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Abstract. The homing behavior of scalloped hammer-
head sharks (Sphyrna lewini) to and fro between Espiritu
Santo Seamount and Las Animas Island and the sur-
rounding pelagic environment was studied to reveal their
mechanisms of navigation in the oceanic environment.
Four sharks were tagged with ultrasonic transmitters and
tracked at the former location and one shark at the latter
site during July, August, or September between 1981 and
1988. Hammerhead swimming movements were highly
oriented: the mean coefficient of concentration (r) for
sets of ten consecutive swimming directions recorded
during eight homing movements by three hammerhead
sharks ranged from 0.885 to 0.996. Drift within a current
could not explain this directionality, since highly variable
directions were recorded from a transmitter floating at
the sea surface after becoming detached from a shark.
Forward swimming momentum was an unlikely explana-
tion, since highly directional swimming was maintained
for a period of 32 min with only a gradual change in
course. To maintain directionality over this period, an
environmental property should be necessary for guid-
ance. The hammerheads swam at night, with repeated
vertical excursions ranging from 100 to 450 m deep, out
of view of either the sea surface or the sea floor. The
sharks’ vertical diving movements were compared to dis-
tributions of spectral irradiance (relative to elasmo-
branch scotopic and photopic visual sensitivities), tem-
perature, and current-flow directions in the water
column. No relationships were evident between these
properties and the sharks’ oriented swimming move-
ments. Movements of scalloped hammerhead sharks to
and from a seamount were compared to topographic fea-
tures in bathymetry and geomagnetic field leading away
from the seamount. Sharks swam repeatedly over fixed
geographic paths, and these paths occurred less often
along submarine ridges and valleys than maxima and
minima in the geomagnetic field. No significant differ-
ence existed between the degree of association of points
from the sharks’ tracks and points from track simulations
and >20° changes in the slope of the depth record. On
the other hand, significantly more points from the sharks’

tracks were associated with slope changes in the magnetic
intensity record than points from track simulations. A
magnetic intensity gradient of 0.037 nanoteslas/m (nT/
m) existed at 175 m depth, where a shark swam direction-
ally, and this gradient was three times steeper than that
measured at the sea surface and exceeded that recorded at
a depth of 200 m. The hammerheads are hypothesized to
find the seamount using geomagnetic topotaxis. The
shark could be attracted to and move back and forth
along ridges and valleys, features in the relief of magnetic
field intensities occurring over a geographical area.

Introduction

Although few would question that the easily observed
flight of migratory birds is highly oriented, no such con-
sensus of opinion exists on the degree of directionality to
swimming by migratory fishes. Saila and Shappy (1963)
argued that adult salmon could return to their natal
streams by simply moving in steps of random directions
and lengths with only a slight directional bias based upon
an external reference such as the sun. However, Quinn
and Groot (1984) found that salmon arrived at the
streams earlier than expected based upon the speeds and
travel distances used in the simulation model of Saila and
Shappy. These shorter periods of transit could result if
the salmon swam in a highly oriented manner. However,
neither homing mechanism has been evaluated by track-
ing salmon in the ocean distant from the coast. In the
absence of knowledge of the movements of salmon, the
component of randomness has been adjusted in subse-
quent models to obtain better consistency between speed
of swimming, travel distance, and arrival time of salmon
at the natal stream (Bovet and Benhamou 1988, Hiramat-
su and Ishida 1989, Jamon 1990).

Salmon tracked by means of ultrasonic telemetry in
coastal estuaries and other species tracked in the oceanic
environment do swim at times in straight paths. The
tracks of these fishes consist of point-to-point move-
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Fig. 1. Study area in Gulf of California. The two sites where Sphyr-
na lewini were tracked were Espiritu Santo Seamount and Las An-
imas Island

ments, indicated by vectors (or arrows) drawn from one
position of the fish to the next, determined after intervals
of 15 to 30 min. The directions of the movements of At-
lantic and sockeye salmon (Saimo salar and Oncorhynchus
nerka), scalloped hammerhead sharks (Sphyrna lewini)
and blue sharks (Prionace glauca) cluster in a single direc-
tion (Westerberg 1982a, Klimley and Nelson 1984, Lan-
desman 1984, Quinn et al. 1989, Carey and Scharold
1990). However, non-uniform distributions of these di-
rections could result, were the fishes to remain motionless
and drift in a current with a constant flow direction. The
tracks of striped marlin (Tetrapturus audax) are com-
posed of straight-line movements over ground, yet their
general heading changes when the ocean current shifts
direction (R. Brill et al. personal communication). This
relationship implies that directionality of these move-
ments results partly from drifting of the marlin in ocean
currents. Unequivocal demonstration that a fish actively
orients requires direct measurement of the directions of
its swimming motions. These directions have only been
recorded for the plaice Pleuronectes platessa, using a low-
resolution sensor with only eight compass sectors (Greer
Walker et al. 1978, Harden Jones 1981, Harden Jones and
Arnold 1982). The headings of plaice were highly orient-
ed during excursions (one lasting 14 min) away from the
bottom which could not, therefore, serve as a visual refer-
ence.

Directionality to either the point-to-point movements
or swimming motions of fishes in the ocean suggests the
importance of an environmental property for guidance.
Observations of straight-line flight by birds led to the
investigation of the guiding effect of topography, the sun
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and stars, and the earth’s main geomagnetic field (see
review by Walcott and Lednor 1983). Similar orientation
in fishes also indicates the existence of a guiding feature,
although the different nature of the oceanic environment
may necessitate the use of different receptors and envi-
ronmental properties for guidance.

The homing behavior of the scalloped hammerhead
shark is an ideal response for the study of the mechanism
of navigation in the oceanic environment. These sharks
swim in schools at seamounts and islands during the day-
time (Klimley 1985). Individuals leave at dusk to forage
in the surrounding pelagic environment and return by
dawn on the following morning (Klimley and Nelson
1984, Klimley 1987, Klimley et al. 1988). The point-to-
point movements comprising the nocturnal movements
are highly oriented (Klimley and Nelson 1984), suggest-
ing the use of an environmental property for guidance.

In the present study, the degree of directionality to the
swimming of scalloped hammerheads is described during
homing movements to Espiritu Santo Seamount and Las
Animas Island in the Gulf of California (Fig. 1). Second-
ly, the vertical excursions of these hammerheads are com-
pared to the distributions of irradiance, temperature, and
current direction in the water column. Thirdly, the paths
of the hammerheads are compared to the locations of
topographic features (ridges and valleys or maxima and
minima) in the seafloor and geomagnetic field. The po-
tential of each environmental property is evaluated for its
usefulness in guiding the homing sharks back to the two
sites.

Materials and methods

Tracking

Four scalloped hammerhed sharks (Sphyrna lewini) were tagged
with ultrasonic telemetry transmitters and tracked at Espiritu Santo
Seamount, and a single hammerhead shark was tagged and tracked
at Las Animas Island. The telemetry studies were conducted during
cruises aboard the R. V. “Juan de Dios Batiz” and “Robert Gordon
Sproul” during July, August, and September of 1981, 1986, and
1988. Each shark was tagged as follows. Carrying a transmitter
mounted on a pole spear, the author made a breath-hold dive into
a school of hammerhead sharks. The tag was then attached to an
individual between its first and second dorsal fins by inserting a dart
into the shark’s musculature with a monofilament line leading to the
transmitter. Because the tags were slightly buoyant, they floated just
above the shark’s dorsum and were observed to remain closely
aligned with the body axis of the shark.

The position of each tagged shark was determined at 15 min
intervals by one of two methods. Most positions were plotted from

-a radar bearing and range from the large research vessel to a small

launch (which was situated above the tagged shark) and another
bearing and range from the research vessel to a radar reflector on
a balloon attached to a buoy moored at the seamount. Some of the
shark positions were based upon a radar bearing and range from the
research vessel to the launch, and latitudinal and longitudinal coor-
dinates of the vessel obtained from the Global Positioning System
(GPS). The spatial error of the radar-determined positions, which
comprised most of the tracks, was established from the separation
between radar and GPS-determined positions of the large vessel.
The spatial accuracy of GPS positions, triangulated from four or
more satellites, was 10 m (Hurn 1989). The median, 75th percentile,
and range of positional error was calculated from ten paired mea-
surements at each of five distances from the seamount (Table 1).
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Table 1. Median, 75th percentile (75th perc.), and range of posi-
tional error at five distances (Dist.) from Espiritu Santo Seamount.
Error was based upon spatial separation between paired radar and
Global Positioning System determined positions

Dist. (N) Median 75th perec. Range
(km) (£km) (+km) (£km)
2 (10) 0.106 0.131 0.323
6 (10) 0.245 0.245 0.415
10 (10) 0.318 0.383 0.561
14 (10) 0.371 0.416 0.654
18 (10) 0.334 0.526 1.047

Behavioral and environmental measurements

Sensors on each transmitter recorded the swimming direction and
depth of the shark as well as the level of light and temperature of
the water adjacent to the shark. The transmitter’s signal was detect-
ed with an omnidirectional hydrophone leading to an ultrasonic
receiver (Ultrasonic Telemetry Systems, MR32-1). The magnitude
of the property recorded by a sensor was proportional to the length
of interval between successive ultrasonic pulses. Each sensor was
interrogated and the serial order of the five sensors was repeated
again and again. A laptop computer (Zenith, Z-171) and electronic
interface (see Cigas and Klimley 1987) timed the intervals and con-
verted these to the behavioral and environmental measurements by
interpolation from calibration files stored on disk consisting of
arrays of pulse intervals of increasing length and the corresponding
directions, depths, irradiance levels and temperatures, measured in
the laboratory.

One aim of this study was to determine whether a tagged shark
swam selectively at depths where one environmental property was
present and others were absent. This would imply that one specific
property was useful in guiding the shark’s movement. For this
reason, irradiance levels, water temperature and current direction
were recorded at 25 m intervals by sensors on a second ultrasonic
telemetry transmitter that was repeatedly lowered to a 200 m depth
from a second launch positioned near the shark. This transmitter
was mounted on a vane which oriented in the direction of current
flow. The second launch carried another receiver, electronic inter-
face, and microcomputer for recording environmental measure-
ments. The flow of water at the surface with respect to the bottom
was determined at hourly intervals from the change in position of
a drifter allowed to float at the surface for 15 min. This unit consist-
ed of a rectangular polyethylene sheet (2 x 3 m) which extended
downward below a donut-shaped float.

Klimley and Nelson (1984) previously reported that scalloped
hammerheads make highly directional point-to-point movements.
To assess the directionality of swimming by the hammerheads, it
was necessary to utilize a sensor with greater resolution and accura-
cy than the sensor used by Greer Walker et al. (1978) in their studies
on plaice. Their sensor detected whether a heading was within one
of eight 45° sectors comprising the compass rose (see Mitson et al.
1982). The sensor used in this study had a resolution of +1°, an
accuracy of +3°, and precision of +1°.

The light level perceived by the shark was measured with sensors
designed to emulate the visual capabilities of elasmobranchs. Each
sensor was located on the side of the transmitter in a position similar
to the location of a hammerhead’s eyes on either end of its laterally
elongated rostrum. Sharks have both photopic and scotopic vision
(Gruber and Cohen 1978). Photopic vision is the ability to discrim-
inate intensity changes when the eye is adapted to bright light.
Scotopic vision is the ability to detect minute levels of light after the
eye is adapted to darkness. These differences are attributed to the
presence of cone and rod receptors in the shark’s retina, each having
different light-sensing capabilities. The cones are less sensitive to
light than the rods. Furthermore, cone receptors are most sensitive
to wavelengths in the green region of the irradiance spectrum while
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rods are most sensitive to wavelengths in the blue-green region. A
photopic sensor was made from a photocell with a linear response
to fluctuations in brightness at higher levels and this photocell was
covered with a different filter which allowed only green irradiance
to pass. A scotopic sensor was fabricated from a photocell with a
large and linear response to minute brightness changes at low levels
ofirradiance. This photocell was covered by a filter which permitted
only blue-green irradiance to pass. The magnitude of measurements
from the photopic and scotopic sensors differed for the same broad-
band irradiance conditions. The photopic sensor recorded intensity
changes during the bright-light conditions of day. The scotopic
sensor detected the presence of extremely dim light during night-
time.

Bathymetric and magnetic surveys

Bathymetric and magnetic surveys were carried out to compare the
paths taken by the sharks to and from the seamount to the locations
of ridges and valleys in seafloor topography or maxima and minima
in the local magnetic field which led away from the seamount.

Traces of bottom depth and total magnetic field intensity were
recorded continuously on a sonar and magnetometer while the
research vessel traveled at a constant speed of 8 knots through 12
concentric circles, each separated by 1.85 km (1.0 nautical mile)
around the seamount (four nearest circles illustrated in Fig. 2A).
Concentric, rather than parallel, survey lines were made because a
more regular survey path resulted from steering the vessel with a
constant rudder angle while using the ship’s radar to maintain a
constant distance between the ship and the seamount. The position
of the vessel was determined at 0.93 km (0.5 nautical mile) intervals
along the survey path. The sonar (Gifft GDR, 12 kHz) recorded
depth at a rate of one measurement per sec with 1.0 m resolution.
Each depth record corresponds to one clockwise movement of the
sonar around the seamount. Fig. 2B shows the record from the
circular path second nearest to the seamount. The marks on the
abscissa represent those points where the vessel’s position was deter-
mined. A proton precession magnetometer (EG & G Geometrics,
Model G-811) recorded total magnetic field intensity at a rate of one
measurement per second with 0.5 nT resolution on a 50 nT scale. If
the magnetic intensity increased continuously, the trace rose from
the bottom of the chart until it reached the top and then began to
rise again from the bottom (Fig. 2C). Measurements of bottom
depth and magnetic intensity and the corresponding geographic
coordinates were later entered into a mapping program (MacGrid-
z0) on a Macintosh IIx computer to produce 3-D bathymetric and
geomagnetic contour maps based upon the inverse square gridding
algorithm.

Because field measurements were made over a period of 4 d, it
was necessary to remove from the data any changes in the earth’s
magnetic field due to diel and seasonal fluctuations (see Skiles
1985). Both within-day (ca. 50 nT) and between-day (8 nT) varia-
tions were removed from the intensity measurements at the control
points in the following manner. Each time a measurement was
obtained for a station in the survey area, a corresponding intensity
measurement was recorded at a fixed site on Espiritu Santo Island,
along the edge of the survey area less than 20km from the
seamount. The ship-based measurements were normalized with re-
spect to a single measurement recorded at 20.00 hrs on the island,
when both the point-to-point movements and telemetered swim-
ming directions from Shark A were highly oriented. This was ac-
complished by adding or subtracting from the intensity measure-
ment from each position along the survey path the differences be-
tween the intensity simultaneously recorded at the stationary site
and the intensity measured there at 20.00 hrs on that day. The
mathematical operation depended upon whether the former mea-
surement at the stationary site was less or greater than the intensity
recorded at 20.00 hrs. Between-day variability was removed by cal-
culating mean intensities over each 24 h period and all measure-
ments on each successive day to those of Day 1.
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Fig. 2. (A) Path of research vessel with sonar and magnetometer;
circles and numbers indicate vessel positions; shades of hatching
distinguish quadrants of magnetometer path; arrows indicate direc-
tion of ship’s movement in (B); only 4 of 12 concentrically circular
survey tracks are shown. (B) Depth trace recorded as vessel moved
along circular path second nearest to seamount (see Fig. 2 A); num-
bers and marks on abscissa are positions shown in (A); arrows
above record indicate direction of vessel’s movement; median (M),
75th percentile, and range (R) of positional accuracy shown on
right. (C) Trace of total magnetic intensity recorded as magnetom-
eter was towed around path

Contour maps only approximate the relief of the bottom or
geomagnetic field from measurements at a specified number of fixed
positions using a mapping algorithm within the computer program.
More accuraie comparisons of hammerhead movements to the
above two properties were achieved by determining those points on
the sonar and magnetometer record where the vessel passed over
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Fig. 3. Points (o) on both sonar and magnetometer records (data
points labelled “Track™ and “Simulation” in Fig. 2B, C) where
survey path intersected actual tracks of Sphyrna lewini (black ar-
rows) and track simulations (open arrows). Simulation vector was
generated for each vector in track, e.g. Simulation Vector C had an
identical length to Track Vector B but a random amount of rotation
away from direction of previous Track Vector A

paths of sharks (data points marked “Track” and “Simulation” in
Fig. 2B, C). This was accomplished by measuring the distance be-
tween two successive positions on the survey path, the one immedi-
ately before and after the magnetometer crossed the path of the
homing shark, and the distance between the initial position and the
point of intersection with the shark’s track. A fraction, consisting of
the latter value divided by the former, was multiplied by the distance
between the corresponding marks on the bathymetric and geomag-
netic records. The point of intersection with the shark’s path oc-
curred at this distance from the first mark. For contrast with the
points from the shark’s path, additional points were determined on
the sonar and magnetometer records for simulated vectors, slightly
different from those comprising the track of the shark. For example,
a Simulation C was generated for Vector B of the track by rotating
another vector with the length of B a random distance away from
the direction of A, the vector immediately preceding B (Fig. 3). The
rotations were randomized by choosing integers from a random-
number table (see Table D in Rohlf and Sokal 1969) and converting
these integers to angles using the mathematical operation modulus.
The points of intersection of the simulated vector with sonar and
magnetometer paths (open data points in Fig. 3) were then found on
the bathymetric and magnetic records (Fig. 2B, C).

In order to determine the magnetic gradient experienced by an
orienting shark, another proton precession magnetometer (EG & G
Geometrics, G-866) was lowered at two stations on either side of the
path of Shark A when this exhibited highly oriented headings. The
total magnetic ficld intensity was recorded at 25 m intervals to a
depth of 200 m. A gradient (in nT/m) was calculated for each depth
from the difference between the intensities measured at the two
stations divided by distance between the two stations. The resuiting
gradients were plotted as a function of depth.

Statistical analysis

The sharks might swim along ridges or valleys in the bottom topog-
raphy. These are apparent as peaks and valleys in the trace of
bottom depth. Alternatively, the sharks might move along maxima
or minima in the magnetic field. The latter are boundaries to differ-
ent magnetic gradients, characterized by different rates of change in
magnetic intensity encountered when moving in a particular direc-
tion due to a change in the degree of magnetization of the seafloor.
On a 3-D contour map, the strength of a gradient was proportional
to the steepness of slope of the surface. A gradient boundary existed
where the slope of the surface of intensities changed to form a
maximuin (ridge) minimum (valley). On the magnetometer record,
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the gradient was proportional to the steepness of the trace because
the magnetometer was dragged across the bottom at a constant
speed of 11.1 km/h (= 6.0 nautical miles/h) (Fig. 2C). The intensity
trace rose in a direction to the right of the record when the magne-
tometer was towed over the seafloor with increasing degrees of
magnetization, and the trace then dropped as the magnetometer
passed over ground with decreasing levels of magnetization. This
resulted in a maximum in the record. Conversely, if the direction of
movement by the magnetometer was reversed relative to the increas-
ing and decreasing gradients of magnetization, a minimum was
recorded on the trace of the geomagnetic record.

If sharks swam along ridges and valleys on the seafloor or
maxima and minima in the magnetic field leading away from the
scamount, the shark positions should be clustered at peaks and
valleys in the depth record (Fig. 2 B) or maxima and minima in the
magnetic record (Fig. 2C). However, two changing geomagnetic
gradients could occur if the ridge were flattened at the top or if the
bottom of the valley were wide. Shark positions might also be
clustered at these points. In fact, shark positions might be expected
to be common anywhere the rising or falling intensity trace flattened
temporarily before continuing with the same slope. An objective yet
general definition of a slope or gradient boundary was used for the
statistical comparisons: a > 20° angular change in the slope of the
trace of the record (see overlap criterion in Fig. 2 B). The associa-
tion of the shark with the slope discontinuity was based upon the
overlap of bands indicating the degree of spatial accuracy associat-
ed with the point showing the shark’s position and that of the
nearest 20° change in trace slope on the record. The three levels of
accuracy used in such comparisons were the median, 75th percen-
tile, and range (Fig. 2B, C).

Results

Highly directional swimming

Highly directional swimming was recorded for all Sphyr-
na lewini tracked during nocturnal excursions away from

Table 2. Sphyrna lewini. Size and sex of Hammerheads A-E and
distances (Dist.) moved from Espiritu Santo Seamount and Las
Animas Island during homing movements. Maximum, mean, and
minimum coefficients of concentration (r) are given for N sets of ten
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the schooling sites of Espiritu Santo Seamount and Las
Animas Island into the surrounding pelagic environment
and back to these locations. Coefficients of concentration
(for definition see Zar 1974) were calculated for sets of
ten consecutive swimming directions from eight homing
movements of three sharks (Table 2). The high degree of
swimming directionality was apparent from coefficients
of 0.999 which were recorded during four of the eight
homing movements (A1, B1, C2 and C3). The sharks
swam directionally throughout their excursions: the
mean r calculated from all sets of directional measure-
ments recorded per track exceeded 0.900 during five of
the eight homing movements (A1, C1, C3, C4, C5). This
directionality is apparent from the clusters of arrows
which indicate the shark’s constant heading (i.e., bearing)
in the circular diagrams of swimming directions recorded
at points along the track of Shark A at the seamount
(Fig. 4) and along Tracks 1 and 2 of Shark E at the
seamount (Fig. 5). Even when farthest from their home
sites, both sharks swam highly directionally. The coeffi-
cient r for swimming directions (SD) recorded during the
point-to-point movement of Shark A 19km from the
seamount was 0.998 (SD 5, Fig. 4), and the coefficient
recorded during a movement of Shark E 13 km from the
island was 0.990 (SD4, Fig. 5).

Passive transport vs active orientation

Passive transport of sharks by water currents did not
explain the directionality of the sharks’ movements. The
distances floated by drifters deployed near Shark E were

consecutive swimming directions recorded during each movement.
Same measures are given for Track F1 of transmitter from Shark C
after this had become detached after Homing Movement C6 and
had floated to the surface

Location Length  Sex Homing Date Dist. Sets ¥
(cm) (M/F)  movement (km) )
max. mean min
Espiritu Santo Seamount
Shark A 200 F Al 8-9 Aug. 1986 19.4 (6) 0.999 0.955 0.900
Shark B 175 F B1 23-24 July 1989 8.9 “) - - -
B2 24-25 July 1989 20.2 - - - -
B3 25-26 July 1989 7.2 ) - - -
B4 27-28 July 1989 13.5 -} - - -
B5 28-29 July 1989 11.6 -) - - -
B6 29-30 July 1989 11.9 =) - - -
B7 30—-31 July 1989 11.5 =) - - -
Shark C 225 F Ci1 5 Aug. 1989 2.1 @ 0.961 0.942 0911
C2 5-6 Aug. 1989 7.8 W 0.999 0.888 0.669
C3 6 Aug. 1989 29 4 0.999 0.996 0.986
C4 6-7 Aug. 1989 4.4 (7) 0994 0911 0.656
Cs 7 Aug. 1989 8.4 - - - -
Cé6 7-8 Aug. 1989 8.9 (6) 0.997 0.949 0.892
Shark D 175 F D1 15-16 July 1981 17.1 &) - - -
Las Animas Island
Shark E 125 F E1 29 July 1988 12.3 ()] 0999 0.885 0.543
E2 30 July 1988 33 2) 0.899 0.834 0.870
Transmitter F - - F1 8 Aug. 1989 4.5 %) 0.413 0.244 0.104
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plotted as circular diagrams; length of each arrow in these diagrams
indicates serial order of measurement, whereby shortest arrow des-
ignates direction recorded first and longest arrow direction record-
ed tenth and last. Although movements over ground of both shark
and transmitter were oriented, only headings from the shark were
highly directional
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360°

Fig. 5. Sphyrna lewini. Two homing movements (E1 and E2) of
Shark E to Las Animas Island. Movement of surface water is indi-
cated by length and direction of arrows inside stippled areas drawn
between successive positions of drifter released near shark and al-
lowed to float for same 15-min interval over which the shark’s

often only a fourth of the distance traveled by the shark
during the same time period. This contrast was evident at
15.00, 16.00 and 22.00 hrs (see arrows inside stippled ar-
eas in Fig. 5). Furthermore, the water mass movements at
21.00 and 22.00 hrs were in a direction counter to those
of the closest movements by the shark. At other times, the
direction of the current was even perpendicular to the
direction of the shark’s movement over ground (11.00,
15.00, and 22.00 hrs: Fig. 5).

Although the movement over ground of a hammer-
head stationary within a water mass would be oriented if
flow were unidirectional, the heading of the shark would
change unless maintained by forward momentum or at-
tention to an external reference. This distinction is appar-
ent from a comparison of the point-to-point movements
and headings of Shark A with the directions recorded

180°

point-to-point movements were determined. Depth profiles of irra-
diance, temperature, and flow direction were made at locations (e)
identified by letter and time of day (hrs). Hatching indicates area
where 100 consecutive swimming directions of Shark E were record-
ed. Further details as in legend to Fig. 4

from the transmitter which drifted at the sea surface after
it had become detached from Shark C following Homing
Movement C6 (F1 in Fig. 4). The coefficients of concen-
tration for the movements of Shark A along its outward
and return paths of Homing Movement A1 were 0.782
and 0.905, respectively, and the coefficients for headings
recorded during the track ranged from 0.900 to 0.999
(SD1-SD6 in Fig. 4), with a mean of 0.955. The move-
ments of the transmitter over ground after ebb tide at
02.00 hrs were directional (r=0.614) yet smaller than
those of Shark A. In contrast, the directions recorded
from the drifting transmitter (TD) varied greatly, with
coefficients ranging from only 0.104 to 0.413 (TD1-TD5
in Fig. 4), with a mean of 0.244.

Orne source of swimming directionality could be the
shark’s inertial movement forward. This could bias the
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distributions of headings toward directionality, particu-
larly if the intervals between successive measurements
were short. In order to evaluate this bias, the intervals
between successive swimming-direction measurements
were extended to establish the period over which the
shark maintained directionality to its swimming move-
ments. Used in this analysis were samples of 100 consec-
utive directional measurements recorded from the drift-
ing transmitter and Shark E (hatched section of E1 track
in Fig. 5). During this period, the direction of the shark’s
movements over ground gradually changed in direction
from south to southwest. The number of measurements
(n) skipped between the next measurement was incre-
mented by 1 for the first six sets of ten measurements and
by 2 for the final two sets (Table 3). Thus, in set SD,,, ,,
every sccond directional measurement was used, in
SD, ., every third, and so forth until every tenth mea-
surement was used in the calculation for SD,,,. The
mean direction for the sets rotated from 191.3° for set
SD, to 222.3° for set SD,,, o, indicating a change in the
heading of the swimming hammerhead to a more wester-
ly direction. Coefficients exceeding 0.900 were recorded
for the headings of the shark throughout the first five
periods, the last interval being 31 min 44 s long (see Table
3). It is doubtful if directionality could be maintained
over this time period solely by swimming inertia.

Relationship to subsurface irradiance and temperature

Possibly the sharks could rely upon vision to swim along
a ridge or valley in the sea floor or move toward the
blurry image of the sun or moon. Actually, this was un-
likely, because the sharks swam up and down in mid-wa-
ter away from both the sea surface and bottom. For
example, Shark E moved between 25 m and 300 m during
the day and between 125 and 400 m at night (Fig. 6).
During her first homing movement, Shark E moved in
water over 732 m (= 400 fathoms) deep, over 300 m
deeper than the lower dive limit of the shark. Only at
18.00 hrs did the hammerhead approach the surface,
where it might see the image of the sun. Furthermore,
extremely low levels of photopic and scotopic irradiance

Table 3. Sphyrna lewini. Descriptive statistics for sets of ten swim-
ming directions (SD) taken over time intervals of increasing length
from 100 consecutive measurements recorded from Shark E during
Track E1 (hatched section of track in Fig. 5). Interval was increased
by using every nth measurement. In SD, , , every second swimming
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were recorded at the depths at which the shark swam (see
23.00 to 02.00 hrs, Fig. 6 A, B). The depth trace of the
shark extended below the photopic irradiance isolumin of
0.0001 uW cm ™2 s~ ! and scotopic isolumin of 0.001 pW
cm~ 2 s~ 1, At the same time, the headings recorded from
Shark E were highly directional, with a coefficient of
concentration of 0.937 (SD6 in Fig. 5).

The hammerheads did not favor those depths with
steep vertical temperature gradients which would be ac-
companied by changing current speeds and directions,
thus providing information potentially useful in guiding
the sharks’ movements. Two layers of water with differ-
ent thermal gradients were evident in the temperature
record (Fig. 6C). A large change in temperature with
increasing depth was apparent near the surface from the
closely spaced isotherms: a more gradual change at
greater depth was evident from less closely spaced
isotherms. The boundary to these two water masses was
at 50 m. At this depth, the flow direction rotated from
north to west along much of Shark E’s path (see arrows
on Hydrographic Casts B—E in Fig. 6 D), indicating that
the movement of the two layers was independent (loca-
tions of these casts are shown by arrowed data points in
stippled areas in Fig. 5). Shark E’s diving excursions were
usually below the boundary to the two layers, where flow
direction changed and could provide potential informa-
tion relative to directional origins of either water mass.
Yet at these times, the shark swam in a highly directional
mannet, with coefficients of concentration for its teleme-
tered headings ranging from 0.637 to 0.937.

Homing movements along fixed geographic paths

Fourteen homing movements to and from Espiritu Santo
Seamount by three hammerhead sharks were tracked
(Fig. 7). The tracks are composed of lines drawn between
positions determined at 15 min intervals, with arrows in-
dicating the direction of movement. Two of these vectors
were considered to occur over the same geographic path
if the 75th percentile error band to either side of one
vector overlapped the error band of the other vector. The
error bands at successive distances from the seamount are

direction was used, in SD,,, every third, and so forth until in
SD, .4 every tenth heading was used in calculation. (N): no. of
measurements. n: no. of measurements skipped between next mea-
surement in set

Set No. Time of day (hrs.min/s): Time Swimming direction
interval
initial final (h/min/s) Measurement V) Mean Coef. conc.
schedule (deg) )

1 16.24/07 16.25/32 1/25 n (10) 191.3 0.999
2 16.24/14 16.35/32 11/18 n+1 (10) 201.8 0.948
3 16.24/29 16.43/14 18/35 n+2 (10) 195.7 0.995
4 16.24/42 16.50/50 26/08 n+3 (10) 206.8 0.920
5 16.24/49 16.56/33 31/44 n+4 (10) 202.6 0.959
6 12.24/58 16.58/35 33/37 n+5 (10) 218.1 0.736
7 16.25/18 17.29/13 1/03/55 n+7 10y 208.3 0.939
8 16.25/32 18.00/52 1/35/20 n+9 (10) 222.3 0.838
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Fig. 6. Sphyrna lewini. (A) Depths of Shark E superimposed upon
isolumes indicating level of photopic irradiance in water column
near shark; measurements are indicated by open circles connected
by continuous lines. (B) Depths of Shark E in relation to distribu-
tion of scotopic irradiance. (C) Depths of Shark E relative to verti-
cal distribution of temperature in water column; unlike for salmon
(Westerberg 19821, 1984), oscillatory swimming movements of
Shark E rarely crossed boundary (at 50 m) between two water mass-
es, indicated by change in spacing between isotherms. (D) Depths of
Shark E in relation to directions of water flow in the water column

at points along path of Shark E; vertical lines indicate time of
hydrocasts, with continuous lines denoting those depths at which
measurements were taken and dashed lines greater depths; a circle
on a line indicates that the hydrocast depth was equivalent to the
depth of Shark E at that time; black arrows denote flow directions
relative to compass rose at lower left. Irradiances, temperatures,
and flow directions were measured at 25 m depth intervals to depth
of 200 m at points along the shark’s path. Lettering between Graphs
(A) and (B) indicates times at which hydrocasts were made; loca-
tions of stations are plotted in Fig. 3
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Fig. 7. Sphyrna lewini. Homing Movements Al, B1-7, and C1-6.
Each movement is composed of vectors between successive posi-
tions determined at 15 min intervals with an arrowhead indicating
direction of movement. Heavier portions of lines indicate that one
or more movements occurred over same geographic path, based
upon overlap of 75th percentile spatial error bands to vectors from
both tracks. Extent of positional error at different distances from
the seamount is illustrated by hatched areas on outward and return

movements of Track Al. Measurements of magnetic field intensity
were made at 25 m depth intervals at Points A and B (see boxed-in
area around Track Al in Fig. 7A) Homing movements occurred
primarily over six paths, designated by circled numbers 16, which
will be later shown in this paper to coincide with the locations of
ridges and valleys leading away from the seamount in the topogra-
phy of geomagnetic intensity
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indicated for A 1 (hatched areas in Fig. 7A). Overlapping
vectors are indicated by thick lines, non-overlapping vec-
tors by thin lines. Those parts of homing movements
occurring along a common geographic path are apparent
from the thickness of the vectors.

The hammerheads swam repeatedly along the same
geographical paths. This was evident from those sections
of each track with heavily marked vectors, indicating
movement of one hammerhead over the same path as
another. Six paths were used repeatedly by Hammer-
heads A—C during their homing movements to and from
Seamount Espiritu Santo. The first path led along a
north-south axis away from the seamount (Labelled 1 in
Fig. 7A—B, E-F). Shark A moved out and back along
this path when farthest from the seamount (Fig. 7A).
Sharks B and C returned to the seamount several times
over part of the outward path previously taken by Shark
A. Note the heavily marked vectors during the return of
B3 to the seamount (Fig. 7B) and during both the out-
ward and return movements during Tracks C5 and C6
near the seamount (Fig. 7F). A second path existed
slightly eastward of the first. The outward and return
movements of Hammerhead A diverged near the
seamount, where it swam along Path 2 when returning
(Fig. 7A). Sharks B and C swam along this path during
Tracks B3 and C6, respectively (Fig. 7B, F). A third path
was in a northeastern direction away from the seamount
and was taken once by Hammerhead B (Path 3, Fig. 7C)
and twice by Shark C (Fig. 7E—F). A fourth path, slight-
ly to the east of the third, was taken by Shark B four times
(Path 4, Fig. 7A-D), and by Shark C a single time
(Fig. 7E). A fifth path existed along a southeast axis dis-
tant from the seamount, and was followed by Shark B
during Movements B4 and B5 (see Path 5, Fig. 7B, C).
Finally, the sixth path extended east of the seamount and
was evident from the coincidence of movements during
Tracks B4, B5, and B7 of Shark B and during Tracks C 4
and C5 of Shark C (Fig. 7C-F).

Relationship to bathymetry

The seamount is located on the southern end of a ridge
with it’s long axis in a north-south direction (Fig. 8 A).
The ridge slopes to a depth of 1000 m at its northern end,
500 m to the east, 700 m to the south, and 800 m to the
west. A deep canyon separates the ridge from another
ridge to the east. South of the shallow areas is a deep
valley which extends in a southeast-northwest direction,
widening farther north.

There was no consistent relationship between the
paths of the homing sharks and ridges and valleys in
bottom topography leading away from the seamount.
Although those parts of the tracks of all three sharks
along Paths 1 and 2 (Fig. 7) were along the ridge along a
north-south axis (Fig. 8 A), the sections of track associat-
ed with Paths 3 to 6 passed over the eastern slope of the
seamount, across the flat ocean basin to the east, and
then over the western slope of the ridge to the east of the
seamount. The motivation for the sharks to visit the east-
ern seamount may have been the local abundance of prey.
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Indeed, parts of Track B6 and B 7 near the eastern ridge
were comprised of clusters of small movements in widely
varying directions, indicating that the sharks may have
been feeding. These random movements contrasted
greatly with the tracks of the sharks to and from this
point, composed of large movements in one direction.
The clumped movements resembled those of the drifting
transmitter at ebb tide, and may have been due to drift.
In contrast, the highly oriented movements between the
two ridges could not be carried out without an environ-
mental reference.

There was little clumping of shark positions at peaks
of the positive and negative excursions of the depth trace
on the bathymetric record from underwater ridges and
valleys (Fig. 9). Only 41% (65 of 158) of the shark posi-
tions were associated with > 20° changes in slope of the
trace of bottom depth using the median as a criterion of
positional accuracy (Table 4). Using the least rigid stan-
dard of accuracy, the range, only 61% (96 of 158) of the
shark positions were associated with a change in slope.
Similarly, 43% (68 of 158) and 67% (105 of 158) of the
points from the track simulations were associated with
the slope discontinuities based upon the above-men-
tioned two levels of positional accuracy. The percentages
of shark positions associated with slope changes did not
differ from the percentages of simulation points in a
statistically significant manner (Table 4). Indeed, the
records from the simulations (Fig. 9E, F) closely resem-
bled the records from the shark tracks (Fig. 9C, D) in the
absence of clumping of points at peaks and valleys.

Relationship to geomagnetic field

The seamount is situated on the edge of a geomagnetic
plateau exhibiting little magnetic relief but having a steep
slope of rapidly decreasing magnetic intensities to the
west (Fig. 8 B). The edge between the slope and plateau is
roughly along a north-south axis. Extending away from
the seamount on the plateau are small valleys and ridges
in the magnetic relief (stippled areas and circled numbers
1-6 in Fig. 8 B). If detectable by the sharks, these fea-
tures in the topographic relief of geomagnetic intensities
could provide reference paths over which to move back
and forth to the seamount.

The geomagnetic relief in the area of the scamount was
more evident on the curve of intensities recorded as a
magnetometer was towed in concentric circles around the
seamount (Fig. 10). Continuous records (Symbols A-D
in Fig. 10) of geomagnetic intensity were obtained by
towing the magnetometer along the four circular paths
nearest to the seamount (Fig.2A). The geomagnetic
plateau was apparent on the right and left side of each
record as undulations in the intensity curve, with less
than a 50 nT rise or fall between successive maxima and
minima (Fig. 10A). The plateau extended from the
record’s left edge, a point on the circle directly east of the
seamount, to a point roughly south of the seamount
(Fig. 2A). The westward slope south of the seamount was
apparent as many closely-spaced and steep traces sloping
downward to the right (Fig. 10 A), indicating a rapid de-
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Table 4. Sphyrna lewini. Number (and % of total) of points on
bathymetric record associated with positive and negative excursions
of depth trace indicating that sonar passed over submarine ridges
and valleys based upon the median, 75th percentile, and range of
positional accuracy. Comparison is made between points from
sharks’ tracks and those from simulations. Note that proportions of
those points with and without positional errors overlapping 20°
discontinuities in trace slope for the two types of points did not
differ in statistically significant manner for any of three criteria of
accuracy. Statistical significance: significance of difference between
proportion of points with overlap to total of points for track versus
simulation using chi-square test. NS: p<0.05

Criterion of Track Simulation Statistical
accuracy N (% total) ~ N (% total) significance
Median . )
ﬁgflr—lce)l\ll)erlap gg géO/A‘:% 8(8) Eg;oﬁ g 0.5325 (NS)
total Eg B—S—
75th percentile . )
ISSHR o4 i RS
total 158 158
Range . 0
e a6 ()
total E 1_5_5

crease in magnetic intensity recorded as the magnetome-
ter was towed in a clockwise path around the seamount
away from the geomagnetic plateau and over the slope.
These lines ended in an apparent valley almost directly
west of the seamount (W, Fig. 2A) followed by many
closely-spaced and steep traces sloping upward to the
right (Fig. 10 A), indicating an abrupt increase in the
magnetic intensity recorded as the magnetometer was
towed clockwise back over the geomagnetic slope to the
west of the seamount and over the plateau. The plateau
began almost directly north of the seamount (“N”,
Fig. 2A), and was evident from the appearance again of
undulations in the trace of geomagnetic intensities
(Fig. 10 A).

Few shark positions occurred on the steep slopes of
the trace that indicated total geomagnetic intensity on the
records. Because the magnetometer was towed at a con-
stant speed, the slope of the trace was an indicator of the
geomagnetic gradient, the intensity change per unit dis-
tance. A steep slope on the trace thus indicated the pres-
ence of a strong magnetic gradient across the sea floor.

-
<

Fig. 8. (A) Bathymetry at Espiritu Santo Seamount in Gulf of Cali-
fornia with 50 m depth contours; note seamount is located at south-
ern edge of a submarine ridge extending along north-south axis. (B)
Magnetic total field intensities at seamount with 10 nT contour
intervals; note western geomagnetic slope and eastern plateau with
small hills, ridges, depressions, and valleys in geomagnetic topogra-
phy from seafloor magnetization; ridges and valleys in geomagnetic
topography are indicated by stippling. Numbers on both maps
correspond to paths taken repeatedly by homing sharks, Sphyrna
lewini
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Four shark positions occurred on the steep magnetic
slope west of the scamount (Fig. 10 C). These were associ-
ated with a reversal in the shark’s swimming direction
(Track B7 in Fig. 7D). On the other hand, most of the
sharks’ locations on the records were clustered at maxima
and minima in the intensity trace that were preceded and
followed by steep slopes. For example, see the five points
indicating sharks at the maximum at Magnetometer Posi-
tion 8 in Fig. 10 C and three at the minimum near Magne-
tometer Position 48 in Fig. 10 B. However, points also
occurred at large angular changes in steep continuous
slopes. Note, for example, the cluster of six points on the
small discontinuity in the slope of the maximum in the
trace between Magnetometer Positions 6 and 7 on
Record D (Fig. 10). Four more points occured at a simi-
lar break in the intensity trace from the same maximum
at Magnetometer Position 23 on Record C. Furthermore,
flat maxima and minima in the trace often had points at
their edges. For example, four points occurred at the edge
of the flat maximum at Magnetometer Position 7 on
Record D. Points indicating sharks also coincided with
the edges of the flat intensity minimum at Magnetometer
Positions 91 and 92 on Record A. Almost all of these
points were associated with a break in the slope of the
magnetic intensity trace, suggesting that the shark orient-
ed to a change in geomagnetic intensity gradient rather
than simply to a maximum or minimum.

The same slope breaks, maxima, and minima could be
located on all four records, each successively farther from
the seamount, because the magnetometer, towed around
the seamount in concentric circles, produced records
which were cross-sections of the edge to the geomagnetic
plateau or small ridges and valleys leading away from the
seamount on the plateau (stippled areas numbered 1 -6 in
Fig. 8B). A shark could move back and forth to the
seamount using these features by avoiding locations with
strong magnetic gradients or seeking areas with sharp
changes in the gradient.

The points from homing movements occurred on
maxima and minima from the same ridges and valleys on
successive concentric geomagnetic records at increasing
distances from the seamount. The most prominent feature
in the geomagnetic relief of the survey area was the edge
between the western slope and eastern plateau (Path 1
Fig. 8 B). This boundary extended across the entire suz-
vey area in a north-south direction and separated the
survey area into halves. The seamount was located on the
edge between the plateau and slope near the center of the
survey area. The three sharks tracked during this study as
well as a fourth tracked during an earlier study moved
along this boundary. North of the seamount the
boundary between the geomagnetic slope and plateau is
apparent on Records A—D as the first maximum to the
right of many closely-spaced traces, and south of the
seamount to the left of many closely-spaced traces (see
Path 1, Fig. 10). The outward path of Shark A was along
this path (Fig. 1I0A—-D). Shark B returned to the
seamount along this ridge (Fig. 10 B-D), as did Shark C
twice (Fig. 10D). In an earlier study, Shark D (see Track
No. 9in Fig. 6 of Klimley and Nelson 1984) moved along
the edge of the slope south of the seamount (Fig. 10 B, C).
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Hammerheads also moved along geomagnetic valleys
(Paths 2—3, and 5 in stippled areas in Fig. 8 B). Although
the outward and return movements of Hammerhead A
along Track A1 followed the same path at greater dis-
tances from the seamount, at closer distances Shark A’s
outward and return movements were separated (Paths 1
and 2 in Fig. 7A). Here, the shark returned along a geo-
magnetic valley. This is apparent from the coincidence of
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the filled circles indicating the shark’s positions with
steep and narrow minima at Magnetometer Positions 6,
20, 47, and 86 on the four concentric records nearest the
seamount (Path 2 in Fig. 10 A—D). Return movements of
Sharks B and C were along the same geomagnetic valley,
as evidenced by the open circles and filled squares indi-
cating these sharks’ positions at the bases of the same
minima. Sharks B and C also swam back and forth along
another geomagnetic valley leading from the seamount in
a northeasterly direction (Path 3 in Fig. 10A, B).

The movements of Sharks B and C occurred along two
geomagnetic ridges, one in a northeastern direction and
the other an eastern direction (Paths 4 and 6 along stip-
pled areas in Fig. 8 B). Of particular interest is the move-
ment of Hammerhead B during Track B4. On the magne-
tometer record, the shark’s movement along the ridge is
apparent from the open circles indicating shark positions
present at maxima (Path 6 on Fig. 10 B and C). However,
on Record A the points are on two adjacent maxima
separated by a minimum where the ridge and diverged,
permitting the sharks to move along the forked ridges
separated by a valley (Path 5, Fig. 10A). The forked
ridges and separating valley are both apparent on the 3-D
map of the geomagnetic topography surrounding the
seamount (Paths 5 and 6 along stippled areas in Fig. 8 B).
The shark made a perpendicular turn to swim along the
north-south oriented ridge. This directional change is ev-
1dent on Track B4 of Fig. 7B as antiparaliel movements
north and south, perpendicular to east-west oriented sec-
tions of the track before and after the movement.

Comparison of the direction reversals of homing
movements to features in the geomagnetic field yields
some insight into the travel strategy of the sharks. For
instance, Shark A swam along the edge of the geomagnet-
ic plateau until it reached the base of a steep geomagnetic
hill, when it reversed direction (Track A1 in Fig. 7A and
Path 1 in stippled area on Fig. 8 B). Furthermore, Shark
B swam along Path 5, following a geomagnetic valley
during Homing Movements B4 and BS until the valley
was blocked by a steep slope, at which point Shark B
reversed direction. Not only did the sharks change direc-
tion upon encountering steep gradients, with magnetic
intensity increasing in the direction of movement, but the
same response was shown when encountering a strong
gradient with intensity decreasing in the shark’s swim-
ming direction. For instance, Shark B reversed direction
during Track B7 immediately upon swimming over the
steep geomagnetic slope west of the seamount. The initial

d
T

Fig. 9. Sphyrna lewini. (A)—(D) Continuous sonar records of bot-
tom depth for four concentric survey circles nearest scamount;
changes in depth scales are indicated by continuous vertical lines,
upper and lower depth limits are given on upper and lower abscis-
sas; positions on record where Sharks A—D crossed path of the
sonar are indicated by relevant symbols (see “key”); although some
shark positions were along a submarine ridge designated Path 1
(Fig. 8 A), many shark positions were not confined to positive and
negative excursions in the traces of bottom depths indicating the
presence of submarine ridges and valleys. {(E), (F) Positions on
sonar record for simulations for Tracks A—-D, denoted with rele-
vant symbols; distribution of these points differed little from distri-
bution of points from actual track
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Fig. 10. Sphyrna lewini. (A)—(D) Continuous magnetometer 1-6 along which Sharks A—C repeatedly swam (heavier lines on

records of total geomagnetic field intensity for four concentric sur-
vey circles nearest to seamount; positions on record where Sharks
A-D crossed path of the magnetometer are indicated by relevant
symbols (see “key”); 1 -6 identify maxima and minima in the inten-
sity traces on each record from Ridges and Valleys 16 in geomag-
netic topography leading from the seamount (shown by stippled
areas on contour map of magnetic relief: Fig. § B) and also Paths

response of the shark upon encountering such a gradient
was to reverse direction and swim in a direction perpen-
dicular to the contour lines.

If sharks swim along ridges and valleys in the topogra-
phy of geomagnetic field intensities, the shark positions
should be clustered at either maxima and minima in the

tracks which indicate spatial overlap in Fig. 7); note that points
denoting shark positions were clustered at maxima and minima on
the records. (E), (F) Points on records from simulations for tracks
of Sharks A-D, distinguished by different symbols; note that these
points were displaced away from maxima and minima on the
records; e.g. compare track points for Maximum No. 6 in (D) with
simulated points for same peak in (F)

traces on the magnetometer records. However, two
changing geomagnetic gradients could occur if the ridge
were flattened at the top or if the bottom of the valley
were wide. Shark positions were also clustered at these
locations on the record (see maximum for Ridge 4 in
Fig. 10D and minimum for Valley 3 in Fig. 10 A). In fact,
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Fig. 11. Magnitude of magnetic intensity gradient as a function of
depth. Gradient consists of difference between magnetic intensities
measured to a depth of 200 m at 25 m depth increments at Stations
A and B (boxed-in area on Fig. 7A) divided by separation distance.
Sphyrna lewini A swam highly directionally at a depth of 175 m
(SD1 in Fig. 4)

Table 5. Sphyrna lewini. Number (and % of total) of points on
magnetometer record associated with maxima and minima in the
trace indicating that magnetometer was towed over geomagnetic
ridges and valleys based upon the median, 75th percentile, and
range of positional accuracy. Comparison is made between points
from sharks’ tracks and those from simulations. Much greater pro-
portion of points from sharks’ tracks were associated with 20° slope
discontinuities than for simulation points. This difference was high-
ly statistically significant at all three levels of positional accuracy.
Statistical significance: significance of difference between propor-
tion of points with overlap to total of points for track versus simu-
lation using chi-square test

Criterion of Track Simulation Statistical
accuracy N (% total) N (% total) significance
Median \ \
e AR RO o
total Eg ﬁ
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total @ E
Range . \
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shark positions were also common where the rising or
falling intensity trace flattened temporarily before con-
tinuing with the same slope (sce ledges between Magne-
tometer Positions 6 and 7 in Fig. 10D and 21 and 22 in
Fig. 10C). For these reasons, an objective yet general
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definition of gradient boundary was used for the statisti-
cal comparisons: a > 20° angular change in the slope of
the intensity trace on the magnetometer record for associ-
ation of the shark’s position with a maximum or mini-
mum in the magnetic intensity record {overlap criterion
in Fig. 2).

The association between homing movements and geo-
magnetic gradient boundaries was apparent when the po-
sitions of the track-intersection points were compared to
points on the record from the simulated track vectors.
The shark positions were clustered at maxima and mini-
ma in intensity traces on the four magnetometer records,
indicating ridges and valleys leading away from the
seamount on the geomagnetic plateau, and were absent
from the continuously ascending or descending traces,
indicating that the magnetometer passed over the geo-
magnetic slope west of the ssamount (Fig. 10 A—D). Sev-
enty-six percent of the shark positions (120 of 158) over-
lapped a slope change of > 20° using the median accura-
cy as a criterion of overlap (Table 5). Ninety-one percent
of the positions (143 of 158) overlapped that slope change
using the range of accuracy as an overlap criterion. On
the other hand, points from the track simulations were
not generally clustered at maxima and minima (Fig. 10E,
F). Fifty-two percent of the simulation points (82 of 158)
overlapped a slope discontinuity within the median posi-
tional error and 78% of the points (124 of 158) based
upon the range of error. A significantly greater propor-
tion of track points overlapped geomagnetic features
than did the simulation points (chi-square, test of inde-
pendence, N=316, p<0.001).

The magnitude of the geomagnetic gradient was deter-
mined at the depth at which Hammerhead A was swim-
ming highly directionally. Hammerhead A was tracked
along the edge of the geomagnetic plateau (track in boxed
area on Fig. 7A, for field see Figs. 8 B, 10). The intensity
difference was determined between Locations A and B on
either side of Track A1 (Fig. 7A). Shark A passed be-
tween Locations A and B at 19.38 hrs. The headings were
highly directional, with a coefficient of concentration of
0.900 (SD 1, Fig. 4). At this time, the hammerhead swam
at a depth of 175 m on the downward trajectory of an
oscillatory vertical swimming path (own unpublished
data).

At the surface the gradient was 0.0138 nT/m, at 200 m
0.024 nT/m (Fig. 11). Of particular interest was the mag-
nitude of the gradient at the 175 m depth at which the
shark swam. Here the strength of the gradient was
0.0374 nT/m, the maximum recorded in the water col-
umn and greater than that measured 25 m deeper at
200 m. This departure from a linear increase in magnetic
gradient with increasing depth suggested the presence of
another magnetic source near the surface, which contrib-
uted on the horizontal plane to the magnetic field sur-
rounding the seamount, in addition to the sea floor mag-
netization immediately below the two points, which con-
tributed to the field on the vertical plane. A magnetic
deposit located near the peak of the seamount would
increase the total geomagnetic field intensity recorded at
the depth of this magnetic source more than at points
higher and lower in the water column.
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Discussion
Highly directional swimming

High directionality is characteristic of the point-to-point
movements of salmons (Westerberg 1982a, Quinn et al.
1989), scalloped hammerhead (Klimley and Nelson
1984), and blue sharks (Landesman 1984, Carey and
Scharold 1990). A high degree of straightness to point-to-
point movements, however, does not necessarily indicate
directional swimming. Such movements could result if
the fish were stationary in a water mass moving swiftly in
a single direction. R. Brill et al. (personal communica-
tion) found that the straight-line movements of marlin
are deflected with shifts in current direction, implying
that the directionality to these movements over ground is
partly due to drift in the ocean current. The point-to-
point movements of the transmitter tracked at the sea
surface during the present study on Sphyrna lewini were
also highly directional, although the orientations of the
drifting transmitter varied greatly. In contrast, highly di-
rectional swimming directions were telemetered from the
hammerheads while they moved over ground in a highly
directional manner. In addition, the point-to-point
movements of Sharks A and E were frequently four times
the distance of the movements of the transmitter which
had become detached from Hammerhead C and of the
drifter deployed near Shark E. The highly directional
swimming of the hammerheads, sustained for long peri-
ods of time, suggested the use of some environmental
property to guide hammerhead sharks to the seamount.

Subsurface irradiance and temperature

Vision may be of reduced importance to animal naviga-
tion in the marine environment because of its dependence
upon irradiance, which is absorbed and scattered quickly
in sea water. While birds at any height can fly direction-
ally by moving toward a visual reference point such as the
sun, moon, star pattern, or landmark, fishes can accom-
plish this only by swimming close to the surface through
which the sun appears as a blurry, bright spot or close to
the bottom where fishes can swim parallel to a ridge or
valley. Orientation to the sun may occur at least in shal-
low water. Lemon sharks (Negaprion brevirosiris) in a
shallow lagoon changed swimming direction from east to
west at sunset and from west to east at sunrise (Gruber
et al. 1988). The movements toward shore of parrot fishes
were less directional when their eyes were covered with
opaque cups than with transparent cups and when the
sun was blocked by clouds (Winn et al. 1964).

It is doubtful that hammerheads maintained direc-
tionality to their movements by keeping visual contact
with the bottom or sea surface. Straight-line swimming
could be the result of swimming along a ridge or valley on
the bottom or toward the blurry image of the sun or
moon. Yet the hammerhead sharks tracked during this
study rarely approached either the sea floor or water
surface, but swam up and down in the middle of the water
column,
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It is unlikely that even polarized light either from the
sun or, less likely, the moon, could provide guidance to
the scalloped hammerhead swimming at considerable
depths. The polarization of irradiance underwater is
greatest perpendicular to and least in the direction of the
azimuth of the sun (McFarland 1991), thus providing a
directional reference. Sensitivity to polarized irradiance
has yet to be demonstrated for an elasmobranch, but has
now been shown in three bony fishes [i.e., halfbeak (Wa-
terman and Forward 1972), goldfish (Hawryshyn and
McFarland 1987), and juvenile trout (Hawryshyn et al.
1990)]. Even if the perceptual capability existed, the
amount of polarized irradiance reaching the shark would
be reduced greatly by reflection from particles suspended
in the water column.

Were the levels of irradiance at the considerable
depths at which hammerhead sharks swam sufficiently
high for perception? And if this were so, did the irradi-
ance originate from a celestial body, or alternatively did
it originate near the shark from bioluminescent organ-
isms at the depth of the sharks? During nighttime, the
levels of photopic and scotopic irradiance were very low,
<0,0001 and <0.001 uW cm™~2 s~ ! at depths of 150 to
200 m, the uppermost limit to the vertical diving excur-
sions of Shark E (Fig. 6). These levels were below the
threshold levels of 2.263 and 0.115uyW cm™2% s~ ! for
0.02 s flashes of monochromatic light of 451 and 533 nm,
those wavelengths to which lemon sharks were most sen-
sitive, after light- and dark-adaptation (O’Gower and
Mathewson 1967). Lower thresholds for perception of
white light were recorded for initially light-adapted lem-
on sharks after increasing periods of dark adaptation
(Gruber 1967). The threshold sensitivity increased from
2.45 pyW c¢m ™~ ? s~ ! after 2 min to only 0.00024 pW cm ™2
s ! after 60 min, with a temporal variation of 1 log-unit.
The latter sensitivity exceeds by 1 log-unit the scotopic
irradiance level measured at the upper limit of the diving
excursions of Shark E (Fig. 6B). The white light, on
which these thresholds were based, had its electromagnet-
ic energy distributed equally over a broad range of wave-
lengths unlike the narrow bandwidths of irradiance
matching the photopic and scotopic spectral sensitivity
curves of the shark used to calibrate the transmitter’s
sensors. Although insufficient irradiance was available
for photopic vision, sufficient irradiance may have been
present in the blue end of the spectrum for limited sco-
topic vision at the upper parts of the diving excursions.
At the lowest parts of the excursions, the irradiance
originating from the surface probably diminished to a
level below the shark’s visual sensitivity.

Thermal variation is greater in the ocean than in the
atmosphere because mixing is less rapid in the former
environment. The water column is comprised of thick
layers of water, each distinguished by a continuous and
gradual change in temperature per unit of depth and
separated from others by thin transition zones with
greater rates of thermal change (Westerberg 1984). Each
layer has a unique geographic origin and moves on a
horizontal plane with a different speed and direction.
These different layers originate from distinct water masses.
These are apparent at the sea surface as areas of water
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with little temperature change, separated from each other
by fronts with abrupt thermal gradients.

Westerberg suggested (1984) that fishes could gain the
information needed to maintain a directional course from
the discontinuous thermal gradient throughout the water
column. The fish must first move up and down through-
out the entire water column to identify that layer of water
originating from its home stream based upon the pres-
ence of a site-specific olfactant. The swimming excursions
would then be reduced to cross only the boundary be-
tween the layer originating from the site to which the fish
seeks to return and the adjacent layer. The direction to
the layer’s origin could be distinguished from the change
in tactile stimulation across the fish’s body from different
water motions, a visually perceived difference in the di-
rection of drifting particles, or a change in the voltage
induced by water motion in the earth’s magnetic field
(Westerberg 1982b, 1984).

Supporting this mechanism was the change of the
depth of salmon diving-excursions where a particular wa-
ter mass changed its depth with a concomitant change in
the salmon’s swimming course (Westerberg 1982b). Fur-
ther evidence for selection by salmon of a particular wa-
ter stratum originating from its home stream is based
upon chemical composition (Doving et al. 1985). Single
olfactory bulb neurons responded differentially to water
samples taken from those layers to which the salmon
descended. Although this mechanism may be of use in
finding the mouth of the home river, it may not be useful
for guidance of salmon in the open ocean. Adult salmon
with ablated olfactory nerves released at a river mouth
returned to the home river almost as often as those with
intact nerves (Hansen et al. 1987).

The vertical diving oscillations of the hammerheads
were not restricted to crossing the strong thermal gradi-
ents and velocity shears in the transition zones between
different water masses. Other oceanic fishes also do not
restrict their oscillatory diving movements to the
boundaries between different thermal gradients. For in-
stance, this relationship was not apparent in depth
records of eels (Fig. 9 of Tesch 1978) swordfish (Fig. 5 of
Carey and Robison 1981), blue sharks (Fig. 1 of Carey
and Scharold 1990), yellowfin and bigeye tunas (Holland
etal. 1990b), and blue marlins (Holland et al. 1990a).
However, restriction of up and down oscillations to the
thermocline occurred in the white shark (Carey et al.
1982).

Geomagnetic field

Patterns of magnetization in the sea floor couid be of
potential benefit to oceanic animals as landmarks for
guiding their movements. Magnetic minerals in the oce-
anic crust produce distortions in the relatively uniform
north-south gradient to the earth’s dipolar magnetic
field, induced by circulation of conductive molten liquid
in the outer core (Merrill and McElhinny 1983). Sea-floor
magnetism is not measured directly, but is estimated at
points as deviations (anomalies) from the measured total
geomagnetic intensity after subtraction of a global dipo-
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lar component found by mathematically fitting a geocen-
tric dipole to the distribution of intensity measurements
on the surface of the earth (Skiles 1985). Departure from
a simple north-south gradient (i.e., change over distance)
of total field intensities is common, and this is more ap-
parent on maps with small contour intervals and of fine
spatial scale. These local distortions to the global dipole
become larger with increasing water depth due to the
disproportional increase in the contribution from the sea
floor magnetization relative to that of the outer core.

Two magnetic patterns are particularly common on
the sea floor. One pattern, evident at seamounts, is
caused by the antiparallel alignment of magnetic particles
extruded from the earth’s core during different geological
periods (Parker etal. 1987). The dipole field created
around these seamounts could serve as a beacon to enable
species to return to the seamount after foraging move-
ments in the surrounding pelagic environment. Another
pattern, ubiquitous to ocean basins, is alternating bands
of weak and strong magnetization on either side of the
spreading axis of two crustal plates (Skiles 1985). Steep
intensity gradients exist between the bands which contain
magnetic particles with dipole moments either parallel to
or antiparallel to the present direction of the earth’s
dipole axis. The boundaries between the steep and weak-
er adjacent gradients could serve as geographic reference
“roads” along which marine animals might migrate be-
tween temperate and tropical environments.

Evidence relating the movements of marine animals to
patterns of sea floor magnetization is scant and contrary.
Strandings of live cetaceans frequently occur at coastal
points intersected by valleys in the local geomagnetic re-
lief. It may be that the coast blocks the forward progress
of cetaceans navigating along the bands of strong and
weak magnetization (for coast of Britain, see Klinowska
1985; for northeast United States, see Kirschvink et al.
1986). However, straight-line movements by blue sharks
off the northeast coast of North America did not always
parallel contours of total field intensity, as would be ex-
pected were they orienting to that feature (Carey and
Scharold 1990).

In the present study, the homing movements of sharks
occurred along geographic paths that coincided with
boundaries between different geomagnetic gradients.
These boundaries were most obvious along ridges and
valleys leading away from the seamount on the 3-D con-
tour map of total geomagnetic intensity and the corre-
sponding maxima and minima in the intensity trace pro-
duced by the magnetometer when towed around the
seamount in concentric circles.

Klinowska (1985) reported that cetacean strandings
occurred where valleys in the geomagnetic field intersect-
ed the coast of Great Britain or coastal islands. It is
equally plausible that some of these strandings may have
been from cetaceans swimming along the ridges of adja-
cent geomagnetic slopes. Kirschvink et al. (1986) com-
pared stranding frequencies to the relative magnetic field
along the coastline of the eastern United States. They
concluded that cetaceans followed magnetic minima and
avoided gradients. Their conclusion was based upon the
high magnetic deviation (i.e., the difference of the mag-
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netic field at the stranding site from the average intensity
between maximum and minimum peak intensities) at in-
creasing distances from the site. However, the lack of
symmetry between the greater height of the peaks and
lesser depth of the valleys relative to the entire record of
magnetic intensities may have biased the result toward a
relationship with minima and not maxima.

Hypothetical mechanism of orientation:
geomagnetic topotaxis

The ability to orient to local maxima or minima in geo-
magnetic field intensity could be described as a geomag-
netic topotaxis. The prefix topo describes the relationship
of an animal’s movement to topography — “the configura-
tion of a surface including its relief and the position of its
natural . . . features” (Gove 1966). The suffix raxis indi-
cates that an animal is attracted to and actively tracks
ridges and valleys, features of relief in a surface of geo-
magnetic field intensities.

It is essential to distinguish topotaxis from a compass-
sense, i.e., the ability to maintain a heading using direc-
ttonal references such as sun, moon, stars, or earth’s
dipolar main field. These orientation mechanisms may
best be distinguished from each other with an analogy to
the quite different methods by which humans navigate
large airplanes and helicopters. The airplane pilot navi-
gates between two widely separated geographical points
by steering in a direction relative to the northward orien-
tation of the compass magnet, utilizing knowledge of the
difference between the former direction and that of the
destination, and returns by flying in a complementary
direction. If the wind speed is strong and perpendicular to
the plane’s course, the airplane is deflected from the di-
rection of the destination point, and the pilot changes
course based upon knowledge of wind velocity to com-
pensate for this deflection. The resulting flight path is
often slightly curved. Similar paths are expected from an
animal with a compass-sense. A helicopter, on the other
hand, is often flown in relation to local features and,
therefore, navigated differently. The helicopter pilot visu-
ally follows a road, valley, or ridge, resulting in a path
that can be sinuous. The winding path of the helicopter
depends upon that of the reference feature. Straight roads
give straight flight paths, winding roads give winding
paths.

Both elevational and geomagnetic topotaxis can result
in complex paths relative to map contours. This is illus-
trated by visual navigation in which change in the steep-
ness of the slope of the ground is used as a reference.
Mountain ridges, valley bottoms, and edges of plateaus
arc easily followed by sight by animals with good vision.
For instance, let us consider how human pioneers from
the eastern United States crossed mountain ranges that
lay perpendicular to their path to California. Using eleva-
tional topotaxis, they traveled a winding path beneath
ridges at the base of steep slopes. Their reference was the
change from the steep slope of the mountainside to the
flat valley floor, and their track paralleled the closely-
spaced contours of elevation indicating the steep slope of
the mountain range. The same principle was used to cross
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mountain ranges. The best path was along the bottom of
a canyon with the shallowest elevation gradient leading
up the slope of the mountain range. Thus, on a contour
map, the pioneer track crossed those elevation contours
bending toward the ridge of the mountains with the most
gradual elevation change. The path over the top of a ridge
often followed a winding valley bottom with little eleva-
tion change parallel to elevation contours, and then led
down a canyon on the other side. This example demon-
strates how topotaxis, used as a travel strategy, will result
in movements that both parallel and cross contours of
elevation.

For this reason, topotaxis must not be rejected as a
travel strategy just because the movements of an animal
do not parallel contours of a particular intensity. An
example of this was the movement of the three hammer-
heads near the seamount along Path 2 (stippled area in
Fig. 8 B) across parallel, triangle-shaped contours indi-
cating a small geomagnetic ravine leading from the
seamount in a northern direction up and over a ridge.
Although the triangles indicating the ravine on the 3-D
contour map are small, the sides of the ravine are actually
quite steep, as is evident from minimums in the magnetic
intensity traces on Records A-D (Minimum 2, Fig. 10).
The positions of the sharks during Tracks A1, B3, B4,
and C5 coincided closely with the bottom of the mini-
mum flanked on either side by steep slopes (Fig. 10 A—
D).

This travel strategy may in part explain the absence of
a strictly parallel relationship of the straight-line move-
ments of blue sharks (Prionace glauca) tracked by Carey
and Scharold (1990) with the 100 nT contours of total
field intensity along the northeast coast of North Ameri-
ca. The pattern of magnetic contours at the depth of these
orienting sharks may have differed from that presented in
the contour maps. In the survey of Klitgord and Behrendt
(1979), the magnetometer was towed at a height of 450 m
above ground where the magnetic intensity gradient
would be considerably less steep than at the depths at
which the sharks were swimming near the magnetized sea
floor. Furthermore, the grid dimension of the aeromag-
netic survey was 33 x 65km much coarser than the
0.93 x 1.86-km grid dimension used in the present study,
and the contour interval was 100 not 10 nT.

Elevation as a reference to guide human movements
has been used to better understand the mechanism of
topotaxis. The intensities of all physical properties vary
over space, and any such property could form the basis
for topotaxis. The intensity of the geomagnetic field over
the earth’s surface forms topographic features such as
alternating ridges and valleys from magnetic reversal lin-
cations and peaks from magnetic dipoles associated with
seamounts. An ability to track such topographic relief
would require that an animal possess some means of re-
solving minute geomagnetic intensity. For maximum dis-
crimination, the animal’s sensory receptors might be ex-
pected to be separated. The laterally enlarged rostrum of
the hammerhead shark would be ideal for this purpose.
The hammerhead could better identify the boundary be-
tween two gradients by a change in the intensity differ-
ence perceived between its widely separated receptors.
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One sensory mechanism has already been suggested
for geomagnetic orientation. This mechanism does not
involve a topo-sense but a compass-sense. An animal
could maintain a heading by avoiding any change in the
electric field induced by a change in direction through the
horizontal component of the earth’s main field, termed
“active electro-orientation” by Kalmijn (1984). Elasmo-
branchs possess receptors, the Ampullae of Lorenzini,
that are sensitive to electric fields (Kalmijn 1966, 1982). A
shark deriving only a heading relative to the axis of the
dipole field, would drift with crosswise ocean currents,
and would have difficulty maintaining a straight course.
The course might be based upon the shark’s ascertaining
current speed and direction by detection of a voltage
induced by the motion of salt water, a conductor,
through the vertical component of the earth’s main field,
termed ““passive electro-orientation” by Kalmijn (1984).

Although some tracks in the present study were in a
single direction, easily explained by electro-orientation
(Tracks A1 and B2 in Fig. 7A, B), others consisted of
parts with greatly different directions (Tracks B4 and B5
in Fig. 7B, C). Such tracks are not easily explained by a
compass-sense based upon electro-orientation. For ex-
ample, the return and outward paths of Tracks B4 and
B5 of Shark B were along an cast-west axis near the
seamount, along a north-south axis at an intermediate
distance, and along an east-west axis again at greater
distances from the seamount. With only a compass-sense,
the shark would have to remember to turn in the proper
direction to return to the seamount following its outward
movement. The shark must change direction at a particu-
lar location after continuing farther eastward, reversing
direction, swimming westward, and finally moving out
and back along the north-south axis. This decision would
be complicated by crosswise drift in the ocean current.
Any adjustment by the shark must be based only upon
the familiarity with the current velocities along its out-
ward path. If the current changed direction prior to the
shark’s return, adjustment would be even more difficult.
It is unlikely that the shark could make such adjustments
solely using active and passive electro-orientation. An-
other possibility is that the shark turned upon recogniz-
ing the same geomagnetic ridge (Path 6 in Fig. 8B and
Fig. 10 A-D) that it had followed during its outward
movement. An alternative explanation for the pattern of
movement proposed here is that the shark possessed a
topotaxis, orienting to boundaries between different geo-
magnetic gradients in sea-floor magnetization. Support-
ing this hypothesis is the fact that tracks often followed
paths (heavy portions of tracks in Fig. 7) that coincided
with maxima and minima in intensity traces on magne-
tometer records (Fig. 10) from ridges and valleys in the
geomagnetic relief leading away from the seamount
(Fig. 8 B).

What receptor might be used to perceive these minute
geomagnetic gradients from the magnetization of the sea
floor? Several receptor mechanisms have been proposed.
Firstly, an electrical current is induced by an animal
swimming through lines of magnetic force. This results in
a voltage differential between the ampullae of Lorenzini
located on either side of the shark’s head. Sensory com-
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parisons might not be made between single ampullae of
Lorenzini, but instead between groups of receptors on
either side of the shark’s rostrum, leading to the dorsal
roots of the left and right anterior lateral-line nerves
(Northcutt 1978). Secondly, a differential in the exertion
of a magnetic torque could exist between chains of ferri-
magnetic particles such as magnetite in the shark’s tissues
(Kirschvink and Gould 1981). Although single-domain
magnetite has yet to be detected in the tissues of elasmo-
branchs, chains of these particles have been detected in
the tissues of salmon (Mann et al. 1988, Walker et al.
1988). Thirdly, a difference may exist between optical
pumping of chemical compounds within the eyes (Leask
1977).

Based upon intensity change recorded per unit dis-
tance at the sea surface, the intensity differential across
the hammerhead’s rostrum would appear to be minute.
However, an estimate based upon surface field-measure-
ments is potentially misleading for a shark that swims at
times at great depths (Klimley and Nelson 1984, Klimley
1993). At such depths, the geomagnetic intensity gradient
may be much larger due to the greater contribution of the
magnetization of the sea floor relative to that from the
earth’s core. In the present study, the geomagnetic inten-
sity gradient measured for Shark A at a depth of 175 m
was 0.0374 nT/m, almost three times the 0.0138 nT/m
gradient at the surface. However, the magnitude of this
gradient is smaller by a factor of 40 than the 1.2nT/m
gradient in magnetic intensity corresponding to the
5.0nV/em threshold of sensitivity determined for the
round stingray (Urolophus halleri) by Kalmijn (1982).
However, this threshold may not be representative of the
hammerhead’s magnetic sensory capability. The stingray
may not have evolved a high degree of magnetic sensitiv-
ity because it does not inhabit the same environment as
the hammerhead; in addition. The stingray has not been
shown to possess the navigational ability of the scalloped
hammerhead.

The magnitude of the subsurface gradient measured in
the present study may be an underestimate of the true
magnitude of the geomagnetic gradient at the position of
the shark. Shark A was swimming along a tiny ridge
between the western geomagnetic slope and eastern
plateau (Peak 1, for Shark A in Fig. 10D). Along the line
drawn between Points A and B, the geomagnetic intensity
increased to its maximum and then decreased again be-
fore the latter point. Unless Point B was exactly on Peak
1, the value calculated by dividing the intensity change
over the distance between the two respective points
would be based on a lower intensity and extra distance.

Geomagnetic gradient intensities are sufficiently large
for the round stingray to detect at some depths. The
intensity gradient at the sea surface and at an elevation of
100 m over a geomagnetic polarity reversal boundary
were determined by Macdonald et al. (1980). At the sur-
face, the geomagnetic anomaly intensity varied by 400 nT
over a distance of 7 km; at 100 m above the sea floor, the
anomaly intensity changed by 1400 nT over a distance of
1 km. The former gradient increased by a factor of 25
from 0.057 to 1.400 nT/m. The increase in intensity of
local magnetic gradients with depth and their value in
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guiding migration could be the reason for the oscillatory
“yo-yo” diving pattern observed in hammerheads in the
present study and in other species such as eels (Tesch
1978), swordfish (Carey and Robison 1981), salmon
(Westerberg 1982b), blue sharks (Landesman 1984,
Carey and Scharold 1990), marlin (Holland et al. 1990 a),
and tuna (Holland et al. 1990b).
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