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Abstract
1.	 Pelagic predators must contend with low prey densities that are irregularly dis-

tributed and dynamic in space and time. Based on satellite imagery and telemetry 
data, many pelagic predators will concentrate horizontal movements on ephem-
eral surface fronts—gradients between water masses—because of enhanced local 
productivity and increased forage fish densities.

2.	 Vertical fronts (e.g. thermoclines, oxyclines) can be spatially and temporally per-
sistent, and aggregate lower trophic level and diel vertically migrating organisms 
due to sharp changes in temperature, water density or available oxygen. Thus, 
vertical fronts represent a stable and potentially energy rich habitat feature for 
diving pelagic predators but remain little explored in their capacity to enhance 
foraging opportunities.

3.	 Here, we use a novel suite of high-resolution biologging data, including in situ de-
rived oxygen saturation and video, to document how two top predators in the pe-
lagic ecosystem exploit the vertical fronts created by the oxygen minimum zone 
of the eastern tropical Pacific.

4.	 Prey search behaviour was dependent on dive shape, and significantly increased 
near the thermocline and hypoxic boundary for blue marlin Makaira nigricans and 
sailfish Istiophorus platypterus, respectively. Further, we identify a behaviour not 
yet reported for pelagic predators, whereby the predator repeatedly dives below 
the thermocline and hypoxic boundary (and by extension, below the prey). We 
hypothesize this behaviour is used to ambush prey concentrated at the bounda-
ries from below.

5.	 We describe how habitat fronts created by low oxygen environments can influ-
ence pelagic ecosystems, which will become increasingly important to under-
stand in the context of global change and expanding oxygen minimum zones. 
We anticipate that our findings are shared among many pelagic predators where 
strong vertical fronts occur, and additional high-resolution tagging is warranted 
to confirm this.

K E Y W O R D S
biologging, hunting behaviour, marlin, oceanic front, oxygen minimum zone, pelagic predator, 
sailfish
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1  |  INTRODUC TION

Ecological theory predicts that when prey are sparse and patchily 
distributed, predators should move, forage and engage in activity 
patterns that maximize energetic gain while minimizing energetic 
loss (Pyke et al.,  1977; Stephens & Krebs,  1986). Because forag-
ing success is positively related to resource density (Mysterud & 
Ims, 1998), predators should forage (e.g. elevate activity and search 
behaviour) in habitats with high resource density (McMahon & 
Matter, 2006). In the pelagic environment, oceanic fronts are one 
such location. Oceanic fronts—strong gradients in abiotic factor(s) 
(e.g. temperature) caused by the convergence of water masses 
with different properties—create hotspots of biogeochemical 
cycling and aggregate low trophic level organisms (Woodson & 
Litvin, 2015).

Because oceanic fronts influence prey distribution, studies 
of highly mobile marine predators often focus on movements and 
distribution in relation to fronts (Arostegui et al.,  2022; Sequeira 
et al.,  2018). While this information provides valuable insight of 
when and where predators encounter prey and use frontal habitat, 
they often lack the resolution necessary to describe how the fronts 
are exploited (but see Arostegui et al., 2022). Further, because satel-
lite imagery of oceanic conditions is limited to surface waters, such 
studies of pelagic predator movements in relation to fronts are bi-
ased towards horizontal movements and surface fronts. Yet, marine 
predators live in a three-dimensional habitat and must respond to 
variable prey density both horizontally and vertically to maximize 
energy acquisition.

Vertical fronts such as thermoclines, oxyclines and pycno-
clines can be spatially and temporally persistent in oceanic basins, 
concentrate basal food resources and act as barriers to many prey 
items seeking refuge during daylight hours (Derenbach et al., 1979; 
Fortune et al., 2020). For example, two species of manta ray were 
observed to concentrate feeding behaviour on high-density zoo-
plankton prey aggregated at the thermocline (Stewart et al., 2019). 
Similarly, little penguin Eudyptula minor prey encounter rates were 
positively correlated with well-stratified waters, as prey were less 
dispersed in the available habitat and concentrated at the thermo-
cline (Ropert-Coudert et al., 2009). As such, vertical fronts have the 
potential to be rich in energy, but our knowledge of how top pelagic 
predators respond to and use these fronts remains limited.

High-resolution acceleration biologging can fill the knowledge 
gap of how top pelagic predators may exploit vertical fronts because 
it allows for the examination of animal behaviours not under direct 
observation (Watanabe & Takahashi,  2013; Wilson et al.,  2008; 
Yoda et al., 1999). By incorporating additional sensors such as tri-
axial magnetometers and gyroscopes, the animal's heading and turn-
ing can be directly quantified (Andrzejaczek et al., 2019; Williams, 
Holton, et al., 2017). Finally, by combining these animal movement 
sensors with abiotic variables such as depth, temperature and in situ 
oxygen concentration (Coffey & Holland,  2015), a more complete 
picture of animal movements and search behaviour in relation to 
vertical fronts can be attained.

The Eastern Tropical Pacific (ETP) features a narrow (~25–50 m; 
spatially and temporally variable), productive surface layer of uni-
form temperature and oxygen saturation, followed by a shallow and 
sharp thermocline (Fiedler & Lavín, 2017). Coexistent with the ther-
mocline is the upper boundary of the oxygen minimum layer, beyond 
which lies the world's largest naturally occurring oxygen minimum 
zone (OMZ; Gallo & Levin,  2016). Because cold temperatures and 
hypoxic conditions limit the vertical and horizontal distribution of 
many fishes, predators and prey alike of the ETP are confined to sur-
face waters above the OMZ, known as hypoxia-based habitat com-
pression (Brill et al., 1998; Prince et al., 2010; Stramma et al., 2012). 
During daylight hours, as prey species attempt to escape predation 
pressure by moving into lower-lit waters, prey density increases 
around this hypoxic boundary (Bertrand et al., 2006, 2010; Bianchi 
et al., 2013). As such, the ETP provides an opportune environment 
to study the fine-scale vertical habitat use and hunting behaviour 
of pelagic predators in relation to vertical fronts. Information of 
predator habitat use and hunting behaviour in relation to hypoxic 
boundaries is of economic and ecological interest as global climate 
change intensifies. Increasing global sea surface temperatures will 
serve to reduce global ocean oxygen content and strengthen upper 
ocean stratification, which will increase productivity in surface wa-
ters, fueling increased oxygen demand while simultaneously reduc-
ing oxygen supply to greater depths (Keeling et al.,  2010). Under 
these scenarios, oxygen minimum zones will become shallower and 
increase in size, affecting new regions and ecosystems (Laffoley & 
Baxter, 2019). Thus, predator foraging behaviour in the ETP could 
provide insight into future vertical habitat use of pelagic predators 
worldwide.

Here, we use a novel combination of high-resolution biologging 
and animal-borne video of blue marlin Makaira nigricans and sailfish 
Istiophorus platypterus to examine the relationship between their 
vertical and horizontal movements in a vertically compressed hab-
itat. Additionally, we determine how these highly migratory preda-
tors may exploit the vertical fronts created by an oxygen minimum 
zone to increase foraging opportunities.

2  |  MATERIAL S AND METHODS

Blue marlin and sailfish were caught using rod-and-reel on trolling 
lures or natural live bait off the Pacific coast of southeast Panama 
from September to November 2019. Each fish was brought along-
side the vessel and a custom-designed biologging tag package was 
affixed to the dorsal musculature with two umbrella-style anchors 
using a custom-made tag applicator. Once both anchors were se-
curely imbedded in the muscle, the tag was firmly cinched against 
the fish's body using two galvanic timed releases and a cable tie. Fish 
weight was estimated by an experienced captain.

The biologging tag package consisted of an inertial measure-
ment unit (IMU; OpenTag 3.0; Loggerhead Instruments), video 
camera (DVL 2000M130; Little Leonardo) and a Smart Position 
and Temperature tag (SPOT-363A; Wildlife Computers) for package 
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recovery (Figure  S1). The IMU comprised a triaxial accelerometer, 
magnetometer, and gyroscope recording at 100 Hz, depth, tempera-
ture, and a small turbine-based fluid speed sensor recording at 1 Hz. 
Two IMUs were equipped with a small (12 mm diameter × 20 mm 
long) oxygen sensor (Micro Probe; OxyGuard) that recorded in situ 
dissolved oxygen (% saturation) of the water at 1 Hz. Because not all 
IMUs contained an oxygen sensor, four blue marlin and four sailfish 
did not have accompanying oxygen data. Therefore, we calculated 
mean in situ % dissolved oxygen and depth profiles at 0.5-m-depth 
intervals from each deployment with an oxygen sensor, and assigned 
resulting oxygen values to the corresponding depths of fish without 
oxygen readings. For further description on data products, method-
ology and biologging tag package see Logan et al. (2022). Data used 
in the current study are from the tag deployments described in Logan 
et al. (2022) after excising the unique time prior to recovery for each 
fish (see Table 1; Logan et al., 2022). All fish were tagged under per-
mit from the Ministerio de Ambiente, República de Panamá (SE/A-
64-19), and procedures approved by Nova Southeastern University's 
Institutional Animal Care and Use Committee (2019.04.MS1).

2.1  |  Diel habitat use

Using animal-borne temperature and oxygen sensors, mean overall 
depth profiles were generated for each variable at 0.5 m depth inter-
vals by pooling all individuals' depth, temperature, and oxygen data. 
The thermocline was calculated as the shallowest depth at which the 
water temperature differs from sea surface temperature by 0.8°C 
(Delta T; Fiedler, 2010). As there is no universal definition of what 
percent oxygen saturation constitutes an oxycline, we consider the 
oxycline to be the shallowest depth at which percent oxygen satura-
tion begins to decline more drastically with depth than in the water 
above, which in our study was determined to be 90% of that at the 
surface (100% saturation). Similarly, because there is no single oxy-
gen concentration that defines a universal level of hypoxic stress for 
all marine organisms (Seibel, 2011), we adopt the dissolved oxygen 
level of ≤3.5 mL L−1 threshold identified to induce stress in tropical 
pelagic fishes (Bushnell & Brill, 1991; Prince & Goodyear, 2006) as 
the hypoxic boundary for blue marlin and sailfish (which occurs at 
~60%–65% O2 saturation at 19–25°C). All observations were cat-
egorically assigned to either day or night periods.

2.2  |  Dive shape

Variable dive shapes across diving marine taxa have been linked 
to a variety of behaviours (Braun et al., 2022; Carter et al., 2016). 
Because blue marlin and sailfish dives did not all follow the same pat-
tern, dive profiles were categorized based on their similarity of shape 
via cluster analysis. Here, we define a dive as a vertical excursion to a 
minimum of 10 m and lasting at least 20 s. Because gill breathing ani-
mals do not need to come to the surface, a depth threshold was nec-
essary to isolate movements clearly directed away from the surface. 

Depths from each qualifying dive were either downsampled or inter-
polated (depending on duration of the dive) so that each dive con-
sisted of 50 depths equally spaced across the dive duration. Depths 
were then scaled so the start and end of each dive were equal to 
zero and the maximum dive depth equal to one, thus standardizing 
dive depths and lengths (Schreer et al., 1998). Using the ‘factoextra’ 
package in r (Kassambara & Mundt, 2017), we conducted hybrid hi-
erarchical k-means clustering on the standardized dive profiles. The 
optimal number of dive shapes (i.e. clusters) was determined using 
an ensemble approach in which the elbow method, the silhouette 
method and the gap statistic method (Tibshirani et al., 2001) were 
compared and evaluated for biological realism (i.e. compared to pre-
vious known dive shapes of pelagic predators and eliminated clus-
ters with few observations).

To determine how fish behaviour varied among dive shapes, 
depth, maximum depth, temperature, % oxygen saturation, descent 
rate, ascent rate, dive duration, bottom time, overall dynamic body 
accelerations (ODBA), maximum ODBA, and tailbeat frequency 
(TBF) were summarized for each dive shape. OBDA and TBF were 
calculated by summing the absolute value of the dynamic acceler-
ation from all three axes (Wilson et al., 2006), and using a continu-
ous wavelet transformation in Igor Pro v. 8.0.4.2 (Wavemetrics, Inc.) 
with the Ethographer extension (Sakamoto et al.,  2009), respec-
tively. Dive characteristics of each dive shape were compared within 
species using a multivariate analysis of variance (MANOVA). Where 
significant differences were identified, pairwise comparisons were 
examined using a non-parametric Games-Howell post-hoc test.

2.3  |  Path tortuosity and video

To investigate relationships between path tortuosity (a proxy for 
prey searching), vertical habitat characteristics and dive shape, 
general additive mixed models (GAMMs) were built in r using the 
mgcv package (Wood,  2015). First, a 3-s box smoothing window 
was applied to the heading data to filter out movements of the 
fish caused by the tailbeats. Filtered heading data (0–360°) were 
resampled to a 1-s frequency and used to calculate the turning 
angles of each individual by calculating the absolute difference 
in angle between consecutive observations. Then, turning angles 
were summed across 1-min periods, creating a continuous meas-
ure of path tortuosity. Because habitat characteristics of depth, 
temperature, and oxygen were correlated (Pearson correlation 
coefficients: 0.65–0.7), a principal component analysis (PCA) 
was conducted to reduce dimensionality and retain the greatest 
amount of information about the correlated variables in space. 
Principal components with greater than 10% of variance ex-
plained were included as candidate predictor variables in GAMMs. 
Tortuosity was the response variable, and habitat principal com-
ponents and dive shape were explanatory variables. The model 
was run using a Gaussian response distribution and identity link 
(determined to be the best fitting distribution via AIC), and we 
used the corAR1 function (first order autocorrelation structure; 
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adds a variance–covariance matrix accounting for the correlation 
of observations) within each individual to account for temporal 
auto-correlation in the data, with individual included as a random 
intercept (Pinheiro & Bates, 2006; Zuur et al., 2009). Model fit was 
assessed by examining residual diagnostic plots, and Akaike's in-
formation criterion (AIC) was used to assess model performance 
against an intercept only model, with improved model fit indi-
cated by a ΔAIC value >2. Tortuosity was log-transformed prior 
to model fitting. Finally, the onboard video camera was used to 
ground-truth periods of high tortuosity, and interaction with con- 
and herterospecifics.

3  |  RESULTS

Nine blue marlin and nine sailfish were caught and tagged between 
2019-09-19 and 2019-11-04 (Table  1). Mean estimated mass was 
125 ± 45 kg for blue marlin, and 40 ± 10 kg for sailfish, which are 
representative of the size classes of the majority of fish caught in 
this region for each species (R. White, pers. comm). Tags were at-
tached for 36.2 ± 18.7 h (mean ± SD), recording 81 and 75 h of video 
footage for blue marlin and sailfish, respectively. After censoring the 
unique time it took each individual to recover post-release (Table 1; 
see Logan et al., 2022), 271 and 245 h of IMU data were retained for 
analysis for blue marlin and sailfish, respectively.

3.1  |  Diel habitat use

After combining water column profiles of depth, temperature and 
oxygen across all fish, the calculated thermocline (Delta T 0.8°C) oc-
curred at a depth of 31.3 ± 3.8 m, the oxycline (90% oxygen satu-
ration) at 27.7 ± 2.7 m and the hypoxic boundary (60%–65% oxygen 
saturation) at 39.8 ± 2 m (Figure 1a,d).

In general, blue marlin and sailfish spent most of their time in the 
upper mixed layer of the water column, though there were differ-
ences in depth use between day and night for each species. During 
the day, blue marlin mean depth was 5.3 ± 8.4 m with a maximum 
depth of 55 m (blue marlin 8). Blue marlin spent 88% of the day at 
depths of 0–10 m, and 96% of their time shallower than 30 m, in 
water temperatures of 27–28°C (90% of time), and at oxygen satura-
tion levels of 90%–100% (90% of time; Figure 1b,c). During daylight 
hours, blue marlin descended below the thermocline and oxycline 
3% and 5% of their time, respectively, with 2.8% of time spent 
around the thermocline (27–31 m; Figure 2b). Less than 1% of their 
time was spent below the hypoxic boundary. At night, blue marlin 
average depth was 4.7 ± 6.6 m (maximum depth 51.9 m) with 90% of 
time spent between 0 and 10 m, 95% of time at water temperature 
between 27 and 28°C and 90% of time at oxygen saturation levels 
of 90%–100% (Figure 1). Diving at night was less common, as blue 
marlin descended below the thermocline 2% of the time, below the 
oxycline 3% of the time, and below the hypoxic boundary <0.5% of 
the time. When blue marlin descended below the mixed layer, they 

typically experienced Delta T of <2°C, and Delta O2 of <10% O2 
saturation (Figure 2c,d). Maximum Delta T and maximum Delta O2 
experienced were 8.5°C and 85% O2 saturation, respectively.

Sailfish were more vertically active than blue marlin (i.e. per-
formed more dives), yet also spent most time within the mixed layer. 
During daylight hours, sailfish mean depth was 7.7 ± 12.4 m, with 
a maximum depth of 67.9 m (sailfish 3). Sailfish spent the majority 
(84%) of their daylight hours from 0 to 10 m depth, at water tem-
peratures of 27–28°C (85%) and at oxygen saturation levels of 90%–
100% (76%; Figure 1e,f). During daylight hours, sailfish descended 
below the thermocline 10% of the time, below the oxycline 11% of 
the time and below the hypoxic boundary 6% of the time, but showed 
an increase in proportion of time spent near the hypoxic boundary 
(~38 m; Figure  2b). Sailfish average depth at night was 6.1 ± 8.5 m 
(maximum of 60.1 m), with 87% of time spent within 0–10 m, 94% of 
time in 27–28°C water and 81% of time at oxygen saturation levels of 
90%–100%. At night, sailfish descended below the thermocline 3% 
of the time, below the oxycline 5% of the time and below the hypoxic 
boundary <1% of the time. Maximum Delta T and Delta O2 experi-
enced by sailfish were 7.8°C and 87% O2, respectively (Figure 2c,d).

3.2  |  Dive shape

A total of 176 blue marlin dives and 231 sailfish dives were classi-
fied. Upon visual inspection of the different dive shapes and previ-
ous knowledge of the diving behaviour of pelagic fishes, the optimal 
number of dive shapes (clusters) for blue marlin and sailfish were 
selected as three and five, respectively (see Figure S2). Both spe-
cies displayed U, V, and W dive shapes, but sailfish also exhibited 
long-ascent (LA) and long-descent (LD) dive shapes (Figure  3). U 
dives featured a descent and ascent of similar duration separated by 
an extended bottom phase, while V dives lack the extended bottom 
phase. LD dives had a descent phase that lasted most of the dive, a 
limited bottom phase, and short ascent. LA dives had a short descent 
phase, a limited bottom phase, and an ascent that lasted most of 
the dive. W dives were characterized by a rapid descent, followed 
by one or more small-scale vertical movements within the bottom 
phase of the dive, and a rapid ascent (Figure 3; Table 2).

Environmental and behavioural characteristics among dive 
shapes differed within blue marlin (F(22,312) = 10.34, p < 0.001) and 
sailfish (F(44,856) = 7.78, p < 0.001). U dives were the most common 
dive shape for blue marlin (51%) and sailfish (34%), followed by V 
dives in blue marlin (30%) and LA dives in sailfish (32%). For blue 
marlin, dives with an extended bottom phase (U and W) were deeper, 
during which fish experienced lower mean temperatures and oxy-
gen concentrations than V dives (Table 2). Dive duration and bottom 
time were the longest during W dives, but neither ODBA, maximum 
ODBA nor TBF differed among dive shapes for blue marlin or sailfish 
(Table 2). Sailfish displayed a greater variety of dive shapes than blue 
marlin, but in both species U and W dives were longer, deeper, colder 
and to lower oxygen saturation than other dive shapes (Table  2). 
Sailfish W dives had the deepest average and maximum depths of 
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F I G U R E  1  Vertical habitat characteristics and diel patterns in temperature, dissolved oxygen and depth use. (a) Mean water column 
profiles of depth and temperature and (d) depth and % oxygen saturation measured from tagged fish (red) with grey shading indicating ±1 
SD across all tags. (b, c) indicate mean time spent at temperature (0.5° bins), (e, f) % oxygen saturation (5% bins), and (g, h) depth (2 m bins) for 
blue marlin and sailfish. Dashed lines indicate the thermocline temperature in a–c and the oxycline % oxygen concentration in d–f. Shaded 
regions in d–f indicate the estimated % oxygen concentration of the 3.5 mL L−1 hypoxic boundary threshold. BUM, blue marlin; SFA, sailfish.
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F I G U R E  2  Vertical daytime distribution and minimum temperatures and % oxygen saturation experienced during dives by blue marlin 
(BUM) and sailfish (SFA). Percent time spent at 1-m depth intervals during daytime hours in (a), with (b) zoomed in on the tail of (a; red 
outline) to highlight increases near vertical habitat fronts. In (b), vertical dotted lines and grey shading indicate the mean ± 1 SD depth of the 
thermocline and hypoxic boundary as determined in situ by biologging tags (see methods). (c) Minimum temperatures experienced relative to 
the mixed layer (Delta T; °C) and (d) % oxygen saturation relative to the mixed layer (Delta %O2 saturation) during dives.

F I G U R E  3  Smoothed dive shapes (solid lines) determined by hierarchical clustering of standardized dive profiles for blue marlin (a) and 
sailfish (b).
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any dive shape for either species, and were also the longest duration 
dives performed by sailfish (Table 2).

3.3  |  Path tortuosity and video

Physical water column characteristics (temperature, % oxygen satu-
ration, depth) and dive shape were examined to determine their in-
fluence on fish path tortuosity. Because blue marlin and sailfish are 
visual predators, only daytime dives were used. Path tortuosity was 
different among dive shapes for both species (blue marlin Kruskal–
Wallis χ2 = 25.3, df = 2, p < 0.001; sailfish χ2 = 25.8, df = 4, p < 0.001). 
Pairwise comparisons revealed blue marlin dive tortuosity was 
greatest for W dives, followed by U dives and V dives (Table S1) and 
sailfish dive tortuosity was greatest for W and U dives, followed by 
LA dives (Table S2).

The first principal component (PC1) of depth, ambient water tem-
perature and ambient % oxygen saturation explained 79% of vari-
ance, and the second principal component (PC2) explained 11.5% 
of variance so both were included in candidate GAMMs. Large and 
similar loadings on PC1 for depth (0.57), temperature (−0.57) and ox-
ygen (−0.59) indicate that each variable was an important contribu-
tor to PC1, and that increasing values of PC1 indicate deep, cold and 
oxygen poor water. Loadings were similarly large on PC2 for depth 
(−0.71) and temperature (−0.7), but not oxygen (−0.001), such that 
increases in PC2 are indicative of shallower but cold water.

Blue marlin path tortuosity was best described by the model that 
included the interaction of water temperature and dive shape, which 
explained 51.8% of deviance of path tortuosity (Table S3). Blue mar-
lin exhibited increased tortuosity at low temperatures during U and 
W dives; tortuosity increased during the coldest portion (below 
~22°C) in U dives (Figure 4a) and was elevated in W dives starting at 
the thermocline (~27°C) and extending into colder water (Figure 4b). 
Tortuosity was not impacted by temperature during V dives.

The best fitting model for sailfish path tortuosity included PC1, 
PC2 and dive shape, explaining 58.9% of deviance (Table S4). Path 
tortuosity was low at the lowest PC1 values, corresponding to 
movements near the surface (Figure  5a,c). However, sailfish path 
tortuosity increased at and adjacent to the hypoxic boundary. For 
example, sailfish tortuosity increased at PC1 values ranging from 
~3.5 to 11 (Figure 5a), corresponding to a median depth of 39 m (IQR 
36–45 m), temperature of 25.4°C (IQR 24.2–26.2°C) and % oxygen 
saturation of 65% (IQR 50%–76%). Similarly, sailfish tortuosity in-
creased along PC2 values of 2–3 (Figure 5b), corresponding to a sim-
ilar median depth of 41 m (IQR 2–51 m), temperature of 22.4°C (IQR 
21.6–25.3°C) and oxygen saturation of 48% (IQR 29%–90%).

In total, we obtained 156 h of video footage (81 blue marlin and 
75 h sailfish), which captured interactions with con- and heterospe-
cifics. For example, video enabled identification of high activity pe-
riods, or when other animals were present in the field of view of the 
animal carrying the tag package. Across all sailfish tag deployments, 
video footage showed at least one other sailfish in the frame on 40 
separate occasions, with a maximum of three other sailfish in frame TA
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at one time (although the video would suggest there were more 
than three individuals present; Video S1). In the majority of sight-
ings, sailfish were in very close proximity (~1–2 BL) to the tagged 
fish (Video S2). During sailfish tag deployments, other sailfish were 
encountered at the surface and at depth, indicating behaviours ex-
pressed by the tagged individual were shared among untagged fish 
(Figure 6). Smaller, potential prey fishes were observed occasionally 

but were not pursued by tagged sailfish (Figure S3). No con- or het-
erospecific interaction was observed in any blue marlin footage. 
Furthermore, video footage showed very little visible light past 
~50 m during daylight hours (Figure 6).

Repetitive diving below the hypoxic boundary during W dives 
was common among sailfish. This behaviour was characterized by 
rapid descents to below the hypoxic boundary where the fish would 

F I G U R E  4  Response curves from the best-fit general additive mixed model (black solid line) for blue marlin tortuosity by dive shape. 
Shaded areas represent 95% confidence limits and positive values on y-axis (above red line) indicate increased tortuosity by blue marlin. 
Ticks on x-axis denote values for which there are data. V-dives are omitted because there was no relationship.

F I G U R E  5  (a, b) Response curves from the best-fit general additive mixed model (black solid line) for sailfish path tortuosity. Shaded 
areas represent 95% confidence; positive values on y-axis (above red line) indicate increased tortuosity by sailfish. (c, d) Principal component 
scores (values given by colour scale) as distributed in coordinates of co-located depth, water temperature, and dissolved oxygen saturation.
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remain for a short period, return to just above the hypoxic boundary 
for a short period where percent oxygen saturations were high, and 
then dive back down below the hypoxic boundary for another brief 
period (Figure 6). This behaviour was often performed one or more 
times before returning to the surface (Figure 6).

4  |  DISCUSSION

Despite blue marlin and sailfish being ubiquitous in tropical and 
subtropical pelagic waters, and their economic and ecological 
importance, most information relating to their habitat use comes 
from course-scale satellite transmitting tags (Braun et al., 2015). As 
such, their fine-scale diving and foraging behaviour, and limits with 
regard to in situ water temperature and oxygen saturation have 
lagged behind other pelagic predators (e.g. sharks and tunas; but 
see Arostegui et al., 2022). This information is hindered by the chal-
lenges associated with direct observation of billfish behaviour due 
to their cryptic nature and inability to be maintained in captivity. 
Here, we combined a suite of biologging technologies to document 
the fine-scale habitat use of blue marlin and sailfish in the verti-
cally compressed ETP. Further, we report on a previously undocu-
mented behaviour that may be widespread among highly mobile 
marine predators, and an important component of their behaviour 
and foraging success.

We found substantial evidence of vertical habitat compression 
due to the sharp and simultaneous declines in both temperature and 
dissolved oxygen at shallow (~30–40 m) depths. Hypoxia and low 
temperatures are known to limit the horizontal and vertical distri-
bution of istiophorid billfishes, with a synergistic effect when they 
act in concert (Carlisle et al., 2017; Prince et al., 2010). For exam-
ple, blue marlin in the central Pacific made shallower dives in re-
gions where both oxygen and temperature were limiting at depth, 
but less so when only one was limiting (Carlisle et al., 2017). Due to 

cardiac temperature thresholds, istiophorid billfishes maximum div-
ing depths are predicted to be limited by a temperature difference 
relative to the surface mixed layer of 8°C (ΔT 8°C), rather than abso-
lute water temperature (Brill et al., 1993). Our results are consistent 
with this finding for both species, with a maximum ΔT of 7.8°C for 
sailfish and 8.5°C for blue marlin. While larger individuals are able to 
spend more time at deeper depths due to increased thermal inertia 
(Williams, Holmes, et al., 2017), this pattern was not observed here 
between blue marlin and sailfish likely due to the similarly shallow 
depths of both the thermocline and hypoxic boundary.

Contrary to temperature, absolute oxygen concentration should 
limit dive depth regardless of surface oxygen levels. Species that 
share similar physiology, gill morphology, and respiratory mode to 
istiophorid billfishes have been shown to experience physiologi-
cal stress when dissolved oxygen (DO) decreases below 3.5 mL L−1 
(Bushnell & Brill,  1991; Wegner et al.,  2010), which occurred at 
~40 m during the study period. However, of the fish that dove past 
these depths, they did not remain there for extended periods, even 
during long duration dives. Marlin and sailfish often remained at or 
near the 3.5 mL L−1 isopleth (38–40 m), and made periodic, brief for-
ays below the isopleth (Figures 1, 2 and 6). While sustained activity 
at these oxygen levels is not possible, blue, black Istiompax indica 
and striped marlin Kajikia audax have been observed to make brief 
‘spike’ dives to depths with DO <3.5 mL L−1 in the Eastern Tropical 
Atlantic and Indian Ocean, where oxygen minimum zones also exist 
near the surface (Prince et al., 2010; Rohner et al., 2022). These find-
ings suggest that the 3.5 mL L−1 boundary is not an absolute barrier 
to istiophorid vertical movements, but limits dive duration past the 
boundary (Prince et al.,  2010; this study). It should be noted that 
Rohner et al. (2022) and Prince et al. (2010) used climatological mod-
elled oxygen data, suggesting caution when interpreting oxygen lev-
els actually experienced. Here, we confirm via animal-borne oxygen 
sensor measurements that tagged billfish move into water with am-
bient oxygen concentrations <3.5 mL L−1 for brief periods.

F I G U R E  6  Excerpt of diving behaviour from sailfish 3's full dataset. Video cameras were used to identify periods of conspecific 
interaction and ambient light, inset images across top panel. In the bottom panel depth is colour coded to % oxygen saturation from the 
animal-borne oxygen sensor, with the grey horizontal line representing the hypoxic boundary (60%–65% oxygen saturation).
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Motivations for diving in marine predators have been linked 
to several interacting factors, including energy conservation, 
behavioural thermoregulation, navigation and foraging (Carey 
et al.,  1990; Gleiss et al.,  2011; Klimley et al.,  2002; Thompson 
et al.,  1991). For example, by moving both horizontally and verti-
cally, animals may reduce energy consumption while simultaneously 
increasing prey encounter rate without substantially increasing dis-
tance travelled (Andrzejaczek et al.,  2020). Variable dive shapes, 
which have been observed in a wide range of pelagic predator taxa 
(Beck et al., 2003; Kerstetter et al., 2011; Seminoff et al., 2006) may 
also serve various purposes. V and U dives are among the most 
common and are thought to correspond to transiting and/or prey 
searching (V dives), or prey patch exploitation (i.e. foraging; U dives). 
However, U dives were the most common dive shape exhibited here 
for blue marlin and sailfish (51% and 34%, respectively), yet only one 
foraging attempt was caught on video during a W dive (see Logan 
et al., 2023). Therefore, rather than prey patch exploitation, we hy-
pothesize that pelagic predators performing U dives (where dive 
depth is much shallower than bottom depth) are more likely search-
ing for prey higher in the water column (i.e. looking for silhouettes) 
or searching along features that congregate prey (e.g. thermocline, 
pycnocline). Due to the high temporal resolution data obtained here, 
we identified additional dive shapes not yet reported for billfish, 
including W, LD and LA. LA dives were the second most common 
dive shape exhibited by sailfish (Table 2), suggesting sailfish often 
perform slow and shallow ascents, likely searching for prey in sur-
face waters from below. Like U dives, W dives are proposed to be 
foraging dives in seabirds and pinnipeds (Bailleul et al., 2007; Halsey 
et al., 2007), and we provide evidence below of a similar function for 
billfish in the ETP.

The preferred prey of blue marlin and sailfish in the ETP (e.g. 
carangids, clupeids, scombrids) are subjected to the same vertical 
habitat restrictions as istiophorid billfish (Evans et al., 1981; Prince 
& Goodyear,  2006). Because many of these prey species are diel 
vertical migrators (Luo et al.,  2000; Yasuda et al.,  2018), and ram 
ventilation is limited by the upper margins of oxygen minimum zones 
(Bianchi et al.,  2013), the abundance of these prey fish increases 
around this oxygen boundary during daylight hours (Bertrand 
et al., 2006; Bertrand et al., 2010). For example, in Pacific Nicaraguan 
waters, thread herring Opisthonema libertate biomass was found to 
be highest immediately above the 3–4 mL L−1 DO isopleth during 
daylight hours (Ehrhardt & Fitchett, 2006). For blue marlin and sail-
fish, path tortuosity was highest during U and W dives at depths 
near the thermocline and the 3–4 mL L−1 DO isopleth. Blue marlin 
path tortuosity was high at cold temperatures during U dives, and 
below the thermocline during W dives. Sailfish path tortuosity was 
also greatest during U and W dives and displayed a peak in tortuos-
ity at a median depth of 39 m and median oxygen saturation of 65% 
(~3.4 mL L−1), which are remarkably similar to the calculated hypoxic 
boundary (39.8 ± 2 m; 60%–65% O2 saturation). Straight line move-
ment is the most energetically efficient form of travel, and optimal 
search strategies should continue in straight lines unless the poten-
tial benefits of turning offset the cost (Wilson et al., 2013). Tortuous 

movements are known to occur during prey searching behaviour and 
have been linked to increased foraging success in many marine ani-
mals (Adachi et al., 2017; Austin et al., 2006). As such, based on path 
tortuosity and physical characteristics of each dive type, we propose 
that V, LD, and LA dives (low tortuosity) were transiting and passive 
prey searching, while U and W dives (high tortuosity) were active 
prey searching and foraging dives near vertical habitat fronts with 
increased prey abundance.

The propensity for sailfish to repeatedly descend below the hy-
poxic boundary during the bottom phase of W dives suggests these 
descents are intentional (e.g. Figure 6). We propose this behaviour 
represents a foraging tactic where sailfish briefly dive below the hy-
poxic boundary (and by extension, below the prey) and search for 
prey silhouettes backlit by downwelling surface light. Istiophorid 
billfishes possess several adaptations supporting this hypothesis. 
For example, the marlin eye is acutely adapted for sensitivity at low 
light levels such as those experienced during deep foraging dives in 
the ETP (Figure 6; Fritsches, Marshall, et al., 2003). Similarly, high 
retinal cell density and the three visual pigments necessary for 
trichromatic colour vision are only present together in the ventral 
part of the eye, indicative of colour vision and high visual acuity in 
the visual field above and ahead of the animal (Fritsches, Litherland, 
et al., 2003). Furthermore, istiophorids possess a thermogenic organ 
beneath the brain, adjacent to the eyes that generates and maintains 
elevated temperatures relative to ambient (Block, 1986). During ver-
tical movements into cold low-light waters, heating by this organ re-
sults in the maintenance of high speed of vision, and up to an order 
of magnitude greater temporal resolution of the eyes compared to 
their prey (Fritsches et al., 2005). Together, these features suggest 
that marlin and sailfish are specially adapted to hunt in cool, dark 
waters and ambushing prey from below. A conceptual framework 
for the evolution, maintenance, and importance of ambush preda-
tion in the pelagic environment supports this, suggesting that due 
to the lack of vertical structure to hide behind, many pelagic pred-
ators must attack from below (Bakun, 2022a, 2022b). Bluefin tuna 
have been observed to make frequent bounce dives through the 
thermocline during the day in highly stratified waters, suggested to 
be foraging dives (Kitagawa et al., 2000) but may be an example of 
the behaviour we describe here. Indeed, the only predation attempt 
caught on video during tag deployments began at the bottom a W 
dive of sailfish 6, where the pursuit was initiated at depth in cold, 
low oxygen, dimly-lit water (57 m; 22°C; 10%–20% O2 saturation), 
featured a rapid ascent (reaching 3.1 ms−1) and ended at the surface 
(see Logan et al., 2023).

5  |  CONCLUSIONS

Here we have provided insights into predator diving and foraging 
behaviour along vertical fronts as well as how these predators re-
spond to and use low oxygen environments. Given the limited spa-
tial coverage of this study in relation to the large geographic range 
of these species, it is likely the behaviours exhibited here are not 
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characteristic to these species as a whole, and foraging strategies 
may be plastic depending on the environmental conditions expe-
rienced. However, we believe that new high-resolution biologging 
methods, such as those used here, will reveal the use of vertical 
fronts by marine predators is more widespread than currently rep-
resented in the literature. Further, the collective influence of climate 
change, global deoxygenation and shoaling oxygen minimum zones 
will reduce available habitat throughout the world's oceans and af-
fect many marine organisms through direct and indirect pathways. 
Here, we suggest that the apex predators of the ETP are using the 
vertical fronts created by a hypoxic boundary layer to their advan-
tage to increase foraging opportunities. Thus, predators currently 
unaffected by hypoxic boundary layers may be able to behaviorally 
adapt to spreading deoxygenation and the creation of shallow hy-
poxic boundary layers to maximize fitness. Because apex predators 
play important roles in structuring and regulating ecosystems, un-
derstanding how they will respond to and use low oxygen environ-
ments and the habitat fronts they create, as we have presented here, 
is needed so real-time management strategies are best equipped to 
respond to changing open-ocean ecosystems.
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