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monitoring period diving >8 °C from the maximum sur-
face temperatures recorded while tracked. Two tags were 
analyzed based on lunar phase and revealed contrasting 
relationships between vertical movements during new and 
full phases. Our results suggest dolphinfish vertically shift 
between surface and at-depth feeding strategies to exploit 
aggregating epipelagic and mesopelagic prey items leading 
to predictable diel vertical movements.

Introduction

The dolphinfish (Coryphaena hippurus) is a large pelagic 
predator of significant economic importance to commercial 
and sportfishing industries and artisanal fisheries world-
wide (Oxenford and Hunte 1986). In the western central 
atlantic, dolphinfish are known to school and associate 
with drifting objects such as holopelagic algae (Sargas-
sum spp.) and flotsam (Hemphill 2005) from george’s 
Bank to rio de Janiero, Brazil (Oxenford and Hunte 1983). 
Throughout this range, dolphinfish undertake long-distance 
movements at times exceeding 1,000 km along the US 
east coast (Merten et al. 2014a) and to the Caribbean Sea 
(Merten et al. 2014b).

Dolphinfish, like wahoo and marlin, are generally 
observed along continental shelf breaks, deep seamounts, 
or open ocean temperature and current fronts (Oxenford 
et al. 2003; Hemphill 2005; Farrell et al. 2014). In recent 
years, the innovation of compact electronic tags and pop-
up satellite transmitters (PSaTs) has led to a profusion of 
depth and temperature distribution data of many pelagic 
species relative to these features with the exception of 
dolphinfish. Theisen and Baldwin (2012) used PSaTs 
to document the depth and temperature distribution of 
wahoo (Acanthocybium solandri) to depths >200 m and in 

Abstract The vertical movements of six adult male dol-
phinfish (Coryphaena hippurus) (95–120 cm estimated 
fork length), caught using standard sportfishing methods, 
were investigated using high-rate single-point pop-up satel-
lite archival transmitters from 2005 to 2011 in the western 
central atlantic. Data revealed a diel activity pattern within 
the mixed surface layer with dives below the thermocline 
suggesting temperature is not a barrier to vertical move-
ments for short periods of time. Dolphinfish were tracked 
for periods of 4.96–30.24 day (Σ = 83.37 day), reaching 
depths >200 m, and in temperatures ranging from 16.20 
to 30.87 °C. The six tags allowed comprehensive verti-
cal movement analyses by time of day, duration at depth, 
and based on vertical movement patterns. The longest 
(>60 min), deepest (>30 m), and most extensive verti-
cal movement patterns occurred during night rather than 
day, with the most time spent near the surface during the 
day. Dolphinfish spent 66 % of their time in the surface 
layer (0–9.9 m) and only one individual spent 8 % of the 
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water between 17.5 and 27.5 °C. White marlin (Tetraptu-
rus albidus) were observed to spend the majority of their 
time <10 m but made frequent excursions below 100 m 
(Horodysky et al. 2007), while swordfish (Xiphias gla-
dius) spent more time below the thermocline with maxi-
mum depths visited to >600 m (Sepulveda et al. 2010a). 
Many other studies have documented the habitat use of 
different istophorids (Holland et al. 1990; Ortega-gar-
cia et al. 2008), thunnids (Block et al. 2001; Schaefer 
and Fuller 2007), and elasmobranchs (Weng et al. 2007; 
Howey-Jordan et al. 2013) deepening the knowledge base 
of species-specific vertical depth use in the open ocean. 
Understanding such movements for dolphinfish is impor-
tant for describing behavioral relationships between spe-
cies to develop a stronger understanding of predator–prey 
relationships necessary to better understand the pelagic 
ecosystem (Sepulveda et al. 2010b), and for both fish-
ing and management interests for resource acquisition, 
bycatch prevention, and species conservation (Poisson 
et al. 2010).

The factors affecting the vertical position within the 
water column may be related over the short term to the 
species-specific biological responses to abiotic factors such 
as diel changes in light (gleiss et al. 2013), temperature 
with depth (Klimley et al. 2002), or to biotic factors such 
as movements of prey (gleiss et al. 2013), or differences 
in gender (W Merten unpublished data). Over the long 
term, vertical distribution may be influenced by changes in 
geographic location, time of year, or the seasonal position 
of the thermocline (Kitagawa et al. 2007; Furukawa et al. 
2014). While predicting vertical position is of obvious ben-
efit to guide fishing activities, for example to set commer-
cial longline hook depth to target or eliminate species catch 
or bycatch (nMFS 2008; Poisson et al. 2010), respectively, 
understanding the underlying processes will be important 
to management, for example to predict biological responses 
to climate change, i.e., expansion of oxygen minimum 
zones (Prince et al. 2010) or changes in ocean circulation 
(Hurrell and Van loon 1997). Furthermore, these data can 
be used to assess abundance from fishery dependent (e.g., 
commercial logbook catch per unit effort) or independ-
ent surveys (e.g., ship-based active hydrophone transects) 
(lynch et al. 2012).

a study done on the short-term movement ecology 
(<48 h) of dolphinfish in the northern east China Sea 
found that dolphinfish remained in the upper layers of the 
thermocline above 20 °C, maximum depths ranged from 
50.1 to 95.1 m, and a positive relationship exists between 
maximum diving depths and diving patterns in response 
to seasonal changes in the location of the thermocline 
(Furukawa et al. 2011, 2014). Other studies on dolphin-
fish have been limited to short duration investigations of 
site fidelity and behavior relative to drifting and stationary 

fish aggregating devices (FaDs). Taguet et al. (2007) 
tagged dolphinfish with coded transmitters and monitored 
their site fidelity, habitat use, and movements relative to 
drifting FaDs in the Indian Ocean and found that dol-
phinfish remained with objects on the open ocean for as 
much as 15.26 days and spent the majority of their time 
within the top 35 m of the surface. girard et al. (2007) 
observed the ability of dolphinfish caught near station-
ary FaDs to return back to the FaD when displaced up to 
1,600 m away and showed variable vertical distributions, 
with some dolphinfish closer to the surface more often 
than others during the first 29 min after being released. 
While these data begin to describe the short-term vertical 
movements, residency, site fidelity, and homing abilities 
of dolphinfish, they do not depict the temporal periodicity 
and overall vertical movement strategy over longer peri-
ods of time for dolphinfish.

In this study, we investigated the vertical movements 
of adult male dolphinfish in the western central atlantic 
as inferred from the use of high-rate single-point PSaTs. 
The main objectives of this study were to investigate what 
biotic and abiotic factors may influence the diel vertical 
movement preferences of adult male dolphinfish. alterna-
tive objectives were to investigate which factors may affect 
diel changes in duration at depth and vertical movement 
patterns. To achieve this, data from six PSaTs deployed 
on dolphinfish in different regions of the western cen-
tral atlantic were analyzed. results were used to strate-
gize future deployments of additional PSaTs and begin 
to design management priorities based on the information 
documented.

Methods

Satellite telemetry data

non-geolocating single-point PSaT data were pro-
vided by the Dolphinfish research Program from 
2005 to 2011. eleven dolphinfish (10 males, 1 female; 
110.75 ± 7.26 cm) were tagged and released in four dif-
ferent areas in the western central atlantic and Caribbean 
Sea: three off South Carolina, six off Florida, one off Isla 
Mujeres, Mexico, and one off la Parguera, Puerto rico 
(Fig. 1). all fish were tagged with Microwave Telemetry 
Inc., pop-up satellite archival transmitters [PSaT PTT-
100 standard rate (length/diameter/antenna length/weight; 
166 mm/41 mm/171 mm/65–68 g); PSaT high-rate and 
high-rate x-tag models (120 mm/32 mm/185 mm/40 g)]. 
Pop-up locations were provided by argos using a least 
squares analysis algorithm. attachment of the devices to 
all dolphinfish followed methods used by Merten et al. 
(2014).
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Data selection

In this study, PSaTs were preprogrammed to remain with 
dolphinfish for 30 or 180 days, recording time-specific 
water temperature, pressure, and light intensity at regu-
lar but different intervals based on tag type. at the end 
of the monitoring period, the device releases from the 
tether connecting it to the fish using electrolysis. Once the 
device releases, it floats to the surface and begins trans-
mitting data to an argos system satellite every 60 s on 
the SiV schedule, i.e., tags transmit for blocks of several 
hours when the likelihood of a satellite pass is greatest, 
rather than transmitting continuously. Here, only adult 
male dolphinfish with high-rate satellite archival records 
>3 days (n = 6) were included in analyses of vertical div-
ing behavior (only one female was tagged). The other 
archival records were excluded because (1) PTT-100 
standard rate transmitters vary markedly in resolution 
and preset monitoring period from PTT-100 high rate and 
high-rate x-tags, (2) any record <3 days in duration was 
not long enough to allow for a discernible diving pattern 
to emerge, (3) some dolphinfish were consumed by preda-
tors after being deployed (46484, 72881, and 72879), and 
(4) female and male dolphinfish appear to exhibit dif-
ferences in diving behavior. Summary statistics for all 
11 dolphinfish are included in appendix I. all statistical 
analyses of selected transmitters, except for the analy-
sis of vertical movement patterns, were done using r© 
v3.0.1.

Diel depth use

Satellite archival time series data, including depth (m) and 
temperature (°C), were categorized according to four time 
periods, dawn (0300–0859), day (0900–1459), dusk (1500–
2059), and night (2100–0259), to examine the diel perio-
dicity of the vertical movements of dolphinfish. Moreover, 
these time periods were positioned relative to the timing of 
sunrise and sunset, based on atlantic and eastern Standard 
Time, during the spring and early summer months (april–
July) that these transmitters were at liberty, in order to inves-
tigate crepuscular movement patterns, i.e., changes in ver-
tical depth position relative to dawn and dusk. For general 
inference for all fish, time series depth data were aggregated 
for each fish into hourly means and analyzed using a linear 
mixed effects model (Pinheiro and Bates 2009) assigning a 
random effects term per fish and taking into consideration 
temporal dependence. exploratory analysis revealed that the 
distribution of dive depths is skewed and time dependent. 
Hence, we take the natural logarithm of depths and incorpo-
rate an autoregressive correlation structure of order 1 (Chat-
field 2009) to fit the model. Specifically for fish i = 1,…,n, 
time of day j = 1,…,nj and time t = 1,…,Ti, we fit 

where Yi,t is the natural logarithm of the depth of the ith 
fish at hour t, αj is the effect of the jth TOD on the response 
variable, Yi,t−1 adjusts for the temporal dependence on 
depth measurements, fi is random term that adjusts the 
intercept per fish, (αf)ij handles interaction between TOD 
and fish, and εi,t are independent error terms. We assume 
fi ∼ N(0, σ 2

f ), (αf )ij ∼ N(0, σ 2
αf ), εi,t ∼ N(0, σ 2), and that 

all random terms are mutually independent.

Diel duration at depth

Daily changes in duration at depth were analyzed using 
survival analysis. Survival analysis, as defined by Klein-
baum and Klein (2012), is “a collection of statistical pro-
cedures for data analysis for which the outcome variable of 
interest is time until an event occurs.” Using the recurrent 
timing of dives and surface intervals, an extended Cox pro-
portional hazards frailty model was fit to predict, by time 
of day, the probability a dolphinfish would remain at depth 
before returning to the surface to begin another dive (Klein-
baum and Klein 2012). The frailty component was modeled 
using a gamma distribution (Kleinbaum and Klein 2012), 
and recurrent dives and surface intervals used in this analy-
sis were derived from the following criteria: (1) dives were 
defined as any departure from the surface (0 m) and con-
secutive depth fixes >0 m for any given amount of time; 
(2) surface intervals were defined as any consecutive depth 
fixes through time equal to 0 m.

Yi,j,t = βo + αj + β2Yij,t−1 + fi + (αf )ij + εi,j,t

Fig. 1  Horizontal straight-line dolphinfish displacements from sin-
gle-point PSaTs varied between deployment locations around the 
western central atlantic and Caribbean Sea. The ID numbers with 
asterisks represent the six adult male dolphinfish with high-resolution 
monitoring periods >3 days. Dashed lines indicate dolphinfish that 
were consumed by predators after being deployed. Dolphinfish 72877 
was a female
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Diel vertical movement patterns

Vertical movement patterns were analyzed using a cursory 
visual examination of time series depth records (Horo-
dysky et al. 2007). The analysis revealed four different 
movement patterns that were classified into dive types 
based on the appearance of time series recorded observa-
tions. Dive patterns confined to the surface layer (0–9.9 m) 
were defined as line-shaped dives. The line-shaped dive 
type was deduced from the notion of dolphinfish using 
their line-of-sight to guide surface movement activity rela-
tive to prey or for navigation. a v-shaped dive represented 
an abrupt descent to depth followed by an abrupt ascent 
back to the surface of 10 m or more in consecutive depth 
fixes. a u-shaped dive was defined as an abrupt descent 
to depth followed by a continuous amount of time within 
a few meters of that depth before ascending back to the 
surface. lastly, a w-shaped dive depicts a seesaw-shaped 
motion with two or more directional changes in the water 
column from deep to shallow depths, and vise-versa, until 
the dive ends when a surface interval was initiated. Based 
on these criteria, each dive was assigned a dive type and 
pooled by time of day for all fish and analyzed using a chi-
square analysis.

Results

all satellite transmitter release and end point loca-
tions were widely distributed around the western 
central atlantic, Caribbean Sea, and gulf of Mex-
ico (Fig. 1). Of the six adult male dolphinfish ana-
lyzed here, the maximum tracking duration (the time 
the PSaT remained attached to the dolphinfish) was 
30.24 day (13.89 ± 10.38 days, N = 6) (mean ± Se, 

N = #) (Table 1). These archival records covering 
83.37 days were acquired over a six-year period from 
2005 until 2011. average depth use from all depth fixes 
(N = 23,166) of these dolphinfish was 8.53 m; maxi-
mum diving depths ranged from 74.0 to 255.5 m. The 
mode for depth use >10 m for each adult male dolphin-
fish ranged from 10.8 to 44.4 m. In the following analy-
ses, all statistical inference was based on a 5 % signifi-
cance level.

Diel depth use

a linear mixed effects model was fit to account for the 
correlation of within fish depth measurements. not prop-
erly modeling depth measurements per fish may hinder 
inference on the impact of time of day (Pinheiro and 
Bates 2009). after selection for tag type and monitoring 
period duration (Table 1), the analysis showed that after 
adjusting for random effects and temporal dependence 
in time of day fish interaction, there were statistical dif-
ferences in depth by time of day (Fig. 2). Specifically, 
it was found that difference in depth was statistically 
significant when comparing dawn (mean: 7.55 m) and 
day (4.76 m) to night (14.88 m) (linear mixed effects 
model, P < 0.001). The intercept and interaction terms 
of the mixed effects model had standard deviations of 
0.26 and 0.13, respectively. Hence, for any given time 
of day, adult male dolphinfish will have individual inter-
cepts that are 0.26 higher or lower than the group aver-
age 68 % of the time; furthermore, individually, the time 
of day estimated coefficient will vary by 0.13 higher 
or lower than the group average estimate 68 % of the 
time. a multiple comparison analysis based on Tukey’s 
method (Bretz et al. 2011) confirmed significant differ-
ences in depth use by time of day (Table 2). 

Table 1  adult male dolphinfish with high-resolution pop-up satellite archival transmitter data records >3 days in duration arranged from north 
to south in the western central atlantic

a estimated fork length
b Days monitoring dolphinfish
c PTT-100 and HI X: pop-up high-rate archival satellite transmitter with 30 days preset monitoring period
d rounded down to the nearest whole number

Tag (#) Tagging  
date

Fork length 
(cm)a

Pop-up  
date

Monitoring 
period (days)b

Tag typec Depth  
fixes (#)

Dives (#) Maximum 
depth (m)

average 
temp (°C)

Temp range 
(°C)d

55543 6.4.2005 107.0 6.13.2005 8.88 PTT-100 2482 156 74.0 25.05° 19–26°

55487 6.21.2006 105.0 6.27.2006 5.89 PTT-100 1907 124 123.7 25.49° 16–28°

36307 5.7.2010 97.5 5.11.2010 4.96 HI X 1498 104 255.5 24.65° 19–28°

55548 5.10.2006 112.5 5.20.2006 10.08 PTT-100 3092 266 94.1 26.86° 22–28°

37066 6.9.2006 120.0 7.2.2006 23.32 PTT-100 6321 657 79.3 28.44° 24–30°

36860 4.2.2011 108.8 5.2.2011 30.24 HI X 7866 562 111.1 27.15° 25–30°

Total 83.37 23,166 1,869
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Diel duration at depth

There were significant differences in duration at depth per 
dive by time of day for adult male dolphinfish (extended 
Cox proportional hazard frailty model; P < 0.001). The haz-
ard ratio for the effect of maximum depth per dive indicated 
that frailty was highly significant (P < 0.001). In particu-
lar, for any given dive duration, the probability that the fish 
would remain at depth was higher during night than during 
day (Fig. 3). In addition, the frequency of long (>60 min) 
deep dives (>30 m) was greatest during night (42 % 

n = 192) when compared to dawn (16 % n = 70), day (9 % 
n = 47), and dusk (23 % n = 111). Maximum depth per 
dive was significantly greater during night (29.3 m) than 
during dawn (14.2 m), day (10.2 m), or dusk (19.0 m) 
(extended cox proportional hazard model; P < 0.05). Based 

Fig. 2  Distribution of depth fixes based on relative depth (actual 
depth divided by maximum depth obtained for each dolphinfish) by 
time of day are positioned from north to south (clockwise from top-
left) for adult male dolphinfish with high-resolution monitoring peri-

ods >3 days from South Carolina, Florida, and Puerto rico. Dawn 
and dusk (light gray) were designated as twilight, where night (dark 
gray) and day (white) stand alone

Table 2  Multiple comparisons of average logarithm of depth based 
on the mixed effects model using Tukey’s correction of depth use by 
time of day for all adult male dolphinfish with monitoring periods 
greater than 3 days

Significance is indicated by bolded and underlined P < 0.05. a Dawn; 
b day; c dusk; d night

Time of day 
comparison

estimate Standard  
error

Z value P value

b—a −0.006096 0.092236 −0.066 1.0000

c—a 0.227632 0.092036 2.473 0.0803

d—a 0.404626 0.092672 4.366 7.59e−05

c—b 0.233729 0.091921 2.543 0.0660

d—b 0.410722 0.093960 4.371 7.41e−05

d—c 0.176993 0.093720 1.889 0.3537

Fig. 3  Time to event probabilities (at-depth to surface) for dives 
ranging in duration from 0 to 60 min by time of day estimated using 
the Kaplan–Meier method
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on absolute temperature recorded during the dives, all 
fish remained within 10 °C of the maximum temperature 
recorded per monitoring period while at liberty (Table 3). 

Diel vertical movement patterns

Vertical movement patterns (Fig. 4) varied significantly per 
dive type (N = 1,869) by time of day (dawn; N = 453; day; 

N = 479; dusk; N = 480; night; N = 457)(Chi square test, 
P < 0.001) (Table 4). For all dolphinfish, the number of 
line-shaped dives was the least during the night and great-
est during day. During night, w-shaped dives were great-
est for each dolphinfish. additionally, the combination of 
u- and w-shaped dives was greatest during night, while the 
combination of line and v-shaped dives were greatest dur-
ing dawn, day, and dusk. For the majority of dolphinfish, 

Table 3  Percentage of temperature readings from pop-up satellite archival transmitters attached to dolphinfish expressed as differences from 
maximum temperature at the surface and minimum temperature recorded in succeeding dives

Tag (#) ΔT (°C)

 −1 −2 −3 −4 −5 −6 −7 −8 −9 −10

55543 48.70 57.79 74.68 87.66 97.40 98.70 100.00

55548 83.08 89.47 92.43 95.11 98.50 100.00

37066 71.03 82.90 94.76 99.08 100.00

55487 52.42 64.52 70.16 71.77 73.39 80.65 84.68 91.13 98.39 100.00

36307 36.54 50.00 64.42 81.73 90.38 97.12 98.08 100.00

36860 61.26 96.22 99.46 100.00

Fig. 4  One day of pressure data 
taken from dolphinfish 55548 
provides an example of how 
vertical movement patterns were 
categorized. a u-shaped dive; 
b line-shaped dive; c w-shaped 
dive; d v-shaped dive
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the number of lines dives were significantly greater dur-
ing dawn, day, and dusk than all other dive types (v-, u-, 
and w-shaped). lastly, the amount of line dives progressed 
from least during night to greatest during day, the opposite 
for u- and w-shaped dives. 

Discussion

This study reports for the first time long-term comprehen-
sive vertical movement activity of adult male dolphinfish 
observed through the use of PSaTs. Overall, dolphinfish 
were observed more frequently in shallow depths but did 
make frequent dives to depths below 30 m and infrequently 
deeper than 200 m. The shallow diving behavior may be 
attributed to prey location (Oxenford and Hunte 1999), ori-
entation with surface objects such as flotsum or Sargassum 
during migration (Hemphill 2005; Taquet et al. 2007), or 
in effort to minimize metabolic energy loss by remaining 
in isothermic conditions above the thermocline (Furukawa 
et al. 2011, 2014). generally, when not in the top of the 
surface layer (0–1.3 m), dolphinfish most often occupied 
depths within the surface (1.3–9.9 m) and subsurface layer 
(10–29.9 m), then progressively less at deeper depths in 

the mixed surface layer beginning from 30 to 59.9 m, to 
60–89.9 m, and lastly >90 m (appendix I). Based on depth 
use, duration at depth, and vertical movement patterns, dol-
phinfish partake in ritualized shifts in behavior from shal-
low depths during the day to deep depths at night. These 
data, however, are only representative of large adult male 
dolphinfish and may not be representative of the vertical 
movement strategy of younger dolphinfish or females.

Biotic factors that drive vertical movement preferences 
of dolphinfish

Prey location

Dolphinfish analyzed in this study exhibited diel vertical 
depth use. The diel pattern in depth distribution is simi-
lar to those observed in studies of striped marlin (Holts 
and Bedford 1990) and sailfish (Chiang et al. 2011) where 
fish occupied shallow depths during day and deep depths 
at night. This cannot, however, be considered a general 
distribution pattern for large pelagic predators because 
blue sharks, blue marlin, and broadbill swordfish have 
been observed diving deeper during day than during night 
(Carey et al. 1990; Holland et al. 1990; Block et al. 1992a). 

Table 4  Chi square comparisons reveal significant differences in dive type by time of day for all adult male dolphinfish with high-resolution 
monitoring periods >3 days

Bold and underlined numbers indicate significant difference (P < 0.001)

Dive type by time of day

Dawn V (n = 35) U (n = 56) W (n = 49)

line (n = 313) 0.000 0.000 0.000

 V (n = 35) – 0.028 0.127

 U (n = 56) – 0.495

 W (n = 49) –

Day V (n = 17) U (n = 73) W (n = 26)

line (n = 363) 0.000 0.000 0.000

 V(n = 17) – 0.000 0.170

 U (n = 73) – 0.000

 W (n = 26) –

Dusk V (n = 37) U (n = 98) W (n = 59)

line (n = 286) 0.000 0.000 0.000

 V (n = 37) – 0.000 0.025

 U (n = 98) – 0.002

 W (n = 59) –

night V (n = 96) U (n = 114) W (n = 113)

line (n = 134) 0.012 0.204 0.181

 V (n = 96) – 0.214 0.240

 U (n = 114) – 0.947

 W (n = 113) –

Author's personal copy



1830 Mar Biol (2014) 161:1823–1834

1 3

Dolphinfish, like other pelagic species, most likely respond 
to diel changes in prey location which influences their 
location in the water column on a daily basis. In a study 
monitoring the vertical movements of whale sharks, gleiss 
et al. (2013) found that the sharks changed their vertical 
movement activity and depth location in anticipation of 
the formation of aggregated patches of prey items such as 
zooplankton at sunset. Studies on other large planktivores, 
such as basking sharks (Sims et al. 2005), and piscivores, 
such as probeagle (Saunders et al. 2011), big-eye thresher 
(Weng and Block 2004), and great white sharks (Weng 
et al. 2007), have documented diel vertical movements 
with the most likely explanation being that these predators 
are pursing vertically migrating prey to optimize foraging 
efficiency. Vertically tracking prey to optimize foraging 
efficiency while minimizing energy consumption has been 
suggested as a preferred feeding strategy for many pelagic 
fish species (Furukawa et al. 2011, 2014; gleiss et al. 
2013).

at night, dolphinfish dove deeper for longer durations 
(Table 2; Fig. 3), presumably foraging. Specifically, for 
each dive duration, the probability that the fish would take 
longer to return to the surface was higher at night than all 
other time periods. The longer dive times at night could be 
representative of dolphinfish using more time to search for 
and exploit aggregated prey (Horodysky et al. 2007). Stud-
ies conducted in the Indian Ocean, central Pacific Ocean, 
Mediterranean Sea, and eastern Caribbean Sea all con-
cluded that dolphinfish feed at night as well as during the 
day (rothschild 1964; Shcherbachev 1973; Massutí et al. 
1998; Oxenford and Hunte 1999). Massutí et al. (1998) 
observed that dolphinfish stomachs sampled at sunrise 
contained mesopelagic prey items such as Eledone mos-
chata, Argyropelecus hemigymnus, Chauliodus sloani, and 
Notolepis rissoi. However, across all studies, the greater 
proportion of epipelagic prey items (e.g., exocoetidae, Clu-
peidae, Carangidae, Scombridae) indicates that dolphinfish 
forage mainly in surface and subsurface layers (0–30 m) 
but can make excursions to depths to feed opportunistically 
on mesopelagic fishes and invertebrates that undergo diel 
vertical migration from depth during the day to more shal-
low waters at night.

Diel differences in vertical movement patterns likely 
reflect changes in dolphinfish feeding dynamics. The v-, 
u-, and w-shaped dive types (Fig. 4) were more frequently 
observed during night than dawn, day, or dusk (Table 4) 
indicating that dolphinfish vertical movement patterns vary 
by time of day. It is hypothesized that different shaped dives 
are indicative of different responses to daily changes in 
prey location in the water column (Horodysky et al. 2007; 
gleiss et al. 2011a). V- and w-shaped dives involve rapid 
directional changes presumably increasing prey encounter 

rates without extensively increasing travel distance (Horo-
dysky et al. 2007); alternatively, these directional changes 
could also be a response to avoiding predators. U- and line-
shaped dives are likely a response to targeting prey that is 
aggregating for extending periods of time (Horodysky et al. 
2007). line dives were the greatest during day supporting a 
surface-oriented foraging pattern targeting epipelagic prey; 
a deeper foraging pattern targeting mesopelagic prey for 
extended periods of time is reflected in a greater amount of 
u-shaped dives at night. Other factors that could influence 
diving behavior are moving vertically, as opposed to hori-
zontally, to obtain olfactory or visual cues for navigation, 
or for prey silhouetting (Davies et al. 1999).

Surface objects

 a bimodal vertical depth distribution (Fig. 2) was observed 
indicating that when dolphinfish are not at the surface 
they are at intermediate depths (between 10 and 40 % of 
maximum observed depth) during the day. It is not known 
whether this behavior is related to orientation below sur-
face floating objects (e.g., Sargassum or flotsum) to aid in 
predation, predator avoidance, or for navigation purposes. 
Studies done on the movements and homing ability of dol-
phinfish relative to stationary and drifting fish aggregating 
devices (FaDs) have observed depth distributions within 
35 m of the surface, dives as deep as 144 m, varied excur-
sion frequencies, and homing abilities all of which seem to 
indicate that dolphinfish may adjust their swimming depths 
with respect to potential orientation cues based on light and 
sound (girard et al. 2007; Dagorn et al. 2007; Taquet et al. 
2007), with the former dominating near the surface and the 
latter dominating away from surface interference. Demp-
ster and Kingsford (2003) suggest that dolphinfish may use 
sounds produced by the FaD itself, or by fish associated 
with it, to aid in navigation and association with surface 
structures. Furthermore, dolphinfish have been observed to 
occupy floating objects for up to 2 weeks and display the 
ability to navigate back to an object after being displaced 
1.6 km away (girard et al. 2007; Dagorn et al. 2007) which 
suggests their migration is influenced by the movements 
of floating objects (Merten et al. 2014a, b). results from 
the present study confirm that dolphinfish are strongly tied 
to the surface during daylight hours, when surface objects 
would be most visible. analysis of gut contents in various 
studies have found that the majority of the daytime diet of 
dolphinfish consists of teleost fishes that presumably would 
be consumed near the surface under floating mats of Sar-
gassum or any other structure that promotes the aggrega-
tion of juvenile fish and invertebrates (rothschild 1964; 
Massutí et al. 1998; Oxenford and Hunte 1999). Indeed, 
both Sargassum and teleost prey items have been found 
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together in the stomachs of sampled dolphinfish (Manooch 
et al. 1983). Thus, these studies suggest that the voracious 
feeding activity of dolphinfish and the importance of struc-
ture-associated prey in their diet may drive the observed 
pattern of daylight surface activity.

alternatively, daytime association with surface objects is 
likely to aid in predator avoidance. large toothed whales, 
such as false killer whales, have been documented to pur-
sue dolphinfish (Merten et al. in press), and gut content 
analyses of large marlin have revealed dolphinfish as a prey 
source (Pimenta et al. 2001). While surface objects are for 
obvious reasons an area to increase foraging efficiency for 
dolphinfish, they like the prey they are pursuing and are 
most likely also associating with surface objects to reduce 
predation risk through schooling (Dagorn et al. 1995). The 
dynamics of dolphinfish schooling behavior relative to sur-
face objects is poorly documented (Taquet et al. 2007); 
however, surface objects seem to serve as an exchange 
site for individuals moving between schools (Taquet et al. 
2007) and affords a location for increased group size that 
reduces the overall probability of individual predation risk 
(gooding and Magnuson 1967). Studies have shown that 
smaller dolphinfish associate with surface objects more 
than larger fish (Farrell et al. 2014) supporting the meet-
ing point hypothesis that surface objects serve as a refuge 
for smaller fish more susceptible to predation (Fréon and 
Dagorn 2000). Here, a bimodal vertical daytime depth dis-
tribution could be indicative of larger fish possibly orient-
ing below surface objects to aid in both foraging activi-
ties and to reduce predation risk by remaining below the 
well-lit surface waters in the shadow cast by large surface 
objects. The precise vertical movements, however, relative 
to surface objects (FaDs and Sargassum) need to be further 
investigated to provide a more thorough understanding of 
the role they play in influencing dolphinfish vertical depth 
use across all size classes.

abiotic factors that influence vertical movement 
preferences of dolphinfish

Temperature and oxygen

Dives below the thermocline were evident, but marked 
movements relative to the thermocline were indiscern-
ible. The majority of the dolphinfish, however, occupied 
temperatures within 8 °C of the maximum temperature 
observed at the surface (Table 3; Fig. 2); dolphinfish 55487 
experienced temperature changes >8 °C from the surface 
(minimum 16.8 °C) during only 8 % of its dives (n = 124). 
These observations are consistent with another study done 
on dolphinfish where all fish remained on average in tem-
peratures greater >19 °C (Furukawa et al. 2011). Furukawa 

et al. (2011) concluded that dolphinfish avoid transcending 
the thermocline to conserve energy and focus their feeding 
strategies on epipelagic prey in the isothermic surface layer. 
Studies of blue and striped marlin, and sailfish, were simi-
lar in that vertical movements were limited by a ~8 °C rela-
tive change in water temperature with depth (Pepperell and 
Davis 1999; Chiang et al. 2011) suggesting their physiolog-
ical thermal constraints may be similar as with dolphinfish. 
In contrast, the broadbill swordfish (Xiphias gladius) has 
been observed to dive as deep as 673 m, with differences 
from sea surface temperature ranging from 8.7° to 17.6 °C 
colder (Sepulveda et al. 2010a, 2010b); however, this spe-
cies has pronounced physiological features such as brain-
eye energy-producing muscles which may facilitate deeper 
diving behavior by maintaining higher organ temperatures 
in the head (Carey 1982). Therefore, while dolphinfish may 
be eurythermal (e.g., range 16.80°–30.09 °C), their overall 
vertical movement strategy will be limited by depths whose 
temperatures minimize energy consumption due to lack of 
physiological adaptations, i.e., heat producing organs or 
more efficient gill morphology, needed to forage efficiently 
in colder temperatures (Wegner et al. 2010).

Seasonal changes in thermocline location and formation 
of oxygen minimum zones may influence the maximum 
vertical habitat use of dolphinfish (Stramma et al. 2012; 
Prince et al. 2010; Furukawa et al. 2014). In the east China 
Sea, dolphinfish were observed to extend their vertical 
depth range as the thermocline depth increased (Furukawa 
et al. 2014), and in the eastern tropical atlantic, sailfish and 
blue marlin were found to limit their vertical movements 
relative to the depth, location, and extent of oxygen mini-
mum zones leading to habitat compression in the upper por-
tion of the surface mixed layer (Prince et al. 2010); similar 
conditions and responses have been observed in the eastern 
tropical Pacific for the same species (Prince and goodyear 
2006). In the western atlantic where dissolved oxygen is 
not limited at increasing depths, fish can extend their verti-
cal depth range beyond those observed in the eastern tropi-
cal Pacific or atlantic (Prince et al. 2010). In this study, for 
example, multiple dolphinfish repeatedly visited depths 
>200 m in the gulf Stream, similar to results for sailfish 
and blue marlin from the same area (Prince et al. 2010). In 
the Caribbean Sea, where the thermal vertical stratification 
and distribution of biogeochemical properties of the mixed 
surface layer is more pronounced (Corredor and Morell 
2001; Jury 2011), the vertical extent of a single dolphinfish 
was 111 m and never >4 °C of maximum recorded surface 
temperatures. These observations support geographic vari-
ations in vertical depth use of dolphinfish but require more 
extensive intra and inter-oceanic comparisons to draw more 
concrete conclusions about regional differences in both 
space and time.
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Light

generally, for dolphinfish, the greatest percentage of time 
spent at the surface was during dawn, day, and dusk, and 
least during the night, though the significance of these 
time of day effects varied by fish. The greatest overall dif-
ference in depth use was observed between day and night, 
and dawn and night time periods; dawn and dusk appear 
to be transition periods when fish return to the surface 
after a night of deeper depth use, or begin deeper depth 
use, respectively. Daily changes in dive patterns are also 
reflected in depth usage; at night, depth usage is normally 
distributed, a stark contrast to the bimodal periodicity 
observed during day (Fig. 2). The change in daily depth 
distribution is likely a result of dolphinfish exhibiting dif-
ferent activity patterns or behaviors that are apparently 
linked with prey location, as discussed earlier, that have 
been shown to respond to daily changes in light (gleiss 
et al. 2011b).

Indeterminate factors that influence vertical movement 
preferences of dolphinfish

Lunar phase and gender

lunar phase and gender may be other factors affecting 
the vertical movements of dolphinfish. Captains who tar-
get large pelagic fish believe that lunar phase positively 
influences landing rates (Poisson et al. 2010). In a recent 
re-analysis of the literature, however, Ortega-garcia et al. 
(2008) found little support that catch per unit effort is influ-
enced by phase of the moon for striped marlin, but some 
studies have shown that the activity level of certain pelagic 
fishes is correlated with the lunar cycle (Horodysky et al. 
2007; Poisson et al. 2010). Horodysky et al. (2007), when 
examining white marlin found an increased amount of 
higher complexity dives during nights with brighter moon 
phases. In this study, only two dolphinfish had monitor-
ing periods long enough (30.24 and 23.32 days) to make 
adequate comparisons between moon phase and diving 
behavior parameters such as dive duration, surface inter-
val duration, maximum depth per dive, and vertical move-
ment pattern. Yet, when comparing diving behavior trends 
among the two, they were generally opposite, i.e., duration 
at depth and vertical movement patterns were greater dur-
ing the full moon for dolphinfish 37066, but were greater 
during new moon for dolphinfish 36860. However, both 
dolphinfish did partake in longer surface intervals during 
the new moon versus full moon phase, which translated 
into less dives throughout all time periods. Only with the 
acquisition of more high-resolution monitoring periods 
(>21 days) can the influence of lunar phase on vertical 
movements be further addressed.

Female dolphinfish may exhibit different vertical 
movements than males. Only one female has been tagged 
to date, but the results are intriguing. For example, the 
female (107.5 cm Fl) tagged and released off South Caro-
lina revealed a diving behavior opposite than that of adult 
males, with deepest depths (maximum 247 m) visited dur-
ing dawn, day, and dusk, rather than night. gender-specific 
differences in vertical movements of male and female dol-
phinfish may be related to size (Oxenford and Hunte 1999), 
feeding preferences, or increased tendency to associate 
with surface objects (Farrell et al. 2014).

Management and future research priorities

general inference into the vertical movements of adult 
male dolphinfish is provided with this work. Indeed, the 
results provide significant insight into their vertical move-
ments, but more records are needed to correlate tempera-
ture constraints, lunar phase, and vertical movement pat-
terns between different regions (i.e., South atlantic Bight 
vs Caribbean Sea) or oceans (western central atlantic ver-
sus eastern tropical Pacific). It does appear, however, that 
the vertical extent of dolphinfish habitat use varies between 
the South atlantic Bight and the Caribbean Sea presumably 
due to differences in prevailing oceanographic conditions 
between the two regions (Bane and Dewar 1988; Corre-
dor and Morell 2001; Jury 2011). as a result, to prevent 
dolphinfish by-catch during commercial longline opera-
tions, gear should be set at depths based on the prevailing 
oceanographic conditions (i.e., location of the thermocline) 
while taking into account regional differences in the verti-
cal extent of dolphinfish. To make these recommendations 
on a broader scale, more high-rate PSaTs (programmed 
for 30 day monitoring periods) should be deployed among 
and between regions and ocean basins to conduct valid 
regional comparisons. In addition, only PSaT records from 
large adult male dolphinfish were examined in this study, 
and these are therefore un-representative of younger and 
smaller dolphinfish (<8–10 months) and females. While 
there exist some data on movements of small dolphinfish 
relative to drifting and stationary FaDs (Dagorn et al. 
2007; girard et al. 2007; Taquet et al. 2007) and the ther-
mocline (Furukawa et al. 2011), young of the year dol-
phinfish (<90 cm) need to be tagged with high-rate PSaTs 
(suggested transmitter size; <12 cm; suggested transmit-
ter weight; <40 g) if comparisons of habitat use between 
size classes are to be determined. In addition, large adult 
females need to be sampled in order to assess sex-specific 
differences in vertical movement strategies by time of day. 
Deploying high-rate satellite transmitters on both male and 
female dolphinfish of differing sizes will benefit both fish-
ing and managerial interests through determining gender-
specific vertical movement differences relative to depth, 
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biogeochemical properties such as dissolved oxygen, and 
can lead to enhanced landings or to prevent dolphinfish 
by-catch during commercial operations. These data and 
the insight they provide will enhance our understanding of 
dolphinfish habitat use in the open ocean and when used 
accordingly can lead to improved fishery management and 
future dolphinfish conservation.
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