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The black marlin (Istiompax indica) is a highly migratory billfish
that occupies waters throughout the tropical and subtropical
Indo-Pacific. To characterize the vertical habitat use of I. indica,
we examined the temperature-depth profiles collected using
102 pop-up satellite archival tags deployed off the east coast
of Australia. Modelling of environmental variables revealed
location, sea-surface height deviation, mixed layer depth and
dissolved oxygen to all be significant predictors of vertical
habitat use. Distinct differences in diel movements were
observed between the size classes, with larger size classes of
marlin (greater than 50 kg) undertaking predictable bounce-
diving activity during daylight hours, while diving behaviour
of the smallest size class occurred randomly during both day
and night. Overall, larger size classes of I. indica were found to
use an increased thermal range and spend more time in waters
below 150 m than fish of smaller size classes. The differences
in the diving behaviour among size classes were suggested
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use, provided the original author and source are credited.
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to reflect ontogenetic differences in foraging behaviour or physiology. The findings of this study
demonstrate, for the first time to our knowledge, ontogenetic differences in vertical habitat in a
species of billfish, and further the understanding of pelagic fish ecophysiology in the presence of
global environmental change.

1. Background
Billfishes of the family Istiophoridae (marlins, sailfish and spearfishes) include some of the largest
and most highly migratory species on earth. However, despite their ability to transverse ocean basins,
billfish movements are restricted by their physiological tolerance to certain environmental conditions
[1]. Satellite tagging has provided important insights into the influence of environmental factors on
the vertical habitat use of billfish. A recent review of their diving behaviour identified four physical
drivers of ecology: temperature, light, oxygen and complex water mixing (e.g. fronts and eddies) [2].
These physical drivers have been shown to effect billfish physiology, whereby optimal conditions are
thought to encourage the expansion of vertical habitat use [3]. Therefore, to understand how changes in
global climate patterns may influence the distribution or abundance of these large pelagic predators, it is
important that vertical habitat use and environmental drivers of movement are better understood.

The effect of dissolved oxygen (DO) on diving behaviour has been extensively studied in some billfish
species. Comparative investigations of sailfish (Istiophorus platypterus) and blue marlin (Makaira nigricans)
vertical habitat use between the oxygen-rich waters of the Atlantic and oxygen-depleted waters of the
tropical Eastern Pacific show that the extent of water column use is limited at depths where DO levels
are below 3.5 ml O2 l−1 [4,5]. The availability of light and conditions influencing water mixing have also
been associated with billfish vertical distribution. As billfish are visual predators, the degree of light
penetration through the water column influences their vertical distribution, and they are able to forage in
deeper waters during the day [6]. Diel-diving behaviour has been noted for many istiophorid billfishes
including striped marlin (Kajikia audax) in the southwestern Pacific, where tagged fish spent daylight
hours foraging in deeper waters, before returning to surface waters at night [2,3,7]. Complex water
mixing such as eddies or fronts have been shown to play an important role in the foraging behaviour
of pelagic predators. The formation of eddies as a driver in the aggregation of prey has been identified
as a factor influencing vertical habitat use in opah (Lampris guttatus) [8]. Complex water mixing has also
been associated with shifts in species distribution and catch per unit effort (CPUE) increases for billfishes
[9,10]; however, the influence of water mixing on depth use has yet to be investigated.

The distribution of temperature at depth is another physical factor commonly associated with billfish
vertical habitat use because temperature has been shown to affect the cardiac function of marine teleosts
[11]. Decreases in ambient water temperature reduce metabolic rate, contractibility of cardiac muscle,
cardiac output and core body temperature in marine teleosts [12]. Billfish are often restricted in the
amount of time they can spend in cold deep water presumably owing to the physiological costs of
operating in cooler waters, often outside a species’ optimal thermal window [1,4]. Comparison of vertical
habitat use among various species of billfish has led to the suggestion that larger-bodied individuals
make greater use of their increased thermal inertia than smaller-bodied ones, by diving deeper [2,13].
This theory derives from the observation that the larger-bodied M. nigricans and K. audax [1,7] have
been found to dive deeper than the smaller-bodied I. platypterus and white marlin (Kajikia albida) [13,14].
Despite the suggestion that a species’ body mass limits the amount of time spent outside of its optimal
thermal range and subsequent vertical habitat use [1,2,13], there have been no quantitative analysis of
such a relationship in any billfish species. In addition, the suggestion of body mass influencing depth
use also does not consider the large ecological differences between billfish species or actual mass of
individuals tagged in studies [2,13]. Despite the black marlin (Istiompax indica) being one of the largest
billfishes, tagging of I. indica has shown the deepest dives to be less than 250 m (minimum ambient
temperate of 14.5°C) [15–17], which are equivalent to the maximum depths reported for I. platypterus
(8.7°C) and K. albida (12°C), which maintain a much smaller average mass [13,14]. In addition, I. indica
have been observed to primarily occupy the upper 50–100 m of the water column and no indications of
diel-diving behaviour have been reported [15–17]. To effectively evaluate the relationship between body
mass and vertical habitat use, an intraspecific comparison is required to reduce the potentially large effect
of variation owing to differing species’ ecologies.

Istiompax indica is a highly migratory istiophorid billfish that occupies waters throughout the tropical
and subtropical Indo-Pacific [18]. To understand movements of I. indica, a number of broad-scale
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tagging programmes have tracked the movement of fish throughout their range [19,20]. Tagging data
have revealed that horizontal movement patterns vary across life stages, with juvenile and sub-adult
movements presumably motivated by prey availability, while adult movements are also influenced by
reproductive philopatry [20,21]. Horizontal movements have been assessed in conjunction with physical
factors to determine sea-surface habitat preferences in I. indica. Deployment of pop-up satellite archival
tags (PSATs) on I. indica off the east coast of Australia revealed an affinity for waters with a sea-surface
temperature (SST) between 26°C and 27°C [20]. Using spatial positions derived from conventional
tagging data in a species distribution model, the occurrence of juvenile I. indica has been strongly
correlated with sea-surface height anomaly (SSHa) and chlorophyll-a concentrations (Chl-a) [9]. While
considerable efforts have been made towards understanding the horizontal movements of I. indica in
surface waters, the paucity of information regarding vertical habitat use represents a knowledge gap [2].

Istiompax indica is one of the most extensively tagged billfish species, yet there is little known about
how they use the water column and the influence of physical factors on their diving behaviour. In this
study, we investigate: (i) the variation of vertical habitat use among differing size classes of I. indica, and
(ii) explore physical factors to better understand how they influence the depth use of I. indica.

2. Material and methods
2.1. Satellite tagging
A total of 102 PSATs were deployed on I. indica off the east coast of Australia (Queensland and New South
Wales) in consecutive years from 2002 to 2014 as part of two separate tagging programmes. All tagged
fish were captured using trolled baits in a rod-and-reel fishery with the assistance of recreational anglers,
with 41 of the tags part of the Great Marlin Race (GMR) (https://igmr.igfa.org/Conserve/IGMR.aspx)
and the remaining 61 tags being deployed by Domeier & Speare [20]. Tag attachment methods have been
previously described by Domeier & Speare [20] and GMR tagging protocols by Carlisle et al. [22]. The
PSATs deployed were manufactured either by Wildlife Computers (WC; Redmond, WA, USA), models
PAT0, PAT1, PAT2, PAT3, PAT5, PAT6, MK-10 and MiniPATs, or by recovered Microwave Telemetry
(MT, Columbia, MD, USA) model PTT-100 tags. Tags were programmed to record pressure (depth),
temperature and light at 20 or 60 s intervals. Tags were programmed to release from fish after 120 days
(n = 14), 180 days (n = 86) or 270 days (n = 2) in order to capture both broad-scale and high-resolution
data. Archival data containing depth, temperature and geolocation (based on light levels) were received
through the Argos satellite system (Service Argos, Toulouse, France). High-resolution time-series data
(recorded every 7 min) were collected from WC MiniPATs via satellite, as well as from 15 physically
recovered tags (data recorded every 20 or 60 s), which were downloaded directly from each tag’s data
archive (electronic supplementary material, table S2).

2.2. Data processing
All tag data were collated using R v. 3.3.2 [23]. For WC tags, percentage time at depth (PTD) and
maximum depth (MD) data were aggregated daily based on summarized daily histogram and maximum
depth files. To examine diel patterns of depth and temperature, only high-resolution time-series data
were used. Tagged animals were separated into five size classes based on mass estimates made by anglers
and charter captains at the time of capture. As females and males mature at 100 and 40 kg, respectively, it
was assumed that all tagged animals that had an estimated mass over 100 kg were mature [20]. However,
owing to the inability to determine the age or sex of tagged animals for all size classes, additional
groupings were based on five arbitrary mass ranges that had sufficient sample sizes for downstream
analysis. These were: small (20–50 kg); intermediate (51–100 kg); medium (101–250 kg); large (251–400 kg)
and very large (greater than 400 kg).

2.3. Geolocation estimation
Daily position estimates were calculated using a state-space model accessed through the WC proprietary
software, Global Position Estimator 3 (GPE3) (WC). The state-space model uses light-level, in situ
temperature observations and their corresponding remotely sensed reference data (twilight, SST) into
a diffusion-based space-state movement model to generate time-discrete gridded probability surfaces.
Grids are produced at a resolution of 0.25°. To reduce the number of unrealistic positions, an estimate of
maximum animal speed was input to represent the standard deviation of diffusion rate for the animal.
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A starting maximum speed of 200 km d−1 was input, based on the knowledge that I. indica have been
recaptured to 500 km from their tagging location after 3 days (J. Pepperell 2008, unpublished data).
Animal speed was then varied to ensure the geolocation estimation was within the model bounds and
stabilized across runs, with optimal animal speed for all tagged I. indica being estimated at 250 km d−1.

2.4. Data analysis
Environmental data were derived from broad-scale climatological datasets to investigate associations
with I. indica vertical habitat use. Monthly 1°-grid climatology data of DO at 100, 200 and 300 m depths
were sourced from World Ocean Atlas 2009 (WOA09), and a suite of satellite remote-sensed data
(electronic supplementary material, table S1) from National Oceanic and Atmospheric Administration
(NOAA) Coastwatch were extracted along daily track positions using xtractomatic routines in R [23] as
described by Lam et al. [3]. To account for error in the position estimates and ensure consistent spatial
coverage of remote-sensed data, an average value for each given position was calculated with a 0.25°
error. An estimate of �T was calculated as the difference between remote-sensed SST and archival
tag-sampled temperatures at depth. Positive �T values reflect cooler measured temperature than SST [4].

To account for any spatial variability when investigating differences in vertical habitat use, data
were sub-sampled from an area of spatial overlap based on the daily position estimates from the most
probable track of tagged animals across all five size classes. The area of spatial overlap was defined by
observations within latitudes of 10° S–20° S and longitudes of 145° E–160° E. The sub-sampled data were
plotted to inspect the data for normality and to check that the distribution of the data was consistent
among size classes. To assess for differences in the MD and PTD data among size classes, a Friedman
repeated-measures non-parametric analysis of variance was undertaken in R. To account for repeated
observations by individual fish, a unique tag identification number was included as a random variable.
To determine whether the distribution of temperatures used at depth, relative to the SST (�T) varied
among size classes, Kolmogorov–Smirnov tests were performed on the time-series data in R. To correct
for multiple comparisons, a Bonferroni correction was applied to the α value.

The effect of environmental factors on the vertical habitat use of tagged I. indica was investigated
using generalized additive mixed models (GAMMs). Two separate GAMMs were fitted to examine
the relationship between environmental predictor variables and the response variables (MD and PTD
<150 m) [24]. Environmental factors from the climatological databases, including Chl-a, SST, DO at
100 m depth intervals (DO100–300 m), mixed layer depth (MLD), sea-surface height deviation (SSHd),
surface wind speed (Wind), location (longitude–latitude pair—derived from the most probable track)
and month were modelled as fixed explanatory variables. GAMMs were constructed based on the same
approach undertaken by Lam et al. [3], with analysis run using the package ‘mgcv’ in R and after visual
assessment of the error distribution, a Gaussian family with an identity link function was applied [25].
All explanatory variables were modelled as continuous variables and smoothed, with the exception of
month as it was categorical. To account for multiple observations from the same tagged fish, each fish
was modelled as a random variable. Correlations between variables were investigated, and the presence
of colinearity between covariates was assessed against the variance inflation factor (VIF) using the corvif
function by Zuur et al. [26]. Variables were determined to be colinear if they contained VIF scores greater
than 5 [26]. If colinearity was identified, the variables with the highest VIF values were sequentially
removed until all VIF values were less than the threshold [26]. The initial, full factorial models were:

Ri = s(Location) + s(MLD) + s(SST) + s(Wind) + s(Chl - a) + s(SSHd) + s(DO100 m) + s(DO200 m)

+ s(DO300 m) + Month + Fishi + ε,

where Ri is the response variable (MD or PDT) for Fishi, and i = 1, . . . , number of individual fish
n; environmental predictor variables are defined earlier, ε is the Gaussian error term and smoothing
functions were chosen automatically and evaluated manually using the ‘gam.check’ function. The
amount of smoothing (k) applied to the splines was limited to ensure that the model did not overfit
the data, yet sufficient to describe the nonlinearity between the response and explanatory variable [26].

The selection of an optimal model was undertaken using a backward selection strategy, whereby
non-significant explanatory variables were dropped in sequential order until a final model containing
only significant predictors was reached, as described by Lewis [24]. Statistical significance was set at
α = 0.05 during the selection process. The final model was visually inspected to confirm the fit of all data
and residuals in diagnostic plots. Explanatory variables were considered as strong predictors of vertical
habitat use if they were significant in both PTD and MD models.
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3. Results
Of the 102 PSATs analysed, 14 tags were physically recovered after pop-off. The number of I. indica
tagged from each size class comprised: 14 small (20–50 kg), 16 intermediate (51–100 kg), 43 medium
(101–250 kg), 14 large (251–400 kg) and 15 very large fish (greater than 400 kg). Tags stayed on animals
for a median duration of 56 days (range 1–201) (electronic supplementary material, table S2). The
displacement distance travelled by I. indica after tagging ranged from 10 to 10 623 km, including trans-
oceanic and trans-equatorial movements. After filtering of erroneous tracks, a total of 6788 geolocation
days were included in the final analysis.

3.1. Diving behaviour
Evaluation of time-series data resulted in the identification of two distinct diving behaviours: episodic
deep-diving behaviour and bounce-diving behaviour (electronic supplementary material, figure S1).
Episodic deep-diving behaviour was characterized by infrequent excursions below 400 m. These episodic
deep dives were characterized by short dive durations (no longer than 20–30 min) and a ‘V’ shape
dive profile, with animals spending less than 60 s at the maximum depth before ascending. Episodic
deep-diving to depths greater than 400 m was observed in 28 individuals across all size classes. It was
identified that episodic deep dives were more common in fish from adult size classes (greater than 50%
of individuals from medium, large and very large classes) than in individuals from intermediate and
small classes (less than 20%).

Bounce-diving was characterized by fish remaining in the upper water column (approx. 20 m deep)
during the night and undertaking a number of short repetitive dives between 80 and 400 m throughout
the day (figure 1). The number of repetitive dives was often greater than 10 d−1, and bounce-diving
behaviour appeared to start shortly after sunrise. Bounce-diving behaviour was found to be consistent
among fish greater than 50 kg (intermediate, medium, large and very large size classes) with routine
dives commencing at sunrise and occurring throughout the day until sunset. Although bounce-diving
was detected in small fish, it appeared to be less frequent and occurred during both day and night
(figure 1).

3.2. Vertical habitat use
Tagged I. indica recorded a daily average MD of 206 m (±123 m), with 600 m being the deepest dive
of any individual. Significant differences in the MD within the sub-sampled area of spatial overlap
were detected among all five size classes (Friedman’s test: χ2 = 60.05, p < 0.05), with the exception of
between medium and large I. indica (figure 2). Overall, the mean MD increased with increasing size. A
similar pattern of increasing depth of vertical habitat use was also observed in the PTD, with significant
differences observed among all size classes, except for medium and large size classes (Friedman’s test:
χ2 = 49.08, p < 0.05). Large and very large fish spent greater than 10% of time below 150 m, contrasting
with small and intermediate marlin which spent as little as 1.5% and 4.3% of time below 150 m,
respectively.

3.3. Temperature use
Istiompax indica used a wide range of water temperatures, from 7.4°C to 31.3°C, although there was
a higher occupancy of waters around 25–27°C. The frequency of temperature at depth distribution
experienced by I. indica relative to the SST (�T) was significantly different among size classes
(Kolmogorov–Smirnov test, p < 0.01). The range of �T values experienced by the various size classes
varied from approximately 6.5°C in small to approximately 21.5°C in medium, large and very large
I. indica. Despite differences in the magnitude of �T that were exhibited by different size classes, the
majority of temperature records for all size classes were within 5°C of SST, amounting to approximately
87% for very large, 91% for large and intermediate, 97% for medium and approximately 99% for small
size classes (figure 3).

3.4. Diel patterns
Pronounced diel patterns in vertical habitat use were detected for all individuals; however, they were not
consistent across all size classes (figure 4). Occupancy of deeper depths during daylight hours was found
to increase with size class. All size classes greater than 50 kg (intermediate–very large) occupied greater
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Figure 1. Typicalweek longdive profiles of varying sized I. indica: (a) dive profile of a 150 kgmedium; (b) 90 kg intermediate; and (c) 30 kg
small. Light shading identifies night-time hours (19.00–05.00 h) as defined by light-level data. All dive profiles were in waters off the
continental shelf with a bathymetric depth greater than 1000 m.

depths during the day than during the night. This increase in depth use during daylight hours was driven
by the onset of bounce-diving, which resulted in movement into deeper waters (figure 1). During the
night, bounce-diving ceased and animals larger than 50 kg were found to shift their behaviour to occupy
surface waters (figure 4). By contrast, tagged I. indica from the smallest size class occupied shallower
depth ranges during daylight hours than they did at night. The shift in vertical habitat use between day
and night was also less pronounced than that observed in the larger size classes.

3.5. Factors influencing vertical habitat use
The effects of spatio-temporal and environmental factors on the daily vertical habitat use of I. indica were
examined using two GAMMs. DO at 100 m, MLD, SSHd and location were all identified to significantly
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affect the PTD less than 150 m and MD (table 1). The best-fit model for PTD also included month and
DO at 200 and 300 m as significant predictors. SST was found to be the only other variable significantly
related to MD, whereas Chl-a and wind were not found to be related to either of the response variables.
The best-fit models for both MD and PTD explained (adjusted R2) approximately 24% of the overall
variability. Colinearity was not detected among any of the significant predictors in the MD or PTD
models.

The magnitude of the response of both MD and PTD changed when the MLDs were greater than 50 m.
The MD increased when the SST was between 26°C and 28°C (figure 5). The spatial depth use appeared
to vary on both a latitudinal and longitudinal gradient. The MD was found to increase notably as tagged
animals occupied tropical waters to the north of the Tropic of Capricorn (approx. 23° S) and east of the
Coral Sea basin (approx. 155° E). A similar spatial trend was noted in the percentage time at depth, where
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time in the upper 150 m of the water column decreased as fish moved to the northeast into warm tropical
waters (figure 6). After fish left the Coral Sea basin, the PTD gradually decreased from approximately
90% to approximately 65%; however, the spatial trend was not as strong across a longitudinal gradient
as seen for the MD.
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Table 1. Summary of GAMM results on vertical habitat use of I. indica. (Explanatory variables that are significant predictors in a model
are indicated with a tick mark and grey shading identifies a significant predictor in both models (i.e. strong predictors).)

significant predictors

response mean (s.e.) adjusted R2 DO 100 m DO 300 m MLD SSHd Location Month SST

PTD 96 (0.9) 0.24 � � � � � �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MD 162 (7) 0.24 � � � � �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A linear trend was observed for the MD and PTD in response to changes in the SSHd. The maximum
daily depths recorded for I. indica became deeper with increases in the SSHd. As the PTD showed
a negative response to increasing SSHd, it suggests that less time spent in the upper 150 m water
column occurred with rising SSHd (figure 6). Decreases in the time spent in the upper water column
by I. indica were also identified to occur when the availability of DO at 100 m improved. The response
of DO100 m to changing MD was found to be a nonlinear trend that was weak in magnitude (figure 5).
This nonlinear response of MD to DO100 m illustrated that greater maximum depths were observed when
DO concentrations were less than 4.2 ml O2 l−1 or greater than 4.8 ml O2 l−1. A nonlinear trend was also
noted in the response of DO300 m to PTD, with the highest percentage of time spent in waters deeper than
150 m occurring when DO300 m concentrations were between 3.5 and 4.2 ml O2 l−1.

4. Discussion
Accessing the world’s largest PSAT tagging datasets on I. indica enabled us to undertake the most
comprehensive analyses of the species’ vertical habitat use and to examine differences in diving
behaviour by size. In this study, we found that vertical habitat use expanded with increases in the
mass of tagged animals. We also demonstrated the influence of environmental factors (including the
MLD, DO and SSHa) and the spatial distribution on the maximum diving depth and time at depth. By
characterizing the vertical habitat use of I. indica across the full-size range of the species, our investigation
provides a foundation for exploring ontogenetic differences in other large pelagic predators.

4.1. Vertical habitat characterization
Vertical habitat use differed from that of previous satellite tagging investigations of I. indica [15–17].
Tagged animals in our study were observed to regularly access mesopelagic waters (greater than 200 m
deep), with pronounced diel patterns in the diving behaviour, which had not previously been observed
in I. indica. Our findings contrast with other studies in the South China Sea [15] and the southwestern
Pacific Ocean [16], which concluded that I. indica was restricted to approximately 250 m of the upper
water column, with individuals rarely diving below the mixed layer [15–17]. These observed differences
in vertical habitat use are likely in part owing to regional differences, with fish tagged in the South China
Sea exposed to differing environmental conditions and the collection of depth data at 15 min intervals in
that study which may have precluded the detection of fine-scale diving behaviour (i.e. bounce-diving)
[15]. By comparison, the analysis of I. indica diving behaviour by Gunn et al. [16] was limited to only
two dive profiles (mean duration = 51 days), resulting in modest temporal and spatial coverage, which
may have restricted the ability to capture the true extent of diving behaviour over longer time and area
scales. However, the results reported here are similar to the diving patterns reported for many other large
pelagic fish species including blue marlin (M. nigricans) [1], yellowfin tuna (Thunnus albacares) [27] and
tiger sharks (Galeocerdo cuvier) [28], indicating that the vertical habitat use observed by I. indica is not
uncommon among large pelagic predators.

The dive profiles of I. indica were characterized by two types of diving behaviour, which were similar
to those observed for T. albacares, skipjack (Katsuwonus pelamis) and bigeye tuna (Thunnus obesus) [29],
opportunistic deep-diving and bounce-diving. Opportunistic deep dives by I. indica were characterized
by infrequent and unpredictable vertical movements to below 250 m, the deepest of which was recorded
to 600 m in the Coral Sea. In striped marlin (K. audax), opportunistic deep-diving has been suggested as
an act of predator avoidance owing to its irregular nature [3], and it is possible that opportunistic deep-
diving of I. indica may also reflect an act of predator avoidance. Predation of five tagged fish was observed
in this study, suggesting the relevance of predator avoidance as a potential motive for opportunistic
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Figure 5. (a) Maximum daily depth by I. indica. Tag observations are binned to generate average values in a 1°× 1° grid and plotted
in false colour (map). (b–e) Estimated individual effects (solid line) of environmental covariates on the maximum depth. Shaded areas
show 95% confidence limits. Ticks on x-axis denote values for which there are data. To aid visualization, a horizontal line is added at 0 on
the y-axis. Positive values on y-axis mean higher percentage.

deep-diving. Although opportunistic deep-diving was useful in defining the vertical limits of I. indica,
this behaviour was infrequent and is not considered representative of normal vertical habitat use.

4.2. Ontogenetic variability
The depth exhibited by I. indica during bounce-diving behaviour varied considerably among size
classes, but its commonality in occurrence indicated that it probably reflects an important behaviour.
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Bounce-diving has been extensively studied in several species of tuna and is suggested as a tactic to
optimize time at depth when foraging [29]. The use of bounce-dives enables an individual to regularly
access warm surface waters to raise body temperature between dives, which then allows for an increase
in the time available to forage below the thermocline [28]. This bounce-dive behaviour in many large
pelagic fishes is generally restricted to daylight hours when sunlight penetrates deep into the water
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column, facilitating the hunting ability of these large visual predators [3]. Recent evidence from dietary
investigations provides support for foraging as a motive for I. indica to undertake bounce-diving to
mesopelagic waters. Stomach content analysis has shown that I. indica fed almost exclusively on the
purple-back flying squid (Sthenoteuthis oualaniensis), a deep-water species, during the day in the eastern
Arabian Sea [30]. In the southwestern Pacific, the vertical distribution of S. oualaniensis closely correlates
with the reported depth use of I. indica when bounce-diving [31], suggesting a causal link between diving
behaviour and prey distribution.

Despite the importance of bounce-diving as a foraging behaviour, considerable differences in depth
use were noted among size classes, which appeared to be reflected in the periodicity, frequency and depth
of bounce-diving behaviour. Small I. indica were the only size class observed to undertake bounce-diving
during the night. This was further highlighted by the small size class being the only one that exhibited
a greater surface affinity during the day than at night. The repetitive-diving behaviour of small I. indica
was often only to depths of 50–70 m, suggesting that if prey distribution is driving bounce-diving depth,
then these smaller sized animals are likely to be targeting different prey sources than larger marlin. Gut
content analysis of juvenile I. indica caught in the southwestern Pacific supports this theory, with small
pelagic baitfishes (Amblygaster sirm and Sardinella gibbosa) identified as the dominant prey species of
juveniles 10–40 kg [32]. Both A. sirm and S. gibbosa occupy neritic waters (less than 40 m deep), suggesting
that differences in diurnal patterns and depth use may well reflect an ontogenetic diet shift [33].

Differences in vertical habitat use by animals of different size classes have also been reported for other
pelagic predators. For example, ontogenetic niche expansions observed in the depth distribution of small
and medium sized tiger sharks (G. cuvier) were attributed to both a dietary shift and increased thermal
inertia in larger sharks [34]. It was also observed that young of the year G. cuvier used neritic habitats
to enhance growth before presumably shifting to oceanic habitats and food sources [34]. This may be
similar for small I. indica, whose use of the water column may also be in part owing to their occupancy of
neritic waters [21]. As a result, depth use by I. indica and their prey species may be physically restricted
by the shallow benthos of coastal waters. In the light of this, in this study, it was observed that when
small fish occupied waters off the continental shelf (greater than 2000 m), they were seldom observed to
dive to below 100 m (figure 1). This indicates that while prey distribution is likely to provide a motive
for ontogenetic niche expansion, in deeper waters it is likely that environmental factors play a role in
limiting the extent of vertical habitat use.

4.3. Physical drivers of depth use
Temperature influences the distribution and development of marine finfish, with preferred temperature
ranges often coinciding with optimal growth rates [12,35]. For any fish species, optimal performance
(e.g. oxygen uptake, heart rate and stroke volume, skeletal muscle contractility and cellular processes)
is dependent on body temperature. For ectothermic species, as water temperature falls below their
particular optimum operating temperature, they become physiologically compromised, which affects
swimming performance [36]. Therefore, it is not surprising that temperature has been identified as one
of the primary physical factors associated with depth use of billfishes [2,13]. The physiological effects
of temperate also appears to influence vertical habitat use of I. indica, as observed in this study, where
increases in depth use were associated with SST and MLD, suggesting an expansion of the thermal niche
for larger individuals. The effect of temperature on I. indica was similar to that observed in T. albacares,
where greater time spent at depths by larger fish was accredited to their enhanced physiological tolerance
to low temperatures and DO concentrations [37]. In the current study, the maximum diving depth and
time-at-depth increased as I. indica moved into warmer equatorial waters, consistent with the effects of
temperature on performance [38].

It has been suggested that the temperature of the heart may play an important role in limiting the
vertical movement of tunas and billfish [39]. In Pacific bluefin tuna (Thunnus orientalis), the effect of
prolonged exposure of the heart to cold temperatures has been shown to drive collapse of cardiac output
[36]. This may also be the case for istiophorid billfishes, as like tunas, the heart in marlin consists of a
high-pressure, high stroke rate pump [40]. The heart in M. nigricans comprises about 0.15% of the body
mass [40] and is relatively large compared with most other fishes. Marlin have well-developed coronary
circulation which is unusual among teleost fishes, but common in other teleosts capable of sustained, fast
swimming [41]. The coronary arteries arise from efferent branchial arteries (cranial source) and the dorsal
aorta (caudal source), and deliver oxygenated blood to the heart. This blood, having recently passed
through the gills, which are efficient heat exchangers, will be close to ambient water temperature [42,43].
Therefore, as marlin descend into cooler waters, there will be a rapid cooling of the heart that will affect
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cardiac performance, which is likely to be size-independent. Therefore, if the temperature of a marlin’s
heart was the limiting factor, it would be expected that the diving of all I. indica size classes would
be restricted to a similar depth. Our finding is in contrast to this, as vertical habitat use (temperature
range and depth range) expanded with body mass of tagged animals. As a result, if I. indica vertical
habitat use is restricted by temperature, then it is likely that other aspects of their physiology, such
as skeletal muscle contractile performance or lactic acid build-up in the tissues, represent the limiting
factor [38]. Alternatively, it could be that marlin-diving behaviour is dictated by ecological factors such
as prey availability and that it is not necessary for small marlin to access the colder mesopelagic waters
as sufficient prey is available in the upper photic zone. However, in the absence of controlled data on the
effect of temperature on istiophorid billfish cardiac (and skeletal) muscle, the physiological response of
billfish to environmental change is restricted to that which may be surmised from tagging studies.

As with temperature, DO in surrounding water is a physical factor critical for maintaining
physiological function in teleost fishes [11,22]. Despite billfishes having specialized gills for optimizing
gas exchange, oxygen availability is still likely to affect their diving physiology owing to the high
metabolic demands of being a large very active pelagic predator [44,45]. Tagging studies on istiophorids
off the tropical eastern Pacific have shown that hypoxic waters are associated with a compression of
the vertical habitat used by I. platypterus and M. nigricans [2,5]. Our findings also identified DO as a
strong predictor of I. indica vertical habitat use in the southwestern Pacific. The presence of oxygen-rich
waters in the southwestern Pacific and interaction between physical factors on the physiological response
probably contributed to the nonlinear relationship between MD and DO100 m. In the central Pacific where
the water column is also characterized by high oxygen availability, changes in DO have been found
to influence the movement of tagged M. nigricans when fish were already physiologically stressed by
operating outside their optimal thermal window [22]. Thus, as oxygen availability and temperature
both decrease with increasing depth, this combination is likely to result in physiological stresses that
ultimately limit available vertical habitat [22,46].

Understanding the effects of physical factors on the depth use of pelagic fishes is imperative given
recent declines in the DO content of oceans because of global warming [47]. The equatorial Pacific
Ocean has been associated with the largest declines in oxygen content of any oceanic region [47]. This
decline, combined with associated changes in water temperatures, could drive changes in both the
vertical and horizontal distribution of I. indica stocks regularly accessing these waters [47]. Along the
east coast of Australia, the effects of ocean warming have reportedly shifted the preferred surface habitat
of juvenile I. indica southward by approximately 88 km decade−1 and as much as approximately 300 km
during El Nino years [9]. While considerable uncertainty remains as to how billfishes will respond to
environmental change, changes to the migration phenology, spawning, vertical distribution and survival
rate of larvae have all been suggested [48]. If pelagic species are unable to adapt to environmental change,
it could also have broad-scale implications for fisheries, including a shift in global fishing effort, increased
susceptibility to fishing gear (i.e. longline and gillnets) and even collapse of some fisheries [49].

In addition to the effects of temperature and oxygen availability, the other physical factor found to
be a strong predictor of I. indica vertical habitat use was SSHd. Changes in SSH indicate the presence of
mesoscale ocean features, resulting in SSHd increases often being associated with fronts or eddies [50].
Consequently, SSH is commonly investigated as a predictive variable for horizontal movement in billfish
and has been linked with shifting species distributions and noted increases in CPUE [9,10]. The recent
identification of SSH as a significant variable in depth use models for L. guttatus and K. audax suggests
that cyclonic eddy systems may also play an important role in determining how large pelagic predators
use the water column [3,8]. However, this is not surprising as increased levels of primary productivity
during the formation of eddies drive the aggregation of popular prey items [50]. The association of SSH
anomalies with changes in vertical habitat use may therefore be reflective of feeding behaviour during
periods of high prey availability.

5. Conclusion and recommendations
Advancements in the field of wildlife telemetry have led to a growing number of investigations on
the vertical habitat use of pelagic fishes [2]. Our results add new insights to this knowledge base
by revealing fundamental differences in the vertical habitat use of different sized I. indica. Future
investigations of intraspecific size differences in other species of billfish will be important to identify
whether this relationship exists across the broader species group or varies among species. Furthermore,
the differences in diving behaviour of I. indica observed between regions highlight the need for tagging
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in other areas such as the eastern Indian Ocean, to assess whether depth use is variable among I.
indica populations there [51]. The findings here also enhance our understanding of the spatio-temporal
and environmental factors that influence diving behaviour of istiophorid fishes. With physical factors
that are associated with diving behaviour now well characterized in wild billfishes [2], there is a need
for controlled swimming tunnel studies and the implanting of archival tags with internal temperature
logging capabilities to further our understanding of how billfish respond to environmental change.

Ethics. The authors of this paper have training and approval in Animal Ethics by the University of Queensland, Animal
Ethics Committee (SBMS/231/15) for working with native and exotic wildlife and marine animals, Australia. It is
acknowledged that the data analysed in this study were provided to the author for secondary analysis.
Data accessibility. The data accompanying this manuscript are available through the Dryad digital repository: http://dx.
doi.org/10.5061/dryad.4nt0d [52]. Additional data from the I. indica tagged as part of the GMR tagging programme
can also be publicly accessed through the Animal Telemetry Network website (http://oceanview.pfeg.noaa.gov/
ATN/#).
Author contributions. S.M.W., J.G.P. and S.R.T. conceived and designed the experiments. S.M.W., M.L.D. and J.G.P.
performed the experiments. S.M.W., B.J.H. and S.R.T. analysed the data. S.M.W. and M.L.D. contributed
reagents/materials/analysis tools. S.M.W., B.J.H., S.R.T., J.G.P., M.B.B. and M.L.D. wrote or reviewed the manuscript.
Competing interests. The authors declare that they have no competing interests.
Funding. S.M.W. received funding to undertake the project from the Kirby Family, the Queensland Game Fishing
Association and Game Fishing Association of Australia.
Acknowledgements. We acknowledge the International Game Fishing Association (IGFA) and Stanford University for
the contribution of their Great Marlin Race (GMR) tagging data towards this investigation; namely Randy Kochevar,
Aaron Carlisle, Leah Baumwell Jason Schratweister and Barbara Block. We would also like to give special thanks to
the anglers and clubs who provided funding or devoted time and effort to deploying the tags supplied as part of
the IGFA GMR program. Further acknowledgement is given to Tim (Chi Hin) Lam, Nicole Nasby-Lucas and Michael
Musyl, whose technical assistance cannot be understated. In addition, the generosity of Kirby Family, the Queensland
Game Fishing Association and Game Fishing Association of Australia contributed largely in ensuring the production
of this research.

References
1. Goodyear CP, Luo J, Prince ED, Hoolihan JP,

Snodgrass D, Orbesen ES, Serafy JE. 2008 Vertical
habitat use of Atlantic blue marlinMakaira
nigricans: interaction with pelagic longline gear.
Mar. Ecol. Prog. Ser. 365, 233–245. (doi:10.3354/
meps07505)

2. Braun CD, Kaplan MB, Horodysky AZ, Llopiz JK. 2015
Satellite telemetry reveals biophysical processes
driving billfish behavior. Anim. Biotelem. 3, 2.
(doi:10.1186/s40317-014-0020-9)

3. Lam CH, Kiefer DA, Domeier ML. 2015 Habitat
characterization for striped marlin in the Pacific
Ocean. Fish. Res. 166, 80–91. (doi:10.1016/j.
fishres.2015.01.010)

4. Brill RW, Holts D, Chang R, Sullivan S, Dewar H,
Carey F. 1993 Vertical and horizontal movements of
striped marlin (Tetrapturus audax) near the
Hawaiian Islands, determined by ultrasonic
telemetry, with simultaneous measurement of
oceanic currents.Mar. Biol. 117, 567–574.
(doi:10.1007/BF00349767)

5. Prince ED, Luo J, Phillip Goodyear C, Hoolihan JP,
Snodgrass D, Orbesen ES, Serafy JE, Ortiz M,
Schirripa MJ. 2010 Ocean scale hypoxia-based
habitat compression of Atlantic istiophorid
billfishes. Fish. Oceanogr. 19, 448–462.
(doi:10.1111/j.1365-2419.2010.00556.x)

6. Fritsches KA, Marshall NJ, Warrant EJ. 2003 Retinal
specializations in the blue marlin: eyes designed for
sensitivity to low light levels.Mar. Freshw. Res. 54,
333–341. (doi:10.1071/MF02126)

7. Sippel T, Holdsworth J, Dennis T, Montgomery J.
2011 Investigating behaviour and population
dynamics of striped marlin (Kajikia audax) from the

southwest Pacific Ocean with satellite tags. PLoS
ONE 6, e21087. (doi:10.1371/journal.pone.0021087)

8. Polovina JJ, Hawn D, Abecassis M. 2008 Vertical
movement and habitat of opah (Lampris guttatus)
in the central North Pacific recorded with pop-up
archival tags.Mar. Biol. 3, 257–267.

9. Hill NJ, Tobin AJ, Reside AE, Pepperell JG, Bridge TC.
2016 Dynamic habitat suitability modelling reveals
rapid poleward distribution shift in a mobile apex
predator. Glob. Chang. Biol. 22, 1086–1096. (doi:10.11
11/gcb.13129)

10. Teo SL, Block BA. 2010 Comparative influence of
ocean conditions on yellowfin and Atlantic bluefin
tuna catch from longlines in the Gulf of Mexico. PLoS
ONE 5, e10756. (doi:10.1371/journal.pone.0010756)

11. Crawshaw L. 1977 Physiological and behavioral
reactions of fishes to temperature change. J. Fish.
Res. Board. Can. 34, 730–734. (doi:10.1139/f77-
113)

12. Kalinin A, Costa M, Rantin F, Glass M. 2009 Effects of
temperature on cardiac function in teleost fish. In
Cardio-respiratory control in vertebrates (eds ML
Glass, SC Wood), pp. 121–160. Berlin, Germany:
Springer.

13. Hoolihan JP, Luo J, Goodyear C, Orbesen ES, Prince
ED. 2011 Vertical habitat use of sailfish (Istiophorus
platypterus) in the Atlantic and eastern Pacific,
derived from pop-up satellite archival tag data.
Fish. Oceanogr. 20, 192–205. (doi:10.1111/j.1365-
2419.2011.00577.x)

14. Horodysky AZ, Kerstetter DW, Latour RJ, Graves JE.
2007 Habitat utilization and vertical movements of
white marlin (Tetrapturus albidus) released from
commercial and recreational fishing gears in the

western North Atlantic Ocean: inferences from short
duration pop-up archival satellite tags. Fish.
Oceanogr. 16, 240–256. (doi:10.1111/j.1365-2419.
2007.00419.x)

15. Chiang W-C et al. 2015 Seasonal movements and
diving behaviour of black marlin (Istiompax indica)
in the northwestern Pacific Ocean. Fish. Res. 166,
92–102. (doi:10.1016/j.fishres.2014.10.023)

16. Gunn JS, Patterson TA, Pepperell JG. 2003
Short-termmovement and behaviour of black
marlinMakaira indica in the Coral Sea as
determined through a pop-up satellite archival
tagging experiment.Mar. Freshw. Res. 54, 515–525.
(doi:10.1071/MF03022)

17. Pepperell JG, Davis TLO. 1999 Post-release behaviour
of black marlin,Makaira indica, caught off the Great
Barrier Reef with sportfishing gear.Mar. Biol. 135,
369–380. (doi:10.1007/s002270050636)

18. Nakamura I. 1975 Synopsis of the biology of the
black marlin,Makaira indica (Cuvier), 1831. In
Proceedings of the International Billfish Symposium,
9–12 August 1972, Kailua-Kona, Hawaii, USA. Part 3
Species synopses (eds RS Shomura, FS Williams).
NOAA technical report. NMFS. Special scientific
report-fisheries series (675), part 3, pp. 17–27.
Seattle, WA: National Marine Fisheries Service.

19. Ortiz M, Prince ED, Serafy JE, Holts DB, Davy KB,
Pepperell JG, Lowry MB, Holdsworth JC. 2003 Global
overview of the major constituent-based billfish
tagging programs and their results since 1954.
Mar. Freshw. Res. 54, 489–507. (doi:10.1071/
MF02028)

20. Domeier ML, Speare P. 2012 Dispersal of adult black
marlin (Istiompax indica) from a Great Barrier Reef

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

09
 M

ay
 2

02
4 

http://dx.doi.org/10.5061/dryad.4nt0d
http://dx.doi.org/10.5061/dryad.4nt0d
http://oceanview.pfeg.noaa.gov/ATN/#
http://oceanview.pfeg.noaa.gov/ATN/#
http://dx.doi.org/10.3354/meps07505
http://dx.doi.org/10.3354/meps07505
http://dx.doi.org/10.1186/s40317-014-0020-9
http://dx.doi.org/10.1016/j.fishres.2015.01.010
http://dx.doi.org/10.1016/j.fishres.2015.01.010
http://dx.doi.org/10.1007/BF00349767
http://dx.doi.org/10.1111/j.1365-2419.2010.00556.x
http://dx.doi.org/10.1071/MF02126
http://dx.doi.org/10.1371/journal.pone.0021087
http://dx.doi.org/10.1111/gcb.13129
http://dx.doi.org/10.1111/gcb.13129
http://dx.doi.org/10.1371/journal.pone.0010756
http://dx.doi.org/10.1139/f77-113
http://dx.doi.org/10.1139/f77-113
http://dx.doi.org/10.1111/j.1365-2419.2011.00577.x
http://dx.doi.org/10.1111/j.1365-2419.2011.00577.x
http://dx.doi.org/10.1111/j.1365-2419.2007.00419.x
http://dx.doi.org/10.1111/j.1365-2419.2007.00419.x
http://dx.doi.org/10.1016/j.fishres.2014.10.023
http://dx.doi.org/10.1071/MF03022
http://dx.doi.org/10.1007/s002270050636
http://dx.doi.org/10.1071/MF02028
http://dx.doi.org/10.1071/MF02028


15

rsos.royalsocietypublishing.org
R.Soc.opensci.4:170694

................................................
spawning aggregation. PLoS ONE 7, e31629.
(doi:10.1371/journal.pone.0031629)

21. Pepperell JG. 1990 Movements and variations in
early year-class strength of black marlin (Makaira
indica) off eastern Australia. In Proceedings of the
second International Billfish Symposium, August 1–5,
1988, Kailua-Kona, Hawaii, Part 2: Contributed
Papers (ed. RH Stroud), pp. 51–66. Savannah, GA:
National Coalition for Marine Conservation.

22. Carlisle AB, Kochevar RE, Arostegui MC, Ganong JE,
Castleton M, Schratwieser J, Block BA. 2017
Influence of temperature and oxygen on the
distribution of blue marlin (Makaira nigricans) in
the Central Pacific. Fish. Oceanogr. 26, 34–48.
(doi:10.1111/fog.12183)

23. Team RC. 2014 The R project for statistical
computing. See www. R-project. org/ (accessed 31
October. 2014).

24. Lewis AJ. 2009Mixed effects models and extensions
in ecology with R. Berlin, Germany: Springer.

25. Wood S. 2006 Generalized additive models: an
introduction with R. Boca Raton, FL: CRC press.

26. Zuur A, Ieno E, Smith G. 2007 Additive and
generalised additive modelling. In Analysing
ecological data. Series: statistics for biology and
health (eds M Gail, K Krickeberg, JM Samet, A Tsiatis,
WWong), pp. 97–124. New York, NY: Springer.

27. Schaefer KM, Fuller DW, Block BA. 2011 Movements,
behavior, and habitat utilization of yellowfin tuna
(Thunnus albacares) in the Pacific Ocean off Baja
California, Mexico, determined from archival tag
data analyses, including unscented Kalman
filtering. Fish. Res. 112, 22–37. (doi:10.1016/j.
fishres.2011.08.006)

28. Holmes BJ, Pepperell JG, Griffiths SP, Jaine FR,
Tibbetts IR, Bennett MB. 2014 Tiger shark
(Galeocerdo cuvier) movement patterns and habitat
use determined by satellite tagging in eastern
Australian waters.Mar. Biol. 161, 2645–2658.
(doi:10.1007/s00227-014-2536-1)

29. Schaefer KM, Fuller DW, Block BA. 2009 Vertical
movements and habitat utilization of skipjack
(Katsuwonus pelamis), yellowfin (Thunnus
albacares), and bigeye (Thunnus obesus) tunas in
the equatorial eastern Pacific Ocean, ascertained
through archival tag data. In Tagging and tracking of
marine animals with electronic devices (eds JL
Nielson, H Arrizabalaga, N Fragoso, A Hobday, M
Lutcavage, J Silbert), pp. 121–144. Berlin, Germany:
Springer.

30. Varghese SP, Somvanshi V, Dalvi RS. 2014 Diet
composition, feeding niche partitioning and trophic
organisation of large pelagic predatory fishes in the
eastern Arabian Sea. Hydrobiologia 736, 99–114.
(doi:10.1007/s10750-014-1895-4)

31. Dunning MC. 1998 A review of the systematics,
distribution, and biology of arrow squids genera

Ommastrephes Orbigny, 1835, Sthenoteuthis Verrill,
1880, and Ornithoteuthis Okada, 1927 (Cephalopoda:
Ommastrephidae). Smithsonian Contrib. Zool. 2,
393–404.

32. Speare PJ, Williams DMcB. 1994 Black marlin.
Townsville, Australia: Australian Institute of Marine
Science.

33. Williams DM, Cappo M. 1990 Life histories of
clupeids in north-eastern Australia: preliminary
data. In Tuna baitfish in the Indo-Pacific region (eds
SJM Blaber, JW Copland), pp. 70–74. Australian
Centre for International Agricultural Research.
Proceedings of a workshop, 11–13 December 1989,
30, Canberra, Australia.

34. Afonso AS, Hazin FH. 2015 Vertical movement
patterns and ontogenetic niche expansion in the
tiger shark, Galeocerdo cuvier. PLoS ONE 10,
e0116720. (doi:10.1371/journal.pone.0116720)

35. Kelsch SW, Neill WH. 1990 Temperature preference
versus acclimation in fishes: selection for changing
metabolic optima. T. Am. Fish. Soc. 119, 601–610.
(doi:10.1577/1548-8659(1990)119<0601:TPVAIF>
2.3.CO;2)

36. Shiels H, Galli G, Block B. 2015 Cardiac function in an
endothermic fish: cellular mechanisms for
overcoming acute thermal challenges during
diving. Proc. R. Soc. B 282, 20141989. (doi:10.1098/
rspb.2014.1989)

37. Schaefer KM, Fuller DW, Aldana G. 2014 Movements,
behavior, and habitat utilization of yellowfin tuna
(Thunnus albacares) in waters surrounding the
Revillagigedo Islands Archipelago Biosphere
Reserve, Mexico. Fish. Oceanogr. 23, 65–82.
(doi:10.1111/fog.12047)

38. Horodysky AZ, Cooke SJ, Graves JE, Brill RW. 2016
Fisheries conservation on the high seas: linking
conservation physiology and fisheries ecology for
the management of large pelagic fishes. Cons. Phys.
4, cov059.

39. Brill RW, Lowe TE, Cousins KL. 1998 Howwater
temperature really limits the vertical movements of
tunas and billfishes-it’s the heart stupid. In
International congress on biology of fish, p. 4.
Towson, MA: American Fisheries Society, Towson
University.

40. Daxboeck C, Davie PS. 1986 Physiological
investigations of marlin. In Fish physiology: recent
advances (eds S Nilsson, S Holmgren), pp. 50–70.
London, UK: Croom Helm.

41. Tota B. 1983 Vascular and metabolic zonation in the
ventricular myocardium of mammals and fishes.
Comp. Biochem. Physiol. A 76, 423–437. (doi:10.1016/
0300-9629(83)90442-5)

42. Carey FG, Gibson QH. 1983 Heat and oxygen
exchange in the rete mirabile of the bluefin tuna,
Thunnus thynnus. Comp. Biochem. Physiol. A 74,

333–342. (doi:10.1016/0300-9629(83)
90612-6)

43. Carey FG, Teal JM, Kanwisher JW, Lawson KD,
Beckett JS. 1971 Warm-bodied fish. Am. Zool. 11,
137–143. (doi:10.1093/icb/11.1.137)

44. Wegner NC, Sepulveda CA, Bull KB, Graham JB. 2010
Gill morphometrics in relation to gas transfer and
ram ventilation in high-energy demand teleosts:
Scombrids and billfishes. J. Morphol. 271, 36–49.
(doi:10.1002/jmor.10777)

45. Wegner NC, Sepulveda CA, Graham JB. 2006 Gill
specializations in high-performance pelagic
teleosts, with reference to striped marlin
(Tetrapturus audax) and wahoo (Acanthocybilim
solandri). Bull. Mar. Sci. 79, 747–759.

46. Ekau W, Auel H, Pörtner H-O, Gilbert D. 2010
Impacts of hypoxia on the structure and processes
in pelagic communities (zooplankton,
macro-invertebrates and fish). Biogeosciences 7,
1669–1699. (doi:10.5194/bg-7-1669-2010)

47. Schmidtko S, Stramma L, Visbeck M. 2017 Decline in
global oceanic oxygen content during the past five
decades. Nature 542, 335–339. (doi:10.1038/nature
21399)

48. Gilman EL, Allain V, Collette B, Lehodey P. 2016
Effects of ocean warming on Pelagic tunas, a
review. In Explaining ocean warming: causes, scale,
effects and consequences (eds D Laffoley, J Baxter),
pp. 254–270. Gland, Switzerland: IUCN.

49. Stramma L, Prince ED, Schmidtko S, Luo J, Hoolihan
JP, Visbeck M, Wallace DW, Brandt P, Körtzinger A.
2012 Expansion of oxygen minimum zones may
reduce available habitat for tropical pelagic fishes.
Nat. Clim. Chang. 2, 33–37. (doi:10.1038/nclimate
1304)

50. Zainuddin M, Kiyofuji H, Saitoh K, Saitoh S.I.
2006 Using multi-sensor satellite remote sensing
and catch data to detect ocean hot spots for
albacore (Thunnus alalunga) in the northwestern
North Pacific. Deep Sea Res. Part 2 Top. Stud.
Oceanogr. 3, 419–431. (doi:10.1016/j.dsr2.2006.
01.007)

51. Williams SM, Bennett M, Pepperell J, Morgan J,
Ovenden J. 2015 Spatial genetic subdivision among
populations of the highly-migratory species
(Istiompax indica) within the central Indo-Pacific.
Mar. Fres. Res. 67, 1205–1214. (doi:10.1071/
MF14370)

52. Williams SM, Holmes BJ, Tracey SR, Pepperell JG,
Domeier ML, Bennett M. 2017 Data from:
Environmental influences and ontogenetic
differences in vertical habitat utilisation of black
marlin Istiompax indica in the Southwestern
Pacific. Dryad Digital Repository. (doi:10.5061/
dryad.4nt0d)

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

09
 M

ay
 2

02
4 

http://dx.doi.org/10.1371/journal.pone.0031629
http://dx.doi.org/10.1111/fog.12183
www.
http://dx.doi.org/10.1016/j.fishres.2011.08.006
http://dx.doi.org/10.1016/j.fishres.2011.08.006
http://dx.doi.org/10.1007/s00227-014-2536-1
http://dx.doi.org/10.1007/s10750-014-1895-4
http://dx.doi.org/10.1371/journal.pone.0116720
http://dx.doi.org/10.1577/1548-8659(1990)119%3C0601:TPVAIF%3E2.3.CO;2
http://dx.doi.org/10.1577/1548-8659(1990)119%3C0601:TPVAIF%3E2.3.CO;2
http://dx.doi.org/10.1098/rspb.2014.1989
http://dx.doi.org/10.1098/rspb.2014.1989
http://dx.doi.org/10.1111/fog.12047
http://dx.doi.org/10.1016/0300-9629(83)90442-5
http://dx.doi.org/10.1016/0300-9629(83)90442-5
http://dx.doi.org/10.1016/0300-9629(83)90612-6
http://dx.doi.org/10.1016/0300-9629(83)90612-6
http://dx.doi.org/10.1093/icb/11.1.137
http://dx.doi.org/10.1002/jmor.10777
http://dx.doi.org/10.5194/bg-7-1669-2010
http://dx.doi.org/10.1038/nature21399
http://dx.doi.org/10.1038/nature21399
http://dx.doi.org/10.1038/nclimate1304
http://dx.doi.org/10.1038/nclimate1304
http://dx.doi.org/10.1016/j.dsr2.2006.01.007
http://dx.doi.org/10.1016/j.dsr2.2006.01.007
http://dx.doi.org/10.1071/MF14370
http://dx.doi.org/10.1071/MF14370
doi:10.5061/dryad.4nt0d
doi:10.5061/dryad.4nt0d

	Background
	Material and methods
	Satellite tagging
	Data processing
	Geolocation estimation
	Data analysis

	Results
	Diving behaviour
	Vertical habitat use
	Temperature use
	Diel patterns
	Factors influencing vertical habitat use

	Discussion
	Vertical habitat characterization
	Ontogenetic variability
	Physical drivers of depth use

	Conclusion and recommendations
	References

