Seasonal changes in movements and
habitat preferences of the scalloped
hammerhead shark (Sphyrna lewini) while
refuging near an oceanic island

James T. Ketchum, Alex Hearn, A. Peter
Klimley, Eduardo Espinoza, César
Penaherrera & John L. Largier

Marine Biology
International Journal on Life in Oceans
and Coastal Waters

ISSN 0025-3162

Marine

Mar Biol
DOI 10.1007/s00227-013-2375-5

International Journal
on Life in Oceans
and Coastal Waters

@ Springer

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer-
Verlag Berlin Heidelberg. This e-offprint is
for personal use only and shall not be self-
archived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer



Mar Biol
DOI 10.1007/s00227-013-2375-5

ORIGINAL PAPER

Seasonal changes in movements and habitat preferences
of the scalloped hammerhead shark (Sphyrna lewini)

while refuging near an oceanic island

James T. Ketchum - Alex Hearn - A. Peter Klimley -
Eduardo Espinoza - César Peiaherrera -
John L. Largier

Received: 25 May 2013 / Accepted: 18 December 2013
© Springer-Verlag Berlin Heidelberg 2014

Abstract Movements and habitat preferences of sharks rel-
ative to a central location are widely documented for many
species; however, the reasons for such behaviors are cur-
rently unknown. Do movements vary spatially or temporally
or between individuals? Do sharks have seasonal habitat and
environmental preferences or simply perform movements at
random at any time of the year? To help understand require-
ments for the designation of critical habitats for an endan-
gered top predator and to develop zoning and management
plans for key habitats, we examined vertical and horizon-
tal movements, and determined habitat and environmental
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preferences of scalloped hammerhead sharks (Sphyrna
lewini). We tracked seven hammerheads for 19-96 h at Wolf
Island (1.38°N, 91.82°W) between 2007 and 2009 using ultra-
sonic transmitters with depth and temperature sensors, and
we profiled temperature through the water column. Move-
ments of individual hammerheads fell in two classes: con-
strained (remaining near the island) and dispersive (moving
offshore to pelagic environments). The central activity space
or kernel off the southeast side of Wolf Island was small
and common to most, but the area varied among individuals
(mean + SE 0.25 & 0.2 km?), not exceeding 0.6 km? for any
of the sharks, and not changing significantly between sea-
sons. In general, hammerheads showed preference for the up-
current habitat on the eastern side of Wolf Island in both the
warm and cold seasons. However, the depth of sharks varied
with season, apparently in response to seasonal changes in the
vertical structure of temperature. Hammerheads performed
frequent vertical excursions above the thermocline during
offshore movements and, in general, were observed to pre-
fer temperatures of 23-26 °C found above the thermocline.
At times, though individuals moved into the thermocline and
made brief dives below it. Our results provided evidence that
hammerheads (1) are highly selective of location (i.e., habitat
on up-current side of island) and depth (i.e., top of the ther-
mocline) while refuging, where they may carry out essential
activities such as cleaning and thermoregulation, and (2) per-
form exploratory vertical movements by diving the width of
the mixed layer and occasionally diving below the thermo-
cline while moving offshore, most likely for foraging.

Introduction

The rhythmical dispersal of groups of animals from a
fixed point in space and their return to the same location
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is known as central refuging (Hamilton and Watt 1970).
Certain shark species stay at specific areas when not for-
aging forming daytime aggregations, such as the whitetip
reef (Triaenodon obesus, Nelson and Johnson 1980), juve-
nile scalloped hammerhead (Sphyrna lewini, Holland et al.
1993), juvenile lemon (Negaprion brevirostris, Morrissey
and Gruber 1993), and gray reef (Carcharhinus amblyrhyn-
chos, Economakis and Lobel 1998) sharks. Such aggrega-
tion in core areas and dispersal into the pelagic environment
represent refuging as described for scalloped hammerhead
sharks, Sphyrna lewini (Klimley and Nelson 1984). Recent
observations in the Galapagos Islands may also be sugges-
tive of such behavior in hammerheads (Hearn et al. 2010).
A number of hypotheses have been attempted to explain
central refuging in sharks: to minimize energy expenditure
(Klimley and Nelson 1984), predator avoidance (Morrissey
and Gruber 1993), increased rate of embryonic develop-
ment (Economakis and Lobel 1998), and male avoidance
(Sims et al. 2001). Nevertheless, the presence and function
of this behavior in predatory sharks are not well known
(Sims et al. 2005), and few studies have analyzed its spatial
extent and temporal effects. Spatial and temporal changes
in this behavior may be occurring considering that spatial
use in elasmobranchs can change daily (Cartamil et al.
2003), seasonally (Heupel et al. 2004), and ontogenetically
(Grubbs 2010). Recent advances in telemetry technologies
may help in understanding the spatial and temporal vari-
ability of refuging.

There is evidence of a wide range of variation in move-
ments and space utilization of sharks. The pacific angel
shark (Squatina californica) swims within a small area
most of the day and moves over a range of 9 km at night
(Standora and Nelson 1977), whereas the blue shark
(Prionace glauca) may move throughout the whole north
Atlantic gyre (Casey and Kohler 1990). Therefore, defining
activity spaces or utilization distributions (UD) is important
to establish the spatial extent of critical habitats and ref-
uging grounds. Habitat preference in sharks, on the other
hand, may be determined by biotic and physical factors that
take place at different spatial and temporal scales (Simpfen-
dorfer and Heupel 2012), and may be more difficult to
understand due to behavioral changes associated with the
variability of biophysical factors. Hence, it is essential to
unravel habitat preference, horizontally and vertically,
at different spatial and temporal scales, and in relation to
environmental factors. Moreover, assessing habitat prefer-
ence is important to predict behavior (Queiroz et al. 2012),
effects of habitat changes (Arthur et al. 1996), and to deter-
mine biological requirements to support the protection of
critical areas for a species (Arthur et al. 1996).

Scalloped hammerheads (Sphyrna lewini) inhabit waters
near volcanic islands, seamounts, and lava flows in the east-
ern tropical Pacific. In particular, large schools are known to
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occur at Darwin and Wolf Islands (Hearn et al. 2010) in the
northern region of the Galapagos Marine Reserve (GMR).
Wolf Island is at the top of a wave-eroded volcano in the
process of subsidence below the ocean surface and located
very near a meridian (92°W) where the temperature and
density gradients are greatest (Pak and Zaneveld 1974). The
influx of up-welled waters from the Panama Bight into the
northern sector of the GMR causes phytoplankton enrich-
ment during the warm season (Palacios 2004), and possibly
abundance of prey that may attract large aggregations of
hammerheads to this part of the archipelago. Recent stud-
ies in the Galapagos Islands have shown that hammerheads
have preference for very specific sites or “hotspots” located
on the up-current side of Darwin and Wolf Islands, where
they form large schools (Hearn et al. 2010). But still, little
is known about the movements and habitat preferences of
hammerheads in relation to such sites. This information is
important to help understand requirements for the designa-
tion of critical habitats for an endangered top predator, as
well as to develop zoning and management plans for key
habitats within a marine-protected area. In this study, we
tested (1) whether hammerhead movements vary season-
ally or spatially or due to individual specialization and (2)
whether hammerheads have seasonal habitat and environ-
mental preferences about a “central location.” Hence, we
examined vertical and horizontal movements of scalloped
hammerheads, and determined habitat and environmental
preferences near an oceanic island (Wolf Island).

Materials and methods
Study site

The Galapagos Marine Reserve (GMR) is one of the larg-
est marine-protected areas in the world covering an area of
138,000 km? in the eastern tropical Pacific (Fig. 1a). The
Galapagos Archipelago is composed of 13 volcanic oce-
anic islands and over 100 emergent rocks and islets located
astride the equator and 1,000 km west from the coast of
Ecuador (Snell et al. 1996). The oceanographic setting of
the Galapagos Islands is of a highly dynamic nature due to
the influence of many currents that converge at the archi-
pelago (Houvenaghel 1984) and the proximity of the equa-
torial front (EF; Palacios 2004). The EF is the boundary
of two major water masses: the Tropical Surface Waters
(TSW) and the Equatorial Surface Waters (ESW). The for-
mer is warm, nutrient deficient or oligotrophic, and low
salinity to the north of the EF, and the latter is cool, nutri-
ent-enriched or eutrophic, low chlorophyll, and high salin-
ity to the south of the EF (Palacios 2004; Sweet et al. 2007).
The EF remains just north of Darwin and Wolf Islands dur-
ing the coolest months, particularly in September (Palacios
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merhead sharks, bathymetry, and offshore habitat, and ¢ tracks of hammerhead sharks, up-current, down-current, and offshore habitats

2004), and moves south of these islands during the warm-
est months, especially March (Palacios 2004). Wolf Island
is located in the north of the archipelago (Fig. 1a), 36 km
from the nearest island (Darwin), where the influence of
the EF is strongest. Sea surface temperature is higher, and
salinity is lower than in the central part of the archipelago
(Palacios 2004), over 100 km southward. The northern
islands (Darwin and Wolf) lie at the northern edge of the
EF, where TSW predominate (Sweet et al. 2007).

Tracking of sharks

Seven scalloped hammerhead sharks were fitted with exter-
nal ultrasonic transmitters (120 mm long, 22 mm diameter,
and 35 g weight in water; V22-TP-5XS-EP, Vemco, Ltd.)
by free divers using pole spears to affix a stainless steel
dart to the dorsal musculature of the shark with a tether
attaching the dart to the tag. All sharks were tagged close
to shore at different locations on the eastern side of Wolf
Island within a radius of 1 km. Four sharks were tracked
in the warm season (December—June) and three in the cold
season (July—-November). The transmitters were equipped
with temperature and pressure sensors that transmit data at
46-50 kHz every ~3,000 ms (ms) and had a nominal life
span of 10 days. We carried out shipboard tracking from a

skiff followed by a larger “mother-ship” when the sharks
moved away from the island more than 3—4 km, particu-
larly at night. The skiff was outfitted with a VH110 direc-
tional hydrophone mounted on the side of the hull and a
VRI100 receiver to detect the data transmitted from each
shark. The receiver recorded depth, temperature, and sig-
nal strength (dB) from the transmitter, and lat-long of the
boat with a GPS. During each track, a dual-frequency
sonar (LMS480-DF, 50/200 kHz, Lowrance, Inc.) recorded
the bathymetry, sea surface temperature, speed, and loca-
tion with a GPS. Additionally, characteristics of the water
column (temperature and conductivity) were measured
with a CTD (SBE 19plus or SBE 37 M, SeaBird, Inc.),
which was lowered every hour to the current depth of the
shark. The skiff was positioned as close as possible to the
animals to mimic their actual movement by doing the fol-
lowing: (1) setting the gain of the receiver at the lowest
level of 0-6 dB, (2) keeping the incoming signal strength
at the highest possible level of 70-100 dB, and (3) main-
taining the signal from the transmitter as omni-directional
as possible. It was also important to keep the boat speed
constant and similar to the speed of the shark. Sharp
accelerations of the engine were avoided to minimize dis-
turbance by the excessive noise produced by the engine.
We estimated the size (total length, TL) of hammerheads
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visually (relative size error: &= 50 cm) and determined sex
while underwater during tagging.

Data analysis

Measurements of depth, temperature, and position were
continuously recorded every 3 s during all tracks. A five-
step process was applied to reduce temporal autocorrela-
tion and remove false values. (1) Each dataset was checked
with autocorrelation function estimation (ACF) of the Stats
Package (R Core Team and contributors worldwide) in R
version 2.15.1 (The R Foundation for Statistical Comput-
ing) to help identify whether the tracking data were tem-
porally autocorrelated. (2) Temporal autocorrelation of the
raw data was accounted for by using a resampling proce-
dure or an optimal time interval between positions. This
was determined by comparing the angular concentration
of distributions of measurements () with different increas-
ing time intervals and based on the interval producing an
asymptote to the curve (see Klimley et al. 2005). Accord-
ingly, a 5-min interval was used as the optimal time interval
for all subsequent analyses of movement. Next, (3) spuri-
ous depths and temperatures not within transmitter speci-
fications were removed, (4) spurious speeds were removed
by applying a maximum over ground movement rate of
2 m s for nondirectional and directional movements,
and 2.25 m s~! for highly directional movement, and (5)
vertical movements were taken out if the maximum rate
of depth change exceeded 2 m s~!. These last two steps
were based on the maximum sustained over ground speed
reported for a scalloped hammerhead (Klimley and Nelson
1984), and on the knowledge of the most efficient swim-
ming mode of fishes with a slow glide down and faster
ascent rate (Weihs 1973; Klimley et al. 2002) and the mean
ascent rate of tunas being similar to their slowest over
ground mean speed (Block et al. 1997). We also compared
shark depth with the bottom depth obtained from the sonar
as well as with the bathymetry of the island. For the latter,
all tracks were plotted in ArcGIS 9.3 (ESRI, Redlands, Cal-
ifornia) and overlaid on the nearshore bathymetry of Wolf
Island (Pefiaherrera et al. 2013) and offshore bathymetry
layers (Chadwick 2007).

Shark movements were analyzed, and randomizations
were performed using Animal Movement Extension to
ArcView 2.0 (Hooge et al. 1999a). We used 1,000 random
replicates of correlated random walks that were carried out
with Monte Carlo simulations to determine whether origi-
nal tracks were random, constrained, or dispersed. Activ-
ity space was examined with the (UD), and probabilities
were obtained with the fixed kernel home range (KHR) and
bandwidth calculated with the least-squares cross-valida-
tion, LSCV (Hooge et al. 1999a). LSCYV is useful for com-
paring areas of use with other studies and minimizing the
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integrated square error (Silverman 1986). KHR is a robust
and flexible method for estimating utilization distributions
(UD; Worton 1989; Hooge et al. 1999b). We also used the
kernel density estimator (KDE) to estimate the space used
by hammerheads as a relative probability index (Geospa-
tial Modelling Environment 0.3.3 Beta; Beyer 2009). The
KDE expresses the relative probability of the presence of
each shark in a particular area. Thus, KDE was used as a
metric to compare the relative probability among sharks, in
contrast to the UD that was applied to compare the extent
of space used by different sharks. The values of KDE were
first corrected for sampling effort by multiplying the max-
imum probability by the duration of the track (in hours),
then normalizing to values from 0-1 using the largest KDE
value of all sharks as unity, and finally obtaining a normal-
ized percent area defined by a different color on a map. The
latter was performed to compare the KDE of the different
hammerheads. KDE bandwidth was determined manually
by selecting different bandwidths and cell sizes until the
most appropriate was found that could be used to compare
the different kernel densities (see Silverman 1986).

In order to examine habitat preference, hammerhead
activity space was separated into three habitats according
to the effect of currents impinging upon the island (sensu
Hearn et al. 2010), bathymetry (maximum depth), and dis-
tance from the island (based on maximum depth): (1) “up-
current” inshore, 0—100 m depth, 0—1 km from east side of
Wolf (2) “down-current” inshore, 0—100 m depth, 0-1 km
from west side of Wolf, and (3) “offshore,” 100 to >2,000 m
depth, up to 36 km (maximum straight-line distance from
island travelled by any hammerhead in this study) from the
outer edge of inshore habitats (Fig. 1b,c). Habitat prefer-
ence was determined with the resource preference method
(Johnson 1980). In this method, we quantified the meas-
ure of preference (tlj) as the difference between the rank of
usage of habitat i by individual j (r;) and the rank of avail-
ability of habitat i by individual j (s;).

lij = Tjj — Sij

Usage of the different habitats by each individual shark
was determined by calculating the surface area of their (1)
50 % UD overlapping the area of the different habitats and
(2) 95 % UD overlapping only the offshore habitat, using
the measuring tool in ArcGIS 9.3. Habitat availability was
calculated from the total surface area of each habitat type
measured with the same tool. Rank of usage and availabil-
ity were determined by ordering habitat types from largest
to smallest according to their usage surface area or total
surface area, respectively. If 7; was a negative number, then
availability ranks lower than usage; hence, the habitat was
preferred. On the contrary, if 7; was a positive number, then
usage ranks lower than availability; thus, the habitat was
avoided. Additionally, the average of 7; across individuals
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was calculated (r%), and the resulting means were ordered
in increasing values of ¥ to examine the relative pref-
erence of the different habitats by the whole sample of
sharks. To infer statistical significance regarding the dif-
ference among habitats, we used t;; = o;— €, where o; is
the effect due to habitat i and €;; is the random error term
(from Johnson 1980). The null hypothesis was Ho: o;; = ...
a; (= 0), or all habitats are equally preferred. We used
ANOVA on ranks to test the null hypothesis and a post hoc
Tukey test to determine the means that were significantly
different from each other.

We examined vertical habitat preference with linear
regressions. We also explored temporal predictors of shark
depth using diel period and season (warm, cold) as fixed
effects, and individual shark and ambient temperature
recorded by shark as random effects. We constructed a lin-
ear mixed model (LMM) using Gaussian error and iden-
tity link implemented with the Ime4 package (Bates and
Maechler 2009) in R version 2.15.1 (The R Foundation for
Statistical Computing). We ran different models varying
the random effects. For each model, we checked for nor-
mality and homogeneity by visual inspections of plots of
residuals against fitted values, and tested the significance
of random effects using a chi-square distribution. We com-
pared these models using the Akaike information criterion
with a correction for finite samples (AICc) and selected the
model with the smallest AICc. Lastly, the best model was
compared to the null model using a chi-square to test the
model’s fit (e.g., Winter 2013).

We explored environmental predictors of shark depth
to understand environmental effects on behavioral patterns
associated with depth. A generalized linear model (GLM)
was developed to examine environmental predictors of
shark depth. We used different predictors such as habi-
tat, depth of thermocline, ambient temperature recorded
by shark, bottom depth, and shark individual. This model
was built applying a Gamma error and identity link imple-
mented in the glm2 package (Marschner 2009) and with the
gamma shape method to estimate the dispersion parameter

(Venables and Ripley 2002) also found in the R statisti-
cal software. We ran this model with different predictors,
selected the best model based on the amount of deviance
explained and the smallest AIC, and tested the model’s fit
with the analysis of deviance (Zuur et al. 2009). Finally,
temperature preference was examined using the fraction
of time spent at different temperatures and the relationship
with the thermocline.

Results
Movements and space utilization

Hammerhead sharks moved in many directions away from
Wolf Island. All tracks showed a great amount of variabil-
ity with some sharks (HH5 and HH6) remaining day and
night less than 300 m from shore, while others moving far
from the island (HH2, HH7, Fig. 1b,c). Tracks of all sharks
are summarized in Table 1. Most sharks spent the majority
of time (69-100 %) on the eastern side of Wolf, except for
HH4 that spent considerable time (46 %) at the edge of the
crater on the northern end of the island, and HH2 and HH7
that remained offshore longer (64 and 99 %, respectively;
Fig. 1c). Movements of hammerheads HH1, HH3, HH4,
HHS5, and HH6 were nonrandom and constrained (Monte
Carlo random walk test, p > 99, % of the paths with higher
mean-squared distance values), and movements of HH2
and HH7 were nonrandom and dispersed (Monte Carlo ran-
dom walk test, p > 99, % of the paths with lower mean-
squared distance values).

The extent of space used (KHR) did not differ signifi-
cantly between sharks in the cold versus warm times of
the year (Mann—Whitney U test, U = 6, N; = 3, N, = 4,
p > 0.05), and neither did their UD (Mann—Whitney U test,
U=4,N,=3,N, =4, p>0.05). KUDs ranged from 0.29-
798 km?. The size of the core area where hammerheads con-
centrated their activities at the southeast end (see orange and
red kernels, Fig. 2) varied from 0.05 to 0.55 km?, including

Table 1 Summary of sizes, sex, dates tracked, duration, mean speed, mean depth, minimum, and maximum depth

Shark ID  Total Sex Dates tracked Track duration Total distance Mean speed, = Mean depth, Min. depth ~ Max. depth
length (cm) (h:m:s) (km) SE (ms™h) SE (m) (m) (m)

HH1 200 M  2-4Nov 07 43:15:01 52 0.3 £0.01 309 £0.5 33 272

HH2 200 F 18-19 Nov 08  19:25:15 34 0.5+0.02 38.8 £3.7 3.1 377

HH3 170 M 9-20Feb 09 96:03:51 197 0.6 + 0.01 203 +£0.7 0.2 256

HH4 180 F 13-20 Feb 09 31:24:58 79 0.7 £0.02 203+ 1.5 0.4 227

HHS 200 F 18-20 Feb 09  48:09:59 109 0.7 £0.02 209 £ 0.8 0.4 175

HH6 180 U 16-17 Mar 09 33:20:28 64 0.6 £ 0.02 140+ 0.5 0.2 68

HH7 180 M 9-11Aug 09 51:19:56 178 0.9 £0.02 484+ 4.1 0.2 892

U undetermined sex
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itat was preferred and the other two habitats were avoided
(Table 2). There was significant difference between habitats
(Kruskal-Wallis test, H, = 14.11, p < 0.001). The up-cur-
rent habitat was significantly different from offshore (Tukey
test, ¢ = 5.02, p < 0.05), whereas the other comparisons
were not significant. Hammerheads 3, 4, 5, and 6 tracked in
the warm season (December—June) had similar mean depths
and the shallowest maximum depths, and hammerheads 1,
2, and 7 tracked in the cold season (July—-November) had
different mean depths and the deepest maximum depths (see
Table 1). Furthermore, hammerheads tracked during the
warm period dived shallower (median (IQR): 15.8 [10.3—
23.8] m) and spent more time at shallower depths (<20 m),
while those in the cold season dived deeper (31.7 [23.9-
37.6] m) and spent more time at deeper depths (>30 m), par-
ticularly at nighttime (Fig. 3). The depth of the thermocline
was marked by a “critical isotherm depth” (22 °C) observed
on contour plots of temperature (Fig. 4b—f). When plotting
depth of all sharks versus thermocline depth, the number of

Table 2 Habitat preference analysis by rank difference

4 Fig. 2 Space use by hammerhead sharks shown with a relative prob- Percent of total

ability index (kernel density estimator, KDE) and the utilization dis- a 40 30 20 10 0 10 20 30 40
tribution (UD). KDE probabilities are color-coded (red = highest and ' ' ' ' ' ' ' '
blue = lowest), and UD probabilities are 50 % (dotted line) and 95 % 0-10 +
(solid line). a HH1, b HH2, ¢ HH3, d HH4, e HHS5, f HH6, g HH7 10.1-20

20.1-30 -

30.1-40 -
the sharks with dispersed movements. KDEs probabilities -E- kil
also varied between individuals. HHI exhibited a 100 % & 7%
probability (maximum value = 1) of being present at the e ey
southeast end of Wolf, evident as small kernels centered at 80.1-90 -
this location (Fig. 2a), whereas HH4 had the lowest prob- 90.1-100 - f E?Jht
ability of occurrence because its kernels were centered on >100 -
the edge of the crater to the north of the island (Fig. 2d).
The core area of HH4 was similar in size to the other sharks Percent of total
04 kmz), but at a different location. HH7 was five times b 50 40 30 20 10 0 10 20 30 40 50
less likely than HHI to be seen at the southeast end, and it < il ‘ ' ' ' ' l ' ' ' '
spent 23 % of the time at two locations 31-37 km southwest 0425
of Wolf, clearly spending more time offshore (Fig. 2g). 20.1-30

30.1-40 -
Horizontal and vertical habitat preference E 40150 -

-.E 50.1-60 -

Ranking of habitats for all sharks, from most to least pre- & 801707
ferred (after Johnson 1980), showed the up-current as the :2':::2:
most preferred habitat (Table 2; Fig. 1c). We also performed 56 1 i | 2 gfvm
this ranking for each season, where only the up-current hab- >100 - ¥

Fig. 3 Diel depth preference of sharks tracked in the a cold and b
warm season

points below a 1:1 regression line was three times greater
than the points above the line (Fig. 4a), i.e., hammer-
heads preferred to remain at depths above the thermocline
(22 °C)—>but still remain close to the thermocline. When
plotting depth of sharks located offshore versus thermo-
cline depth, all of the points (black triangles), except one,
were below the regression line (see Fig. 4a), also remaining
above the thermocline but evidently moving between ther-
mocline and the surface.

Predictors of depth

A LMM (Model 1) fit by residual maximum likelihood
(REML) with the lowest AICc was selected. Of the fixed

Rank difference Warm sharks Cold sharks
Habitat HH1 HH2  HH3 HH4  HHS5 HH6 HH7 Mean  Habitat preference = Mean  Habitat preference
Up-current -2 —1 -2 -2 -2 -2 0 -2.0 preferred -1.0 preferred
Down-current 0 1 0 1 0 0 0 0.3 avoided 0.3 avoided
Offshore 1 0 2 1 2 2 0 1.8 avoided 0.3 avoided
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cles denote inshore locations, black triangles indicate offshore loca-
tions, dotted line is the regression line with slope of 1, and solid line

factors, season had a significant effect on shark depth
(p < 0.0001) and diel period was not significant (p > 0.05)
(Table 3), and of the random effects, ambient temperature
recorded by shark contributed 99 % of the total variance.
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is the regression line for all data points. (b—f) Temperature profiles
and vertical movements of hammerheads

Hence, the depth of hammerheads was strongly determined
by season (cold or warm) and ambient temperature of water
(above/below thermocline). A GLM (Model 2) fit by itera-
tively reweighted least squares (IWLS) was run separately
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Table 3 Fixed effects of a linear mixed model (LMM) of temporal
predictors of shark depth

Coefficient Estimate SE DF t p (two-tailed)
Intercept 87.235 11.308 3,005 7.715 <0.0001
Season —14.470 1.636 3,005 —8.844 <0.0001
Diel period 0.403 0.611 3,005 0.660 0.5093

Table 4 Generalized linear model (GLM) of environmental predic-
tors of shark depth

Term Estimate SE VA p

Intercept 93.188 11.443 8.143 0.000
Habitat —6.299 1.343 —4.692 0.000
Thermodepth 0.253 0.087 2.903 0.004
Sharktemp —2.863 0.413 —6.927 0.000
Bottom 0.002 0.026 0.088 0.930
Intercept 181.513 42.513 4.270 0.000
Thermodepth 0.357 0.294 1.213 0.225
Sharktemp —6.914 1.876 —3.685 0.000
Bottom 0.006 0.003 2.403 0.016

Shaded area corresponds to warm-season sharks

Thermodepth = depth of thermocline, Sharktemp = telemetered tem-
perature from sensor

for sharks in the cold and warm season, and selected the
models with the lowest AIC. The best model for warm-
season sharks showed three variables with significant effect
on shark depth (Table 4): ambient temperature recorded by
shark (highly significant, p < 0.001), habitat (highly sig-
nificant, p < 0.001), and thermocline depth (significant,
p < 0.01). The best model for cold season sharks had two
variables that were significant: ambient temperature (highly
significant, p < 0.001) and bottom (significant, p < 0.05,
Table 4).

Thermal preference

During the warm season, hammerheads spent 16 and 22 %
of their time at temperatures of 24 and 26 °C, respec-
tively (see the two peaks in frequency at 24 and 26 °C,
Fig. 5a), with a broad preference for temperatures from
23 to 27 °C. These sharks remained above the 22 °C criti-
cal isotherm depth 79 % of time (and 95 % of time above
19 °C). In contrast, during the cold season, hammerheads
spent 36 and 29 % of their time at temperatures of 23 and
26 °C, respectively (see two peaks in frequency, Fig. 5b),
and these data from a limited number of individuals sug-
gest a similar broad thermal preference (and again, sharks
are above 19 °C for 95 % of their time). The peak prefer-
ence for 23 °C during the cold season was primarily due to
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Fig. 5 Temperature preference of hammerheads. Ambient tempera-
tures recorded by all hammerheads and the cumulative frequency in
the a warm and b cold season. Arrows indicate the 22 °C critical iso-
therm

HHI1 that had a strong predilection for remaining inshore
and swimming near the thermocline, whereas the prefer-
ence for 26 °C was dominated by HH2 and HH7, sharks
that remained mostly offshore. Overall, during the cold sea-
son, sharks remained above the themocline 84 % of their
time. These temperature and depth preferences with respect
to the thermocline can be observed in detail on the vertical
movements of each individual shark (see Fig. 4b—f). HH7,
in particular, upon approaching the island was possibly
affected by a very shallow thermocline and a change in the
vertical structure of the water column (Fig. 4f).

Discussion
Movements and space utilization

Movements of all scalloped hammerheads tracked in this
study were centered near Wolf Island with several offshore
excursions into the pelagic environment. Most of those dis-
persive movements were carried out around dusk similar
to what was observed in the Gulf of California in earlier
studies (Klimley and Nelson 1984; Klimley 1993); how-
ever, they occurred in different directions and distances
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from the island. In addition, three of the sharks tracked in
this study did not move more than 500-700 m away from
Wolf. Hence, these sharks with constrained movements
remained along the east coast, up-current of the island all
the whole time, unlike at El Bajo Seamount (EBS), where
nightly excursions were observed for all sharks (Klimley
1993). Locally constrained movement as in this study has
been reported also from Malpelo Island (Bessudo et al.
2011). During February (warm season), we observed some
hammerheads at the island moving rapidly in bursts and in
many directions near the surface at night. Overall, sharks
in this study used a very small activity space on the south-
eastern side of Wolf Island. Other species of sharks also
exhibit very small core activity spaces that they use on a
daily basis, such as the gray reef shark (Nelson and John-
son 1980) and juvenile lemon (Morrissey and Gruber 1993)
and prickly sharks (Echinorhinus cookei, Dawson and Starr
2009). The use of a small central space by hammerheads
at Wolf Island is an example of a refuging system, origi-
nally characterized for this species in the Gulf of California
(Klimley and Nelson 1984). The intensity of use of this ref-
uge as shown by the KDE in all tracks is remarkable, con-
sidering the amount of space available around the rest of
the island and elsewhere. Possible reasons for the intensity
of use of a central place or hotspot were reduced currents
(relative to offshore) and vantage location for foraging
excursions into open waters (Hearn et al. 2010)—ham-
merheads may reduce energy costs by milling slowly at
a central place with reduced currents. Similarly, bat rays
(Myliobatis californica) minimize metabolic costs when
in their refuge, but they do so by thermoregulating in cool
and deep water (Hopkins and Cech 1994). Other central
places were identified at Wolf Island. For example, the use
of the outer-eastern edge of the northern crater by several
hammerheads and the high occurrence of one hammerhead
there may indicate another important activity space at the
island. Activity spaces did not vary between seasons, but
did vary between individuals; hence, differences in move-
ment and spatial use may be due to individual variability
in behavior and possible individual diet specializations.
Individual specialization is widespread in a broad range of
taxa (Bolnick et al. 2003), and in some shark, species may
be enhanced by resource limitation in oligotrophic environ-
ments, intraspecific competition, food-predation risk trade-
offs, and spatial overlap of food webs (Matich et al. 2011).

Habitat preference

Hammerheads preferred the up-current habitat near Wolf
Island while refuging during day and night. The up-current
side of the island receives a steady flux of planktonic food
particles that supports a large number of planktivorous
pelagic and reef fishes that, in turn, constitute an abundant
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food source for secondary consumers and top marine
predators (Hearn et al. 2010). Hammerheads have been
successfully caught with bait nearshore at Wolf and Dar-
win islands; nevertheless, it has not been possible to attract
them with chum or catch them elsewhere with bait such as
at EBS (Klimley and Nelson 1981) or Cocos Islands (Klim-
ley, Hearn, Hoyos-Padilla, Arauz, pers. comm. 2011). The
avoidance of the down-current habitat by hammerheads in
both warm and cold seasons is noteworthy. The leeward/
down-current side of the island is sheltered from wind, and
currents are slow. While pelagic larvae and other plankton
may be retained and even accumulate in island wakes (Boe-
hlert et al. 1992; Swearer et al. 1999), the flux of plankton
to wakes is slow. Clearly, these down-current waters do not
constitute optimal habitat for large pelagic species and top
predators, as observed in this study and Hearn et al. (2010).
On the other hand, offshore habitats are characterized by
increased current velocities (e.g., Barton 2001) and are
undesirable as refuging habitat. Although feeding was not
observed during this study, there is evidence indicating that
hammerheads may be feeding in offshore areas—specifi-
cally during dives below the thermocline. In other studies,
(1) the most important prey items of hammerheads in Ecua-
dorian waters (mostly in the GMR area) were oceanic ceph-
alopods (Castafieda-Sudrez and Sandoval-Londofio 2007),
(2) hammerheads tracked to the pelagic offshore environ-
ment away from EBS in the Gulf of California were found
to feed on pelagic fish and cephalopods (Klimley 1987),
and (3) shark movements away from core areas often
involve in feeding (Sundstrom et al. 2001). If dispersive
sharks are indeed foraging offshore, this would represent
island—ocean coupling and transfer of biomass by hammer-
heads, e.g., sharks feed offshore and return to the refuge to
be cleaned by reef fishes. Cleaning stations are quite com-
mon at Wolf Island, occurring at different locations around
the island, where hammerheads and other shark species
(e.g., Galapagos sharks, Carcharhinus galapagensis) are
cleaned (pers obs.; Hearn et al. 2010).

Depth preference

Vertical habitat preference varied significantly between the
cold and warm seasons. The seasonal change in hammer-
head depth distributions is likely associated with seasonal
changes in the vertical structure of water column tempera-
ture around Wolf Island. The water column is strongly strat-
ified during March when the EF moves to the south of Wolf
Island bringing warm oligotrophic waters (TSW) to the
area (Palacios 2004). In contrast, during the cold season,
hammerheads may be less affected by the weaker stratifica-
tion of the water column in the cooler months. The finding
that thermocline depth influences the depth of warm-sea-
son hammerheads further substantiates the importance of



Mar Biol

seasonal changes in water column stratification on the ver-
tical distribution of hammerheads. The gray reef shark (C.
amblyrhynchos) also shows well-defined seasonal patterns
of depth preference, using shallower waters in the winter
and an increase in depth range in spring when the thermo-
cline is displaced to deeper waters (Vianna et al. 2013). On
the other hand, tropical instability waves (TIW), or Kelvin
waves, occur in the equatorial eastern Pacific from July to
February in normal and La Nifia years (Sweet et al. 2009),
which causes large vertical displacements of the thermo-
cline in the Galapagos Islands (Palacios et al. 2006). This
phenomenon could have a significant effect on the distri-
bution of hammerheads in the water column considering
their preference for depths above the thermocline. Further-
more, evidence shows that the effect of TIW is enhanced
at Wolf Island: Records from temperature sensors placed at
different locations around the island show sharp tempera-
ture changes over very short periods of time (Hearn et al.
in prep).

The preference for depths near the upper layers of the
thermocline may be related to foraging. Plankton tends to
accumulate at density gradients at the base of the mixed
layer (e.g., Lande and Wood 1987), such that potential
prey for sharks may also be more abundant at these depths.
Moreover, these food-rich thermocline waters are preferen-
tially delivered to the up-current side of the island, yield-
ing a low-current environment with at least moderate food
availability. A different pattern was observed for individu-
als with dispersive movement, which were observed div-
ing through the thermocline into deep colder waters, pre-
sumably also for foraging. Yo-yo deep dives were carried
out during offshore tracks, deep enough to feed on the
jumbo squid, Dosidicus gigas, which occur in the hypoxic
zone—as suggested for the Gulf of California (Jorgensen
et al. 2009). Such behaviors seemed to be more common
when sharks moved offshore (HH2, HH4, HH7 dived to
depths >200 m—and HH7 to a maximum of 900 m), but
data are limited and remain inconclusive. Nevertheless,
even when offshore, hammerheads remained mostly above
the thermocline (see Fig. 4a), but here they seem to move
more actively between the surface and the thermocline (see
Fig. 4f) as if searching for prey. Similarly, the dolphinfish
(Coryphaena hippurus) performs repeated dives within the
mixed layer to maximize the probability of encountering
prey (Furukawa et al. 2011). In contrast, hammerheads in
inshore waters associated with the upper layers of the ther-
mocline and exhibited less vertical movement to the sur-
face and down (see Fig. 4b—d).

Thermal niche

The vertical dimensions of the activity spaces of hammer-
heads can be understood as “thermal niches” given the

well-defined thermal structure and strong association of
sharks with specific temperatures (Fig. 5). Occurrence in a
preferred density/temperature layer has also been described
as a thermal niche for other species, e.g., yellowfin tuna
(Thunnus albacares) have a particular preference for the
surface mixed layer, which expands or narrows depending
on the latitude (Block et al. 1997), in gray reef sharks verti-
cal movements are driven by an optimum thermal habitat in
the surface layer (Vianna et al. 2013), and shortfin makos
(Isurus oxyrinchus), white (Carcharodon carcharias) and
whale sharks (Rhincodon typus) remain in warm shallow
waters for long times between deep foraging dives (Sepul-
veda et al. 2004; Weng et al. 2007; Thums et al. 2013). In
contrast, salmon sharks (Lamna ditropis) have a broad ther-
mal niche from subartic to subtropical waters (Weng et al.
2005). The scalloped hammerhead shark is a tropical spe-
cies that physiologically may need to remain in near-sur-
face warmer waters to maintain body temperature, consist-
ent with observed preference for warmer waters above the
thermocline. Other shark species use warm surface waters
as well to thermoregulate (Economakis and Lobel 1998;
Speed et al. 2012; Howey-Jordan et al. 2013). A preference
of hammerheads for warmer water has been observed in
the Gulf of California, where shark emigrations occurred
in response to cooler water masses over EBS, and immi-
grations in response to warmer water masses (Klimley and
Butler 1988). Similarly, gray reef sharks respond behav-
iorally to water temperature shifts in order to maintain an
optimum body temperature (Vianna et al. 2013). Yet, ham-
merheads may be exposed to strong thermal gradients in
the vertical that would help with the ability to choose tem-
peratures while refuging at Wolf Island due to a shallower
thermocline (observed during this study) and subject to
warm and cool temperatures when offshore above the ther-
mocline or when performing deep dives. Accordingly, ham-
merheads may conform to a “hunt cool/warm—rest warm”
strategy, where the “rest” phase occurs in shallower water
than the “hunt” period. This is similar to the “hunt cool—
rest warm” (Di Santo and Bennett 2011) strategy of other
tropical sharks, but with a possible “hunt warm” phase.
Temperature changes or gradients may also function
as an important navigation mechanism for hammerheads
returning to refuges at islands or seamounts. Movements
in relation to gradient layers have been demonstrated for
olfactory orientation in salmon, but fish could use other
properties of the thermal vertical structure to navigate
(Westerberg 1982). Fish can orient by using the composi-
tion and structure of the water column, and yo—yo dives are
performed to determine the chemical composition of the
gradient layers and guide movement homeward (Wester-
berg 1982). In the present study, one of the hammerheads
(HH7) seemed to orient to a shallow thermocline during its
ascent to the surface upon approaching Wolf Island. In this
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regard, hammerheads could be using temperature gradients
for homing after long offshore excursions into the pelagic
environment.

Our results provide evidence that hammerheads are (1)
highly selective of location (i.e., habitat on up-current side
of island) and depth (i.e., base of mixed layer) while ref-
uging, where they may carry out essential activities such
as cleaning and thermoregulation, including energy cost
reduction, and (2) perform exploratory vertical movements
by diving the width of the mixed layer or at times below
the thermocline while moving offshore, most likely for
foraging. These observations of hammerhead movements
and habitat preference provide baseline information for the
management and zoning of waters of the northern Galapa-
gos Islands.
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