark species during
longline capture.

In the multi-level model that investigated differences in fight
intensity between shark ventilation modes (which were assigned
based on video footage and in situ observations, Table 1) across
an entire capture event, we found a negative slope for time (linear) and a positive slope for time (quadratic). There were no significant differences in fight intensities between groups (v2(2) ¼
0.09, p ¼ 0.96; Table 6). We did find significant differences in the
linear (v2(2) ¼ 62.84, p < 0.001) and quadratic slopes (v2(2) ¼
140.35, p < 0.001) for the interaction between fight intensity over
time and ventilation mode. This suggests that there were significant differences in fight intensity trajectories between ventilation
modes (Figure 4), with mixed and ram ventilators exhibiting significant negative slopes for time (linear) and significant positive
slopes for time (quadratic) compared to buccal pumpers. Fork
length had a negative relationship with fight intensity in this
model.

The goal of this study was to quantify the behavioural response of
13 species of subtropical marine fishes to longline capture. We
found that the relationship between fight intensity and time
hooked on a longline was best described by a non-linear, quadratic response that was suggested by multiple statistical
approaches. Specific model outputs, however, should be interpreted carefully because r2 values were low. The model describing
fight intensity for the first 10 min of capture displayed the best fit
(r2 ¼ 0.44), and others exhibited poor fits, although this is not
uncommon for field-based studies examining the stress response
in fishes (Brooks et al., 2012). Furthermore, we collected fight intensity data from fishes captured on experimental gear that was
designed to limit mortality. Our longline gear was not identical to
commercial pelagic or coastal longlines (Beerkircher et al., 2002;
Hale et al., 2011), and the capture durations that we manipulated
also represent a fraction of commercial longline hooking durations that can reach >10 hr (Morgan and Carlson, 2010). Still,
our results provide an understanding of one possible mechanism
tied to differences in sub-lethal physiological stress and mortality
(Bouyoucos et al., 2017, 2018).
For all species, the highest fight intensity values (e.g. burst
swimming) were recorded during the first 5 min of the capture
event. High-intensity, burst swimming is supported by anaerobic
metabolic pathways that initiate the secondary stress response
(e.g. increased blood lactate, French et al., 2015; Gallagher et al.,
2017) and can lead to physiological exhaustion within minutes
(Wood, 1991; Kieffer, 2000). The intensity of these behaviours
can influence the magnitude of changes in concentrations of electrolytes, metabolites, and physicochemical properties of the blood
(Gallagher et al., 2017; Bouyoucos et al., 2018) that can contribute to mortality (Hutchinson et al., 2015; Talwar et al., 2017). We
previously demonstrated associations between markers of the secondary stress response (blood pH and lactate concentration and
plasma chloride concentration) and capture duration, which was
negatively correlated with mean fight intensity per minute in C.
perezi and G. cirratum caught on the same experimental longlines
as those used in this study (Bouyoucos et al., 2018). Therefore,
the intensity of a fish’s behavioural response during the initial
capture event could play a role in determining the status of a fish
after longline capture. Despite these associations, all behavioural
traces in this study showed evidence of stabilization or recovery
late in the capture event (but, again, capture durations were
short). Additional research is warranted to understand how fight
intensity during the initial capture response influences recovery
or mortality.
We found that smaller sharks exhibited higher fight intensity
values than larger sharks. Previous studies have shown that size is
negatively correlated with physiological disturbance and mortality
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In the multi-level model that investigated differences in fight
intensity between teleost species groups across an entire capture
event, there was a significant negative slope for time (linear) and
a significant positive slope for time (quadratic). There were no
significant differences in fight intensity between groups (v2(2) ¼
1.54, p ¼ 0.463), but there were significant differences in the linear slopes of fight intensity over time (linear; v2(2) ¼14.8,
p < 0.001) and time (quadratic; v2(2) ¼16.01, p < 0.001). The lutjanid/carangid group exhibited a significant negative slope for
time (linear) and a significant positive slope for time (quadratic)
compared to S. barracuda (Figure 5 and Table 7).
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Table 5. Results of ﬁnal multi-level regression model describing ﬁght intensity for shark species during the entire capture event, as well as
contrasts of marginal linear predictions (joint hypothesis test) for differences between species and interaction terms.
GLS regression outputs
Coef.
0.004

s.e.
0.0002

Z
17.4

Ref
0.06
0.07
0.06
0.004

Ref
0.07
0.06
0.06
0.04

Ref
0.77
1.17
1.03
0.10

Ref

Ref
0.20, 0.09
0.05, 0.18
0.05, 0.18
0.07, 0.07

0.009
0.001
0.001
0.002
0.00002

0.002
0.001
0.001
0.0003
0.00

3.81
1.74
1.21
5.84
20.13

***

0.01, 0.004
0.003, 0.0002
0.003, 0.0007
0.001, 0.002
0.00001, 0.00002

0.0001
0.00
0.00001
0.00001

0.00002
0.00
0.00
0.00

2.79
0.46
1.53
10.56

**

0.0009
0.0001
0.60

0.0003
0.0002
0.05

2.91
0.32
11.07

Overall R2
Rho
Animal level (Ru)
Occasion level (Re)

p
***

***
***

***

**

***

95% CI
0.004, 0.003

df

v2

p

4

3.31

0.51

4

65.68

***

4

133.71

***

0.00002, 0.0001
6.48e06, 0.00001
3.14e06, 0.00003
0.00001, 1e05
0.002, 0.0003
0.0004, 0.0003
0.71, 0.50

0.08
0.31
0.134
0.199

Unstandardized coefﬁcients are presented. “Ref” refers to reference category for the model.
*p < 0.05,
**p < 0.01,
***p  0.001.

for fishes caught on longlines and drumlines (Neilson et al., 1989;
Milliken et al., 1999; Diaz and Serafy, 2005; Morgan and Burgess,
2007; Gallagher et al., 2014b; Talwar et al., 2017). This relationship can be species-specific, parameter-specific (Bouyoucos et al.,
2018), or even positive. After finding that size was positively correlated with mortality in sandbar sharks Carcharhinus plumbeus,
Morgan and Carlson (2010) hypothesized that larger sandbar
sharks may struggle more during capture and ultimately suffer
greater physiological disturbance leading to mortality. While
sandbar sharks were not included in our study, the effect of size
was consistent in our models for five other shark species, suggesting that an alternative hypothesis may better explain the trend for
sandbar sharks (e.g. hooking location, as discussed in Morgan
and Carlson, 2010).
Among sharks, certain species groups exhibited pronounced
responses to capture. Sharks in the genus Carcharhinus, particularly obligate ram and mixed ventilators with active benthopelagic
lifestyles (e.g. C. limbatus, C. acronotus, C. perezi), exhibited
higher fight intensity values, larger negative linear trajectories,
and larger positive quadratic trajectories in fight intensity over
time compared to G. cuvier and G. cirratum. Ram ventilation is
an energy efficient ventilation mode that requires forward momentum to force oxygenated water over the gills (Roberts, 1978;
Steffensen, 1985; Carlson et al., 2004). The associated active lifestyle is linked to higher metabolic rates than those that are more

stationary or benthic-associated (Carlson et al., 2004; Killen et al.,
2016). During a hooking event, swimming ability is limited by
the gangion. This restraint may prevent ram ventilators from
reaching the swimming speeds (Morgan and Burgess, 2007) necessary to uptake enough oxygen to meet the demanding requirements of increased muscle activity (Morgan and Carlson, 2010;
Skomal and Mandelman, 2012). Ram ventilators may become
exhausted and swim at speeds below the minimum velocity required for hydrostatic equilibirum (Sepulveda et al., 2007), thus
reducing oxygen uptake even further. This can lead to a positive
feedback loop that results in tissue hypoxia and, eventually, asphyxiation (Dapp et al., 2016b). Ram-ventilating species exhibit
significantly higher mortality rates compared to species that can
respire when stationary (Dapp et al., 2016b; Ellis et al., 2017).
Short gangion lengths may exacerbate this problem by further reducing freedom of movement and increasing the likelihood of
gear entanglement, particularly with increased soak and/or hooking times (Morgan and Burgess, 2007; Gallagher et al., 2014b;
Dapp et al., 2016b; Guida et al., 2016). How gangion length influences the sub-lethal and lethal outcomes of a capture event warrants further study and has direct management implications
(Dapp et al., 2016a).
Carcharhinus limbatus and C. acronotus, both obligate ram
ventilators, exhibited behavioural patterns characteristic of the
feedback loops described above. Both species were observed in
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Variables
Time (linear)
Species or species group
C. perezi
C. acronotus
C. limbatus
G. cuvier
G. cirratum
Time (linear)  species or species group
C. acronotus
C. limbatus
G. cuvier
G. cirratum
Time (quadratic)
Time (quadratic)  species or species group
C. acronotus
C. limbatus
G. cuvier
G. cirratum
Covariates
Fork length
Capture duration
Constant

Joint hypothesis test
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Table 6. Results of ﬁnal multi-level regression model describing ﬁght intensity for shark ventilation modes for the entire capture event, as
well as contrasts of marginal linear predictions (joint hypothesis test) for differences between ventilation modes and interaction terms.
GLS regression outputs
Coef.
0.002

s.e.
0.0002

Z
12.19

Ref
0.009
0.005

Ref
0.03
0.05

Ref
0.3
0.09

Ref

Ref
0.05, 0.07
0.09, 0.10

0.002
0.003
0.00

0.00
0.0006
0.00

6.56
5.51
9.8

***

0.002, 0.001
0.005, 0.002
5.36e06, 8.04e06

0.00001
0.00002

0.00
0.00

11.34
4.56

***

0.001
0.0001
0.63

0.0003
0.0002
0.06

2.71
0.26
9.73

**

Overall R2
Rho
Animal level (Ru)
Occasion level (Re)

p
***

***
***

***

***

95% CI
0.002, 0.002

df

v2

p

2

0.09

0.96

2

62.84

***

2

140.35

***

0.00001, 0.00002
0.00001, 0.00003
0.001, 0.0002
0.0004, 0.0003
0.75, 0.50

0.07
0.32
0.136
0.199

Unstandardized coefﬁcients are presented. “Ref” refers to reference category for the model.
*p < 0.05,
**p < 0.01,
***p  0.001.

Figure 4. Model outputs showing ﬁght intensity (transformed)
measured by on-hook accelerometers during longline capture for
sharks that exhibit buccal (and spiracular) pumping, mixed, and
obligate ram ventilation modes.

Figure 5. Model outputs showing ﬁght intensity (transformed)
measured by on-hook accelerometers during longline capture for
teleost species and species groups.

vertical immobility after exhibiting dramatic burst swimming
responses during the initial capture event. Carcharhinus limbatus
exhibits a similar response when captured on drumlines
(Gallagher et al., 2017). Our model predictions for C. limbatus
(n ¼ 10) suggest high initial fight intensity values (Figure 2) followed by low fight intensity values and limited recovery at greater
capture durations (Figure 3). The model for C. acronotus predicts
a steep quadratic response in fight intensity (n ¼ 5; Figure 3), but
the predicted recovery is based on data from just one individual

hooked past the 107th minute and should be interpreted with
caution. Past studies have documented high mortality rates associated with longline capture for C. acronotus (Morgan and
Carlson, 2010) and C. limbatus (up to 90%; Beerkircher et al.,
2002; Gallagher et al., 2014a; Butcher et al., 2015; Gallagher et al.,
2017), although mortality for C. limbatus is low after rod-andreel capture (Whitney et al., 2016b). Other obligate ram ventilators such as hammerhead sharks also exhibit high levels of stress
and mortality after longline capture (Morgan and Burgess, 2007;
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Variables
Time (linear)
Species or species group
Sharks: buccal pumping
Sharks: mixed ventilation
Sharks: obligate ram
Time (linear)  species or species group
Sharks: mixed ventilation
Sharks: obligate ram
Time (quadratic)
Time (quadratic)  species or species group
Sharks: mixed ventilation
Sharks: obligate ram
Covariates
Fork length
Capture duration
Constant

Joint hypothesis test
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Table 7. Results of ﬁnal multi-level regression model describing ﬁght intensity for teleosts across the entire capture event, as well as contrasts
of marginal linear predictions (joint hypothesis test) for differences between species and interaction terms.
GLS regression outputs
Coef.
0.01

s.e.
0.0030

z
3.33

Ref
0.04
0.04

Ref
0.06
0.06

Ref
0.73
0.63

0.003
0.02
0.0002

0.004
0.005
0.0001

0.83
3.79
3.31

0.00001
0.0004

0.0001
0.0001

0.20
3.63

***

0.0001, 0.0001
0.0002, 0.0006

0.002
0.66

0.0009
0.04

1.90
15.26

***

0.003, 0.00005
0.74, 0.57

Overall R2
Rho
Animal level (Ru)
Occasion level (Re)

p
**

Ref

***
**

95% CI
0.02, 0.004

df

v2

2

1.54

2

14.83

**

2

16.01

**

p

Ref
0.15, 0.07
0.08, 0.15
0.01, 0.005
0.03, 0.01
0.00007, 0.0003

0.21
0.07
0.06
0.21

Unstandardized coefﬁcients are presented. “Ref” refers to reference category for the model.
*p < 0.05,
**p < 0.01,
***p  0.001.

Gallagher et al., 2014b; Gallagher et al., 2017), which could be related to their propensity for burst swimming behaviour during
prey capture that may translate to on-hook behaviour (Gallagher
et al., 2014c, 2017).
Species that can switch between modes of ventilation, including many teleosts, C. perezi, G. cuvier, and N. brevirostris, may be
able to compensate for limited movement during a hooking event
by increasing mouth gape or forcefully pumping water through
the mouth (Morgan and Burgess, 2007). During the first 10 min
of capture, G. cuvier had lower fight intensity values and a negative quadratic slope compared to Carcharhinus spp. (i.e. its fight
intensity trajectory exhibited less steepness/less upward concavity). Galeocerdo cuvier is very resilient to the stress of longline capture (Gallagher et al., 2014a) based on roughly 97% at-vessel
survivorship in swordfish and tuna longline fisheries and low
mortality in other studies (Morgan and Burgess, 2007; Morgan
and Carlson, 2010). Carcharhinus perezi is similarly ranked as one
of the more resilient carcharhinids studied to date behind G. cuvier and C. plumbeus (Mandelman and Skomal, 2009; Brooks
et al., 2012) and experiences low at-vessel mortality rates (Brooks
et al., 2012; Bouyoucos et al., 2018). Both C. perezi and G. cuvier
showed similar positive quadratic fight intensity trajectories (i.e.
increases in fight intensity towards the later minutes of capture),
suggesting behavioural recovery consistent with the physiological
recovery documented for C. perezi in Brooks et al. (2012).
Benthic-associated sharks exhibited the most subdued response to capture. Generally, these species are characterized by
large spiracles, heterocercal caudal fins, and a dorso-ventrally flattened form, and are able to buccal pump, pull in water through
the first gill slit (Grigg, 1970), or utilize spiracles to respire. These
species, such as S. cubensis (which uses both spiracles and buccal
pumping) and G. cirratum (which relies largely on buccal

pumping), are capable of stationary respiration and show lower
fishing-related mortality rates than many carcharhinid species
(Morgan and Carlson, 2010; Talwar et al., 2017). We hypothesize
that the low fight intensity values exhibited by S. cubensis were
due to (i) cold capture temperatures (13 C) that are associated
with low metabolic rate and activity at depth (Koslow, 1996), (ii)
the ability to respire through spiracles and buccal mechanisms as
discussed previously, and (iii) the ability to rest on the seafloor
during the capture event (made possible by being captured on a
demersal longline). Similarly, hooked G. cirratum were often
obseved resting on the bottom after dragging the mid-water longline to the seafloor. As would be expected, they had some of the
most subdued fighting behaviours of any shark, in agreement
with the results of Gallagher et al. (2017), which suggested that
low metabolic rates (Whitney et al., 2016a) may explain this behaviour. This propensity for resting and exhibiting low fight intensity while on the line has been linked to higher blood pH (i.e.
less stress) after capture (Bouyoucos et al., 2018).
Teleosts exhibited a similar negative linear and positive quadratic relationship between fight intensity and time on the hook
to that seen in sharks. Teleost fish can be physiologically resilient
to the exhaustive exercise associated with hook-and-line capture
(Roth and Rotabakk, 2012), but the relationship between their
on-hook behaviour and physiological status has not been demonstrated (Brownscombe et al., 2014). Overall, the status of captured teleost fishes is impacted by hooking injury (mediated by
hook and lure type; Cooke and Suski, 2004; Reinhardt et al.,
2018), barotrauma (Rummer and Bennett, 2005), air exposure
during handling (Cook et al., 2015), capture duration (Skomal,
2007), and depredation (Mitchell et al., 2018) among other factors. In this study, limited sample size precluded us from drawing
robust species-specific conclusions. We did observe overinflated
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Variables
Time (linear)
Species or species group
S. barracuda
Serranidae
Lutjanidae and Carangidae
Time (linear)  species or species group
Serranidae
Lutjanidae and Carangidae
Time (quadratic)
Time (quadratic)  species or species group
Serranidae
Lutjanidae and Carangidae
Covariates
Capture duration
Constant

Joint hypothesis test
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swim bladders in some hooked teleosts during longline checks,
which suggests an immediate deleterious outcome of the initial
capture event that could increase the risk of depredation.
Immobility in fish with overinflated swim bladders would have
likely resulted in low fight intensity values, but this factor was not
recorded in the field or examined in our analyses (and was often
off-camera because of the lack of tension on the gangion). The
effects of catch and release are still relatively unknown for
longline-captured teleosts (Cook et al., 2019) and warrant further
study.

thanks R. Andres for statistical consultation and M. Heithaus and
three anonymous reviewers for their feedback on the manuscript.

This study provides insights into the variation in behavioural
responses of elasmobranch and teleost fishes captured on a commercially relevant gear type. Our data support past studies in
showing that inter- and intra-specific fighting behaviour is variable among longline-captured fishes (Guida et al., 2017), with
some ram-ventilating carcharhinids demonstrating a pronounced
escape response that could be related to their high levels of physiological disturbance and mortality shown in other studies. These
data also highlight the significance of the initial capture event as a
possible point of influence on the fate of a captured fish because
the most concentrated burst swimming and thus most energetically costly behaviours occured during this period (Bouyoucos
et al., 2017). Responses of teleost fishes to longline capture warrant further investigation, especially in the contexts of bycatch
and food quality.
These findings have implications for researchers and fisheries
managers. Waiting until an animal has recovered from its initial
escape response before adding the compounding stress of a
workup procedure may reduce handling risk to researchers and
sensitive or endangered fishes. The behavioural response to longline capture may partially explain relative vulnerability to mortality, thus our findings can inform predictive risk assessments.
Furthermore, quantifying and mitigating the behavioural component of a fish’s stress response may be more practical than mitigating physiological stress. Research that aims to reduce fish
stress and mortality could explore links between longline configurations (e.g. gangion length, hook-associated drag, set depth) and
reductions in detrimental behaviours (e.g. burst swimming) that
lead to physiological disturbance (Guida et al., 2016; Guida et al.,
2017; Bouyoucos et al., 2018).
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Supplementary material is available at the ICESJMS online version of the manuscript.
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