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ABSTRACT: Time-at-capture data for 6 species of carcharhinid sharks were collected during 2692
fishery-independent longline sets conducted in the western North Atlantic Ocean from 1995
through 2009. As operations occurred continuously throughout the diel cycle, time-at-capture
data were used as a proxy for natural feeding behavior to examine the diel feeding chronology of
blacknose Carcharhinus acronotus, spinner C. brevipinna, bull C. leucas, blacktip C. limbatus,
sandbar C. plumbeus, and Atlantic sharpnose Rhizoprionodon terraenovae sharks. All 6 species
were collected during all hours of the diel cycle; however, application of circular statistics revealed
that spinner, bull, blacktip and sandbar sharks increased their feeding activity during nocturnal
hours. Atlantic sharpnose and blacknose sharks exhibited no significant directedness in time-ofcapture, indicating that these 2 species lack distinct feeding patterns. The species-specific differences in feeding chronologies of the sharks examined demonstrate that broad generalizations
concerning the feeding behavior of sharks are not appropriate.
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Many shark species are top predators and as
such play significant roles within the ecosystems
they inhabit (Cortés 1999), including facilitating
energy transfer among upper trophic levels
(Wetherbee & Cortés 2004) and influencing mortality rates and behavior of prey species (Heithaus
2004). Despite the ecological importance of sharks
in aquatic ecosystems, aside from dietary studies,
little is known about their feeding habits. Filling
critical gaps in our knowledge concerning shark
feeding behavior is needed to increase our understanding of shark bioenergetics, niche space partitioning and top down control of prey populations,
all of which have broader implications for the
appropriate management and conservation of shark
species. Diel feeding chronology is one compo-

nent of shark feeding behavior for which little is
known.
While most tropical and temperate fishes are known
to feed primarily during distinct diurnal, nocturnal or
crepuscular periods (Helfman 1986), the diel feeding
patterns of most shark species remain enigmatic. Beyond anecdotal accounts, much of what is known concerning diel feeding patterns of sharks is inferred
from correlating time-of-capture with stomach content
analyses. Cortés (1997) reviewed the use of stomach
content data in elucidating feeding patterns in elasmobranchs and concluded that the sampling gear, experimental design and statistical analyses employed
in a given study can individually or in toto lead to conflicting conclusions. For example, Cortés et al. (1996)
studied the feeding chronology of bonnetheads
Sphyrna tiburo off the coast of southwest Florida by
examining the stomach contents of individuals caught
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in gill nets throughout the diel cycle. When grouping
their stomach content weight data into 3 h intervals
the authors determined feeding activity was generally
highest during the day; however, when grouping data
into 4 h intervals, peak feeding generally occurred in
the afternoon and night.
Telemetry data have also been used to infer diel
feeding patterns in several shark species; however,
such information can also lead to ambiguous conclusions as increased movements, often assumed to be
indicative of foraging, could be related to non-feeding behaviors such as movements within an individual’s home range or between foraging areas (Heithaus 2004). For example, Sciarrotta & Nelson (1977)
tracked 14 blue sharks Prionace glauca in the eastern
Pacific Ocean and found these sharks to be most
active during nocturnal periods, as indicated by increased frequency of dives through the water column. This finding led the authors to conclude that
while blue sharks feed during all hours of the day,
peak feeding occurs at night; however, based on
analyses of stomach contents, Kubodera et al. (2007)
concluded that blue sharks in the western Pacific
Ocean feed primarily during the day.
While analyses of stomach content and telemetry
data have provided valuable information on the feeding chronology of sharks, an overlooked method of
examining diel feeding activity is the use of baited
hooks which, with the exception of foul hooking, require that a shark voluntarily approach and actively
attempt to feed in order to be captured. To our
knowledge, only 2 studies have investigated diel
trends in catch rates, albeit briefly, of a shark species
using baited gear (Medved & Marshall 1981, Heithaus 2001). If soak times are limited in duration and
gear is deployed repeatedly over 24 h cycles, time-ofcapture data are well-suited to investigate diel feeding patterns of predatory fishes. Furthermore, if data
are collected in this manner, results can be based on
statistical analyses that do not rely on binning
methodologies or subjective interpretation. The objective of the present study was to utilize time-ofcapture data collected during a fishery-independent
survey to examine the relationship between times-ofcapture and catch rates of carcharhinid sharks in the
western North Atlantic Ocean.

MATERIAL AND METHODS
From 1995 to 2009, bottom longline sets were conducted at randomly selected sites in the western
North Atlantic Ocean from approximately August

through September during survey operations conducted by the National Marine Fisheries Service,
Southeast Fisheries Science Center, Mississippi Laboratories. Operations, including gear deployment,
gear retrieval and transiting between sampling sites,
occurred continuously over each 24 h period with set
times for each sampling location not being predetermined. Longline gear consisted of 1852 m of 4 mm
diameter monofilament mainline and 100 gangions,
which were constructed of a snap, 3.7 m of 3 mm
diameter monofilament leader and a hook. Hook
type varied with no. 3 J-hooks (Mustad, model no.
34970D) used from 1995 through 1998 and 15/0 circle
hooks (Mustad, model no. 39960D) used from 2001 to
2009; during 1999 and 2000 both hooks types were
used.
Gear soak times were limited to 1 h and defined as
the time elapsed between completion of deployment
and initiation of retrieval. On a limited number of
occasions, soak time exceeded 1 h due to factors such
as adverse weather; therefore, data from sets with
soak times > 75 min were omitted from analyses (n =
45). The fork length (FL) of all captured sharks was
measured to the nearest mm from the tip of the rostrum to the posterior notch of the caudal fin or was
estimated by experienced personnel for those captured sharks that were observed but could not be
landed. Time-of-capture for each shark was considered the local time (Eastern Daylight Savings Time or
Central Daylight Savings Time) at the midpoint of the
soak. It was assumed that for a shark to be captured
on longline gear required that the individual actively
attempted to feed on a baited hook, with the exception of foul-hooked individuals, and therefore was
indicative of natural feeding behavior.
Species-specific catch data from each longline set
were treated in aggregate such that 1 time-ofcapture data point was assigned to each observed
species on a given set regardless of the number of
individuals captured. This was done to avoid bias
associated with exceptionally high catches resulting
from schooling behavior or sampling within an area
of increased abundance (e.g. high localized prey
abundance). Catch data from 6 shark species, including blacknose Carcharhinus acronotus, blacktip C.
limbatus, bull C. leucas, sandbar C. plumbeus, spinner C. brevipinna and Atlantic sharpnose Rhizoprionodon terraenovae sharks were analyzed. Additionally, analyses of catch data from a predatory teleost,
great barracuda Sphyraena barracuda, were included for comparative purposes.
As time is on a circular scale, directional statistics
were used to examine diel trends in times-of-
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captures. Each time-of-capture was converted to an
angle and then the mean angle, length of the mean
vector (r), concentration (κ), which is a measure of
divergence from a uniform distribution, and mean
time (t) where calculated following the methodologies of Fisher (1993) and Zar (1999) on a speciesspecific basis. Both r (range = 0 to 1) and κ (range = 0
to 2 for most circular data) increase in value as data
become more coincident with t (Fisher 1993). Rayleigh’s test was used to assess the presence or
absence of statistically significant directedness in
time-at-capture and gear deployment time data. As
Rayleigh’s test assumes data conform to the von
Mises distribution, Watson’s U 2-test was used to test
the goodness of fit between the von Mises and
observed distributions (Zar 1999). A U 2 p-value less
than or equal to 0.05 would indicate that the time-atcapture data are multimodal and thus violate the
assumption of Rayleigh’s test. Directional statistic
tests were conducted using the program Oriana
(Kovach Computing Services, version 3.13).
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whereas blacktip, bull, sandbar and spinner sharks,
all of which are large-bodied species, showed significant directedness in t toward nocturnal hours
(Table 2, Figs. 2 & 3). The mean times-at-capture for
blacktip, bull and sandbar sharks were associated
with midnight, whereas spinner sharks had a t of
21:27 h. Of the 4 species that showed significant
directedness in t, the r and κ values were approximately equal for blacktip, sandbar and spinner
sharks. Bull sharks had the highest r and κ values of
all shark species examined, demonstrating that this
species has the greatest affinity for nocturnal feeding
of the shark species examined. Catches of great barracudas were significantly higher during the day,
with t being 12:55 h (Table 2, Fig. 4). Of the 129 sets
where great barracudas were captured, 91.5% of
captures occurred during the diurnal period and r
and κ values were approximately 2 to 5 times greater
than that of any of the shark species that showed
significant directedness in t.

RESULTS
During the study, 2692 longline sets were conducted
(Fig. 1) with a soak time of 61.25 ± 2.90 min (mean ±
SD). There was no significant directedness in set times
(Z = 1.50, p = 0.22, U 2 = 0.01, p > 0.5), demonstrating
that sampling occurred equally during all hours. Atlantic sharpnose sharks were the most commonly
caught sharks and constituted the largest percentage
of the catch of species of interest (90%), followed by
Fig. 1. Sampling locations in the western North Atlantic
blacknose (3.5%), blacktip (2.3%), sandbar (1.7%),
Ocean. Each symbol on the scatterplot along the coast repspinner (1.1%), and bull (0.6%) sharks (Table 1). With
resents 1 longline set (n = 2692). The 50, 100 and 200 m
isobaths are indicated
the exception of bull sharks, all life stages for each
species were captured. However, in
Table 1. Carcharhinus acronotus, C. brevipinna, C. leucas, C. limbatus, C. plumall cases, size-at-capture data were
beus, Rhizoprionodon terraenovae and Sphyraena barracuda. Number of longskewed toward juvenile and adult size
line sets where at least 1 individual of indicated species was captured, total
classes (Table 1). Barracuda reprenumber of individuals captured, size range (mm fork length) and mean size (mm
sented <1% of the captures of species
fork length) for great barracuda Sphyraena barracuda and the 6 species of
of interest and ranged in size from 667
carcharhinid sharks examined in this study
to 1500 mm FL (Table 1).
All species examined were capSpecies
Sets
Individuals
Size (mm)
tured during all hours of the 24 h
(n)
(n)
Range
Mean ± SD
cycle. Time-at-capture data for each
Atlantic sharpnose shark 1303
15 056
219−985
735 ± 98.36
species conformed to the von Mises
Blacknose
shark
586
1841
400−1100
856
± 123.05
distribution (Table 2), verifying that
Blacktip
shark
389
1220
549−1600
1057
±
204.92
all subsequent analyses utilizing
Bull
shark
104
175
997−2600
1557
±
351.21
Rayleigh’s test were valid. Atlantic
Sandbar shark
292
466
545−2250 1428 ± 237.71
sharpnose and blacknose sharks,
Spinner shark
182
715
533−1707
989 ± 222.10
which are small-bodied species,
Great barracuda
129
164
667−1500
976 ± 132.62
showed no significant diel trends in t,
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the onset of twilight. These results
are consistent with anecdotal accounts of increased feeding activity of large carcharhinid sharks
during the night (e.g. Springer
1943, Randall 1967) and the limited number of studies specifically
Species
Rayleigh’s Z t (h)
r
κ
CSD Watson’s U 2
addressing the feeding chronoAtlantic sharpnose shark 1.59 (0.21) 00:12 0.03 0.07 09:53 0.02 (> 0.50)
logy of sharks within the genus
Blacknose shark
0.23 (0.79) 23:22 0.02 0.04 10:41 0.03 (> 0.25)
Carcharhinus (Medved & MarBlacktip shark
6.16 (< 0.01) 23:14 0.13 0.25 07:46 0.04 (> 0.25)
shall 1981, Medved et al. 1985,
Bull shark
4.90 (< 0.01) 00:04 0.22 0.44 06:40 0.02 (> 0.50)
Barry et al. 2008). However, the
Sandbar shark
3.23 (0.04) 00:50 0.10 0.21 08:06 0.03 (> 0.25)
Spinner shark
3.59 (0.03) 21:27 0.14 0.28 07:34 0.03 (> 0.50)
magnitudes of r and κ as well as
Great barracuda
29.57 (< 0.01) 12:55 0.48 1.09 04:38 0.06 (> 0.15)
the multiple captures of each species throughout daylight hours
demonstrate that diel trends in the
DISCUSSION
feeding intensity of these sharks are not as pronounced as frequently espoused. Therefore, broad
The findings of this study demonstrate that the 6
generalizations regarding the feeding ecology of
shark species examined feed throughout the diel
sharks (e.g. Bres 1993) should be considered caucycle; however, our results are in opposition to the
tiously and, when present, statistically significant
assertion of Wetherbee et al. (1990) that sharks likely
periods of increased feeding activity can be subtle
do not ‘exhibit measurable patterns of periodicity’ in
and vary among species. By contrast, great barfeeding activity. Catch rates of blacktip, bull and
racuda time-at-capture data provide an example of a
sandbar sharks showed significant nocturnal directpredatory fish that displays a strong diel trend in
edness in t and were highest at times corresponding
feeding intensity. This finding is supported by the
approximately with midnight. While t for spinner
reports that great barracuda are primarily diurnal
sharks was 2 h after the latest time of sunset during
feeders (e.g. de Sylva 1963, Randall 1967).
our sampling, the 95% confidence interval surroundThe increase in feeding intensity associated with
ing t included hours associated with dusk, suggesting
periods of low light levels for the relatively large carthis species could increase its feeding activity with
charhinids we examined suggests these predators
Table 2. Carcharhinus acronotus, C. brevipinna, C. leucas, C. limbatus, C. plumbeus, Rhizoprionodon terraenovae and Sphyraena barracuda. Circular statistics
associated with mean time-of-capture (t), length of the mean vector (r), concentration of data (κ) and circular standard deviation (CSD) for great barracuda and the
6 shark species examined. Values in (): p-value of the listed test. Watson’s U 2-test
p-values > 0.05: data conformed to the von Mises distribution
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Fig. 2. Rhizoprionodon terraenovae and Carcharhinus acronotus. Time-at-capture for (a) Atlantic sharpnose sharks and (b)
blacknose sharks. Outer axes represent time (24 h) and inner axes represent frequency of the number of longline sets where at
least 1 individual was captured
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Fig. 3. Carcharhinus limbatus, C. leucas, C. plumbeus and C. brevipinna. Time-at-capture for (a) blacktip sharks, (b) bull
sharks, (c) sandbar sharks and (d) spinner sharks. Outer axes represent time (24 h) and inner axes represent frequency of
the number of longline sets where at least 1 individual was captured. Vectors terminated with a 95% confidence interval
represent a statistically significant mean time-of-capture

could be more physically active during nocturnal
periods. If the general activity level of a given species
is higher at night than during the day, then the probability of encountering potential prey (i.e. baited hook)
is increased during this period. While exceptions
exist (e.g. Medved & Marshall 1983), most sharks
within the family Carcharhinidae, including blue
(Sciarrotta & Nelson 1977), Caribbean reef Carcharhinus perezi (Garla et al. 2006), tiger Galeocerdo
cuvier (Tricas et al. 1981), lemon Negaprion brevirostris (Gruber et al. 1988) and whitetip reef Triaenodon obesus (Whitney et al. 2007) sharks, have been
shown to increase their rates of movement during

nocturnal hours. Recognizing the speculative nature
of interpreting increased nocturnal movements as being indicative of foraging behavior, the conclusions of
these studies support our findings for 4 of the 6
species we examined. Interestingly, Medved & Marshall (1983) reported no diel trends in activity levels
for juvenile sandbar sharks. Similarly, the 2 species
that did not show significant directedness in time-atcapture in our study are small-bodied, like juvenile
sandbar sharks, but do not attain a large adult size.
No significant directedness in t was detected in our
data for Atlantic sharpnose and blacknose sharks.
These results are consistent with findings of other
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Fig. 4. Sphyraena barracuda. Time-at-capture for great barracuda. Outer axis represents time (24 h) and inner axes represent frequency of the number of longline sets where at
least 1 individual was captured. Vector terminated with a
95% confidence interval represents a statistically significant
mean time-of-capture

studies investigating diel changes in feeding and
activity levels within the genus Rhizoprionodon.
Simpfendorfer (1998) examined the diet of the Australian sharpnose shark R. taylori and concluded that,
as the stomach contents of specimens he examined
contained prey in various stages of digestion, this
species feeds equally throughout the diel period. Utilizing acoustic monitoring data, Carlson et al. (2008)
found no correlation between movement rates and
time-of-day for Atlantic sharpnose sharks. That adult
Atlantic sharpnose and blacknose sharks are smaller
bodied than the other 4 shark species examined
could explain why there was no period of increased
feeding intensity evident in our data. As energetic
demand is reported to decrease with increasing body
size (Schmidt-Nielsen 1984), small-bodied sharks
could need to feed at a higher rate than larger congeners occupying the same habitat. As such, the sizerelated increase in energetic demand for small
sharks could necessitate the relatively higher foraging activity indicated by our data. Therefore, it is possible that other factors, such as reproductive state,
could significantly influence feeding rates of any species, regardless of size, due to increased energetic
demands and thus make feeding chronology more
dynamic than currently recognized.
While species-specific trends in times-of-capture
were identified, the validity of our findings is contingent upon whether or not the presence of baited

hooks motivates fishes to alter their natural behavior
and feed during non-foraging periods. To our knowledge, no studies have examined the influence of
baited hooks on chondrichthyan feeding motivation;
however, Løkkeborg & Bjordal (1989) investigated
the effect of baited hook exposure on the feeding
motivation of 2 teleost species. Using underwater television, the authors directly observed that when exposing cod Gadus morhua and haddock Melanogrammus aeglefinus to baited hooks throughout the
diel cycle, a significantly lower percentage of individuals responded (e.g. ingestion or approach) during dark hours. This result led Løkkeborg & Bjordal
(1989) to conclude that differences in observed behaviors resulted from diel variation in feeding motivation. While we did not directly observe the behaviors of fishes in proximity to our sampling gear,
time-of-capture data for great barracuda directly
support the validity of our assumption in that great
barracudas were not motivated to feed outside of
their normal feeding times. Given this conclusion
and the findings of Løkkeborg & Bjordal (1989), we
assert our data reflect the natural feeding patterns of
the shark species we examined and believe our
assumption is valid.
It has been stated that to properly estimate the
feeding chronology of a given shark species one must
employ stomach content analyses where individual
meal times are reconstructed using qualitative stateof-digestion scales (Wetherbee & Cortés 2004). While
we agree that analyses of stomach contents provide
valuable insight into the feeding chronology of
sharks, we consider our methodology to be complimentary and, in some respects, more powerful. For
example, our methodology is free from subjectivity as
exists in the assignment of state of prey digestion,
which is strongly influenced by a number of factors,
including water temperature, meal size and prey
type (Wetherbee & Cortés 2004), all of which cannot
be controlled or accounted for in a field setting. Additionally, studies utilizing stomach contents to examine the feeding chronology of large-bodied species
almost exclusively focus on neonates and juveniles
(e.g. Medved et al. 1985, Cortés & Gruber 1990, Bush
2003, Barry et al. 2008, Kubodera et al. 2007, TorresRojas et al. 2010), with the notable exception of Barnett et al. (2010) who examined stomachs from all
size classes of broadnose sevengill sharks Notorhynchus cepedianus. Conversely, our method includes
all life stages that are susceptible to longline gear.
This is particularly important as past studies have
shown ontogenetic shifts to occur in the feeding biology of specific sharks (Wetherbee & Cortés 2004),
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Oceanogr, University of Miami Press, Coral Gables
including Atlantic sharpnose (Hoffmayer & Parsons
Fisher NI (1993) Statistical analysis of circular data. Cam2003), blacktip (Barry et al. 2008), bull (Cliff & Dudbridge University Press, Cambridge
ley 1991) and sandbar (McElroy et al. 2006) sharks.
➤ Garla RC, Chapman DD, Wetherbee BM, Shivji M (2006)
Furthermore, with the exception of Barnett et al.
Movement patterns of young Caribbean reef sharks,
Carcharhinus perezi, at Fernando de Noronha Archipel(2010) and aspects of Cortés & Gruber (1990), all
ago, Brazil: the potential of marine protected areas for
studies we are aware of that examined the feeding
conservation of a nursery ground. Mar Biol 149:189−199
chronology of a shark species utilizing stomach conGruber SH, Nelson DR, Morrissey JF (1988) Patterns of
tent analyses used lethal methodology. While our
activity and space utilization of lemon sharks, Negaprion
method is logistically intensive, analyses of longline
brevirostris, in a shallow Bahamian lagoon. Bull Mar Sci
43:61−76
time-at-capture data does not require that individuHeithaus MR (2001) The biology of tiger sharks, Galeocerdo
➤
als be sacrificed, thus making this methodology a
cuvier, in Shark Bay, Western Australia: sex ratio, size
non-lethal alternative to stomach content analyses.
distribution, diet, and seasonal changes in catch rates.
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