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Between March and August 2005, fifteen subadult prickly sharks (Echinorhinus cookei),
from 170 — 270 cm TL were tagged with acoustic tags in the Monterey Canyon. The
movements and activity patterns of 10 female and 5 males were examined using manual
tracking and acoustic monitoring technigues. One female and 2 male sharks were tracked
manually for 51.8, 61.0, and 62.8 h. Occurrence of those sharks and one other female was
recorded for 101.2 — 123.6 d. An array of non-cverlapping receivers extending 3.5 km
offshore recorded the occurrence of five females and 3 maie sharks for 400 — 561 d. Also,
3 female sharks were tagged with archival transmitiers. All tagged sharks demonstrated a
pronounced diel movement patiern, moving offshore to discrete areas during day and
moving inshore along the axis of the canyon and actively swimming off the bottom at night.
Subadult prickly sharks tagged in this study were present in the upper reaches of the

Monterey Canyon during all four seasons.
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Introduction
Higher trophic-level predators play a central role in structuring many

ecosystems and communities (Cowen 1983, Shears & Babcock 2002, Carr et al.
2002, Bascompte et al. 2005, Reisewitz et al. 2006). Until recently, it has been
difficult to understand the life history of large mobile predators such as sharks
because there were few techniques for studying Ia.rge sharks in situ (Kohler &
Turner 2001). Historically, capture records and tag and recapture studies were the
only techniques available to gather data on the habitat use and movement of a
species. Traditional techniques such as these provide incomplete knowledge of
habitat use and the movement of species, which are fundamental for
understanding a species life history and ecology (Andrew & Mapstone 1987, Zeller
1997).

Since the 1960s, there have been several observations of the prickly shark,
Echinorhinus cookei, at head of the Monterey Canyon, near Moss Landing, CA.
Recorded occurrences come from gili nets deployed off the former Sandhoit pier
by researchers from Moss Landing Marine Laboratories (MLML) and from rod and
reel catches by ioéal recreational fisherman. Prickly sharks also have occasionally
washed up on shore, and one large female (300 cm TL) was removed from intake
pipes in Elkhorn Siough in 1995. These records provided evidence that prickly
sharks, which are purported to be both rare and to live in deep water, may venture

reguiarly into waters less than 80 m depth at the head of the Monterey Canyon.



Acoustic telemetry techniques have been used for the last 30 years for
studying large mobile animals in sifu. More recently, the technology has advanced
to a ievel where highly detailed information on short-term movements, and
information on long-term seasonal activity patterns of large mobile marine animals,
can be attained (Holland et al 2001). Acoustic telemetry has been used
successfully on several species of marine fishes to gain these types of data (Zeller
1997, Amold & Dewar 2000, Starr et al. 2002, Lowe et al. 2003, Cartamil et al.
2003, Starr et al. 2004, Cartamil & Lowe 2004, Topping et al. 2005, Humston et al.
2005, Meyer & Holland 2005, Jadot et al. 2006). Modern acoustic telemetry
techniques can be used to collect detailed information about the spatial and
temporal distribution of a species which can provide insights into habitat use,
reproduction, feeding, physiology, and home range, which can help determine the
role of a species in structuring communities (Sims et al. 2001).

Although sharks were some of the first marine species to carry acoustic
tags due to their larger size, little is known aboul the activity patterns for the
maijority of elasmobranch species (Voegeli et al. 2001). Early work using telematry
systems was seﬁipﬁeted by Standora & Nelson (1976) on the angel shark,
Sgquatina californica, and Scariofta & Nelson (1977} on the blue shark, Prionace
glauca. These researchers used early telemetry systems to study rate of
movement, activity patterns, ambient temperatures, and depth preferences. Both

species of sharks were basically nocturnal, with peaks in activity during night and
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crepuscular periods. Although early systems did allow researchers to gather
detailed information on activity patterns, they were expensive and required
intensive manual tracking to collect data.

Acoustic telemetry systems became more widely available in the 1980s,
This decreased the price of telemetry, but manual tracking was still required to
retrieve data, which greatly limited the number of animals that could be followed
during a study. Carey et al. (1982) published results for one white shark,
Carcharodon carcharias, and Yano & Tanaka {1986) published results for one
specimen of the deep-water needle dogfish, Cenirophorus acus. In some cases,
the imitations on sample size were overcome by conducting studies on species
that showed site fidelity in confined bays or estuaries where it was easier to locate
and track animals. Gruber et al (1588) followed 2 juvenile femon sharks,
Negaprion brevirostris, using manual tracking techniques in Bimini fagoon and

reported lemon shark activity space from 9 - 93 km®.

Advances in acoustic tefemetry technology rapidly occurred during the late
1880s and early 1990s, further reducing the price of equipment and the size of
transmitters. Smaller equipment allowed for the development of new ways to
deploy transmitiers and track tagged animals. Holland et al. (1993) fed transmitters
to Hammerhead pups (Sphyra jewini) off Oahu, Hawaii, and tracked the sharks

from small boats. They reported that hammerhead pups exhibited diel movement



patterns that were hypothesized fo be related to the sharks seeking refugia from

predators.

One of the biggest changes in acoustic telemetry technigues was the
creation of automated data receivers ‘during the late 1980s. This allowed
researchers to collect data for longer durations on more tagged animals (Heupel et
al 2004). Although the first of these receivers appeared commercially in 1885, their
use in research on sharks was not common until the late 1880s (Voegeli et al.
2001). The reduction in transmitter sizes and availability of automated receivers
have allowed these techniques to be used effectively to study the habitat use
patterns of smalt reef-associated sharks that exhibit site fidelity (Economakis &
Lobel 1998; Carcharhinus amblyrhynchos, Sundstrom & Gruber 1998; Negaprion
brevirostris, Simpredorfer et al. 2002; C. /imbatus, Chapman et al. 2005;
Ginglymostoma cirratum and C. perezi). The increase in battery life and
transmitter signal strength has allowed more precise and longer duration studies
on larger pelagic and benthic sharks {Carey & Scharold 1990; Fronace glauca,
Heithus et al. 2002; Galeocerdo cuvier, Stokesbury et al. 2005; Somniosus
microcephalus, Lowe et al. 2006; Galeocerdo cuvier and C. galapagensis). For
species that exhibit some degree of site fidelity, the combination of acoustic
monitoring and manuai fracking provides both detailed short-term and long-term

data that can accurately characterize the activity space of a species.



In recent years, archival tags have been developed which collect data at
programmed time intervals and then store averaged values to memory. Through
two-way communication with a specialized receiver, these tags can provide
continuously collected data without using resource-intensive manual tracking. The
combination of manual tracking, acoustic monitoring, and archival monitoring is the
most effective way to investigate the habitat use patterns and movements of
species that exhibit site fidelity.

The prickly shark is a poorly known predatory shark that commonly occurs
at the head of the Monterey Canyon (Varoujean 1972, Anderson et al. 1979,
Crane & Heine 1992). Based on a limited number of catch records, the distribution
of prickly sharks is currently reported as pan-Pacific, in temperate and tropical
waters (Pietschmann 1930, Taniuchi & Yanagisawa 1983, Crow et al. 1996, Barry
& Maher 2000, Brito 2004, Long & McCosker'). Prickly sharks are generally
characterized in the literature as deep-water sharks that are uncommon or rare,
occuring from 100 to 650 m depth. However, these characterizations couid be
artifacts of infrequent capture, unavailable local reports, fnisidentification, and
limited commerciall value (Hubbs & Clark 1945, Collyer 1953, Aguirre et al. 2002).

Capture records indicate a depth range from 11 to 650 m, and perhaps to depths

! Long D] (dlong@calacademy.org), McCosker JD In prep. Tropical Eastern Pacific Records of the Prickly
Sharl, Echirorbinns conke Pictschmann, 1928 (Chondnchthyes: Echinothinidae).



as great as 1,000 m (Compagno 1984, Kobayashi 1986, Melendez & Menses
1986).

Morphometric and biological information reported for the prickly shark come
almost exclusively from individuals caught gs bycatch from research cruises and a
small number from fisheries bycatch (Garrick 1960, Garnck & Moreland 1968,
Anderson et al. 1979, Kobayashi 1986, Crow et al. 1996, Aguirre et al. 2002).
Prickly shark length at sexual maturity is 280 cm TL for females and 240 cm TL for
males (Compagno 1984, Ebert 2003). There are no published reports about
mating or courtship behavior. Females exhibit aplacental viviparity and are highly
fecund {(Collyer 1853, Crow et al. 1996). lkehara (1961) reported a 304.8 cm
female specimen pregnant with 114 pups. Length at binth is 21 fo 61 cm TL
{Ikehara 1861, Compagno 1984, Crow et al. 1996, Aguirre et al. 2002). Based on
stomach content analyses of 25 individuals, the prickly shark's diet consists of a
variety of small unidentified teleosts, small sharks, egg cases of other sharks and
rays, octopus, squid, chimera, and meso-pelagic fishes (Pietschmann 1930,
Collyer 1953, Garrick 1960, Garrick & Moreland 1968, Varoujean 1872, Crow et al.
1996). '

Several underwater observations and catches of prickly sharks were made
at the head of the Monterey Canyon in water depths less than 80 m. These
records are in contrast with the generally accepted depth range of prickly sharks

and leads to questions about the depths predominately used by this species.



Crane and Heine (1992) found large {= 30 sharks) aggregations of prickly sharks
during monthly scuba surveys conducted between June 1990 and September
1991. Since 1980 and before the beginning of my research, 36 prickly sharks have
been tagged in the Monterey Canyon with conventional external tags (N. Crane &
J. O'Sullivan®). According to past researcher's recollection, 5 to 9 individuals were
re-sighted or recaptured at the head of the canyon, including one shark that was
documented to have been at liberty for 6 years (N. Crane & J. O'Sullivan?,
Felton®). These recaptures indicated that prickly sharks likely had a long-term or at
least a periodic presence at the head of the canyon. The occurrence of prickly
sharks in highly accessible nearshore waters presented a unique opportunity to
study the movements and habitat use of a large elasmobranch predator.

In 1999, researchers from Moss Landing Marine Laboratories (MLML) and
the Monterey Bay Aquarium (MBA) conducted a pilot study to develop capture and
tagging procedures for prickly sharks. The study area was located at the head of
the Monterey Canyon (121° 47" 28.04" W, 36° 48 4.66" N), adjacent to Moss
Landing, California (Figure 1). In July of 1999, 8 sharks were tagged externally
with acoustic traﬁsmii:éa;*s; four of the transmitters contained depth sensors

(Felton®). Tagged sharks were successfully tracked during the three-month battery

*N. Crane, neraned@@mpce.edy, Monterey Peninsula Coflege, 980 Fremont St., Menterey, CA 93940
3O Sollivan JOSullivanipmbayag.ore, Monterey Bay Aquarium, 886 Canoery Row, Monlerey, CA
939490

* 1. Felton, jfelton@@mimi.calstate.cdu, Moss Landing Marine Laboratories, 8272 Moss Landing Rd. Moss
Landing, CA 95639




life of each transmitter. Tagged sharks spent approximately week-long periods at
the head of the canyon. During that time, they migrated vertically daily, moving
from approximately 100 m depth during the day to as shallow as 3 m depth at
night. Several individuals moved from the head of the canyon offshore as far as 9
km and to depths of at least 375 m, remaining there for about a week before
returning to the head of the canyon. Lengths of time at particular depths, and
duration and length of horizontal movements along the axis of the canyon, were
variable among tagged individuals. However, all tagged sharks displayed a
consistent pattern of movement, moving from deeper water during daylight hours
to shallower water at night, regardless of whether the shark was at the head of the
canyon or further offshore.

The goal of my research was to characterize the movements and habitat
use of prickly sharks in the Monterey Canyon during a one year study period.
Based on the pilot study, | was particularly interested in verifying the diel pattern
that was observed. | also wanted to determine if the use of the upper reaches of
the canyon varied seasonally or between males and females. My objectives were
to tag 15 prickly sHarks with internally placed acoustic transmitters and employ
both manual and active tracking techniques to collect data on shark movements.

| hypothesized that both male and female prickly sharks would be present
at the head of the canyon year-round. There was some evidence from previous

studies that supported prickly sharks exhibiting behavioral thermoregulation and



utilizing the warmer shallower water at the head of the canyon during large
portions of their diel movement cycle. 1 wanted to determine if the head of 't'he
canyon (< 80 m) was utilized by the tagged prickly sharks during a large portion of
time each day and how the head of the canyon related both temporally and
spatially to other habitats the tagged prickly shark used.
Methods

Study Site

The Monterey Canyon is a large submarine canyon located in the middle of
Monterey Bay, adjacent to Moss Landing, California (Figure 1). The Monterey
Canyon is 470 km long, 12 km at its widest point, and has a maximum rim-to-floor
relief of 1700 m. The head of the canyon is located approximately 200 m due west
of Moss Landing, CA (36" 48' 3.85" N; 121° 47 22.68").

The upper reaches of the Monterey Canyon, and more specifically the head
of the canyon, undergo fluctuations in oceanographic parameters and physical
structure on both short- and long-term time scales (Greene et al. 1989, Breaker &
Broenkow 1994, Okey 1999, Carter & Gregg 2002, Greene et al. 2002, Smith et al.
2005). The study site experiences seasonal upwelling, which is characterized by
strong northwesterly winds and colder average water temperatures than during the
non-upwelling seasons, The strongest upwelling generally occurs during the
spring. For this study, [ defined the head of the canyon as waters less than 80 m

deep, located just offshore of Moss Landing near the axis of the canyon.



Fishing and Tagging

I captured prickly sharks by deploying baited set lines in the axis of the
canyon-head during flood tides during the day and night. On each fishing trip, |
deployed five drop lines at the head of the Monterey Canyon in 30, 40, 50, 55, and
65 m of water depth (Figure 2). Each dropline consisted of a weight, line, hooks,
and a surface float. Each line contained two 16/00 barbed circle-hooks baited with
salmon. Each hook was attached to 1 m of 0.16 cm (1/16”) wire leader covered
with a plastic sleeve. Each leader was atftached to a swiveled long-line clip
attached to 0.32 cm (1/8") braided fishing line, with 250 kg breaking sfrength, at 1
m and 6 m above a 5 kg lead weight. After the line was deployed, a surface buoy
was attached to each line. The bottom 5 m of line was covered by vinyl tubing to
prevent hooked sharks from wrapping in the line and injuring themseives. At the
end of a 45 - 50 min set, each line was retrieved, the bait was checked, and the
line re-deployed. If a surface buoy had sustained movement before the end of a
set, that line was checked immediately.

All set lines were retrieved by hand from depth. When a shark was on the
line, the hand retriéval was slowed to allow time for tagging preparations. It took
approximately 2 — 3 min to bring a shark to the surface. As a shark was landed, we
placed a 2 m - iong nylon stretcher along the side of the boat. When the shark was
at the surface, the leader was unclipped from the down line and clipped into a

shorter line which was used to maneuver the shark into the open stretcher. After
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the shark was in the stretcher, the sides of the stretcher were brought together and
secured to the side of the boat. The hook was left in the shark's mouth and the
leader was secured to the side of the boat. The shark's head was kept submerged
in the water throughout the surgical procedure. It took a vessel operator and five
tagging team members to complete this operation successfully.

| surgically implanted two types of Vemco V16 transmitters into prickly
sharks. | used coded and continuous Vemco V16 transmitters that were 16 x 2
mm long and weighed 16 g in water. V16 coded tags transmitted a unigque coded
tag identification string during each pulse transmission on a frequency of 69 kHz,
The coded transmitters emitted pulse trains randomly with a delay of 45 to 105 s
between each transmission. The random delay between transmissions made it
possible to have multiple tags transmitting on the same frequency in the same
area, by ensuring minimal acoustic collisions between transmitters, minimizing the
loss of data. The estimated battery life for the coded transmitters was either, 439 d
or 1,442 d. The second type of V16 transmitter | implanted was a V16 continuous
transmitter; which transmitied pulses on unigue operating frequencies (54, 83, 75,
78 kHz). The uniqué identifying puise train was emitted every 1500 ms with a fixed
S sec delay between transmissions. Having a unique frequency allowed muitiple
tags transmitting almost continuously fo be in the same area at the same time.

The estimated battery life for the continuous transmitters was 95 d.
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I also implanted Vemco Communicating History Acoustic Transponder
(CHAT) archival tags that were 32 x 150 mm long and weighed 75 g in water.
CHAT tags stored countinous data within the transmifter's memory and, through
two-way communication with a specialized receiver, transmitted the data stored in
memory. The data were downloaded in incremental bins when the tag was in
range of the CHAT receiver, which freed up memory in the CHAT tag. The CHAT
tags were programmed to record average depth and the temperature of a tagged
individual's body cavity every 10 min. Those values were averaged hourly and
stored to the CHAT tag memory. The estimated battery life of the CHAT tags was
365d.

I implanted transmitters by using a sterile # 22 surgical scalpel to make a
small incision of approximately 2 cm in length, just larger than the 1.8 cm diameter
of the Vemco V18 transmitters, in the shark’s ventral surface, anterior to the pelvic
fins and just axial to the ventral mid-line. The surgical incisions for the Vemco
CHAT archival tags were approximately 4 cm long, which was just larger than the
3.2 cm diameter of the tags. | then gently pushed the transmitters through the
incision with a slight rotating motion. | sutured the incision closed using a 0.95 cm
(3/8") circle reverse-cutting-edge suture needle and attached surgical
monofilament fine. All surgical instruments and transmitters were bathed in an

antiseptic iodine solution before surgery on a shark.



After surgery was completed, the shark was gently rolled over onto its
ventral surface. | placed an external dart tag just in front of the first dorsal fin in the
dorsal musculature and refrieved a small sample of skin (0.25 cm?) for future
stable isotope and DNA analyses. Total b_ody length, and the internal and external
length of the claspers were recorded for each shark. After all data were collected,
the tagging vessel was put into gear and water was run over the shark’s gills.
When the shark began to exhibit spontaneous tail movements, the hook was cut
out of the shark's mouth using bolt cutters and the shark was released in the
approximate location of capture.

Manual Tracking

| used a Vemco VRB0 receiver, with a V10 hydrophone to track manually 3
sharks for non-consecutive 6 - hour blocks (0000 - 0600 h, 0600 - 1200 h, 1200 -
1800 h, 1800 - 0000 h) from a surface vessel. [ tracked each shark at least once
in each block of time to ensure that a representative sample of activity patterns
was recorded at all times of day. | deployed the hydrophone over the side of the
tracking vessel and listened on each of the three frequencies transmitted from the
Vemco V16 continuous transmitters. 1 listened to each frequency for 2 min during
the initial 8 min search phase. If no animals were detected, the vessel moved to
another location and the initial listening phase was repeated. Once a shark was
detected, | continuously tracked that shark for the rest of the 6 h tracking block or

for as long as was possible given weather conditions. Towards the end of the



battery life of the continuous transmitters, tracking blocks were reapportioned fo
concentrate on crepuscular periods (0200 —~ 0800 h, 1600 — 2200 h}.

The ArcNav extension (Hatcher 1997} for ESRI® Arcview 3.2 software was
used to record GPS positions of the tracking vessel in real time as sharks were
tracked. A positive geographic “fix” for a shark was recorded when the hydrophone
was slowly spun 360° and there was no noticeable degradation in signal strength
from a transmitter. “Fixes” were annotated directly into the electronic tracking file
during active tracking at least every 10 min using a laptop computer. The range for
the VRB0 receiver and V10 hydrophone was approximately 100 to 200 m, based
on range testing conducted during the 1999 piot study. All geographic fixes of the
vessel were assumed {o be within 200 m of the actuat location of the tagged shark.

| calculated the mean rate of movement (ROMj} for sharks that were tracked
manually by taking the distance between two successive points (“fixes”) within a
tracking block and dividing it by the elapsed time between the two points. | then
averaged those values among sharks. | aiso calculated the mean ROM for each
shark during each diel activity period {Dawn = 0600 — 0800 h, Day = 0800 — 1730
h, Dusk = 1730 — 1930 h, Night = 1930 — 0600 h}.

The Animal Movement Analyst Extension (AMAE) (Hooge & Eichenfaub
2000a) was used to analyze positional “fixes”. Home range eslimates were
determined for each shark { manually tracked using the AMAE to calculate a kernel

utilization distripution (KUD} (Worton 1987, 1989). A KUD is a graphical depiction
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of the likelihood of being found within a discrete area during a particular fime
period. | calculated KUDs at the 90, 75, and 50% probability levels. These
probability levels were chosen because they most accurately reflected the actual
area used by the sharks.

An animal must exhibit site fidelity for a home range to exist (Spencer et al.
1990). | conducted a site fidelity test using the AMAE on all positional “fixes” for
each shark that | manually tracked. This function conducts a modified Monte Carlo
random walk test. Site fidelity exists if the animal's real locations are neither
significantly dispersed nor significantly finear (Spencer et al 1990). This is a robust
and powerful test that is used to discem changes in behavior between site fidelity,
and random or directed explorations (Hooge et al. 2000b).

| used the function that calculated the KUDs in AMAE to calculate a serial
autocorrelation value as described in Swihart & Slade (1985), because
probabilistic home range techniques can be sensitive to serial autocorrelation. The
risk of autocorrelation increases when sample size increases or the core area
used by an animal changes frequently (non-stationary home range). The number
of positional fixes for this study was relatively low (< 400 animal™} and the home
ranges were stationary. When these conditions are present, using the kemel or
polygon methods for estimating home range are relatively unaffected by using
moderately autocorr_eiated data (Swihart & Slade 1997). Also, the corrections for

autocorrelation may lead to more bias than the autocorrelation itself (Hooge et al.



2000b}. Home range estimates were calculated using uncorrected data and using
the least-squares cross validation (LC8V) as the smoothing factor which is
considered the most robust technique (Seaman & Powell 19986).

| conducted a bootstrap analysis and plotied calculated home range size as
a function of the number of geographic “fixes” fo determine if enough geographic
“fixes” were obtained to calculate a robust estimate of home range (Zeller 1997,
Seaman et al. 1999). This function in the AMAE calculates home range estimates
using the Minimum Convex Polygon (MCP) method. The MCP method is sensitive
to sample size effects and is greatly affected by outliers (Worton 1987). The MCP
bootstrap analysis provides an inflated estimate of the sample size needed to
calculate a robust home range estimate using the less sample size sensitive KUD.
The bootstrap analysis was included to address the issue of adequate sample size
for the calculation of MCPs which can be used to compare with other movement
studies; as MCPs have traditionally been the most widely used estimate of home
range. All sharks were determined to have an adequate sample size to calculate a
robust home range estimate using MCP and KUD techniques.

| conducted spatial analysis using the Hawih's Analysis Tools (HAT)
extension for ESRI® ArcGIS (Bever 2004) to determine the importance of the head
of the canyon to prickly sharks. | created a polygon that encompassed the head of
the canyon, which included the area within the axis of the canyon and the

surrounding area out to 80 m depth (2.45 km?). The HAT extension calculated the
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number of positional “fixes” encompassed within the boundaries of the polygon,
therefore in the head of the canyon area. | calculated the proportion of those fixes
within each diel activity period 1o assess which times of day the head of the canyon
was used mosl often.
Acoustic Monitoring

| conducted range testing of the transmilters and VR2 receivers before
deploying the transmitters and beginning acoustic monitoring of tagged sharks.
For range testing, i activated 4 V16 coded transmitters and used zip ties to secure
gach tag into a net bag. | separated each bag by approximately 10 m and secured
the net bags to a weighted downline. | used a small vessel to temporarily moor a
VR2 receiver in 50 m of water at the head of the canyon. | then navigated to
selected GPS locations that were at 100 m intervals away from the moored VR2
receiver. Al each station, 1 deployed the downline with attached transmitters from
the vessel and left it on station for 10 min. [ retneved the downline and repeated
the 10 min listening period at each successive station moving offshore up to 1 km
away from the moored receiver. | retrieved and downloaded the data from the VR2
and determined that range that the transmitters could be detected by the VR2
receiver was 500 m.

I deployed 3 VRZ2 receivers in the axis of the canyon to monitor tag
transmissions in the upper reaches of the Monterey Canyon (Figure 3). Receiveri

was deployed approximately 200 m from shore at the head of the canyon on a
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mooring with a surface float in 30 m depth (Figure 3). The rigging for the receiver
array from bottom to top consisted of a cement pier support (18 kg), 1 m of 5 cm
diameter galvanized chain, 5 m of 1.5 cm (14") nylon line, a VRZ receiver, 5 m of
1.5 cm (}£") nylon fine, a hard plastic ﬂoaf( (5 kg lift), and 1.5 cm (%") nylon line fo a
surface buoy. Links in the array rigging were made using galvanized and stainless
steel shackles 1.6 cm in diameter. The depth of the water encompassed by the
receiving range of Receiver 1 extended to approximately 80 m of depth within the
axis of the canyon.

Two VRZ receivers were deployed offshore in the axis of the canyon using
Benthos Model 875 acoustic releases. Receivers 2 and 3 were moored at
approximately 1.5 and 3.5 km offshore of Receiver 1 in the axis of the canyon at
80 m and 130 m water depth. The rigging for a sub-surface mooring was similar to
the receiver at the head of the canyon except for the addition of 2 5 m length of
line, an acoustic release, and the absence of the line to the surface. All VRZ
receivers were refrieved and downloaded approximately every 85 d throughout the
siudy period. A Benthos DS8-8750 Acoustic Deck Set was used to retrieve the two
offshore receivers. To retrieve the receivers, | maneuvered a surface vessel fo the
GPS location of the drop site and fransmitted the release signal from the deck set
to the acoustic release at least three times. After the last signal was sent to the
acoustic release | scanned the surface for the buoy for at least 15 min before

concluding that the array was not going to surface. When the buoy was spotted |



maneuvered the surface vessel near to the buoy array and used a boat hook fo
refrieve it.

A VRZ20 receiver and a CHAT receiver also were depioyed at the head of
the canyon using the same rigging described above (Figure 3). The VR20 and
CHAT receivers had a greater receiving range than the VR2 receivers. Depending
on physical properties of the water column, the range for the VR20 and CHAT
receiver was as greét as 1 km, which was determined by the depth data collected
during this study. The VR20 receiver recorded the depth and transmitter number
when a tagged shark was in range of the receiver. The CHAT receiver recorded
tag transmissions, which included hourly average depth, average body cavity
temperature, and tag number. These receivers were retrieved approximately every
23 d, which corresponded to the battery life of the receivers. The average range of
the VR20 and CHAT receiver was not tested.

Due the numerous factors that can affect the transmission of sound through
water and lead to invalid or spurious readings, ! required at least two detections
within a 1 d period to indicate a valid detection of a tagged shark at a receiver, 1
calculated total number of detections and proportion of time spent at each VR2
receiver to identify areas within the receiving amray that were heavily used by
tagged prickly sharks. Monthly graphs also were created using VR2 data from

Receiver 1 to define temporal patterns of use at head of the canyon.
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| calculated a depth anomaly for each shark using data collected by the
VR20 receiver to determine if there were similar diel aclivity patterns among the
four sharks. The depth anomaly was calculated by taking the hourly mean depth of
a tagged shark and then subtracting that value from the overall average depth of
that shark. The depth anomalies were averaged among the four sharks to
standardize the depth usage patterns on a single axis and make them easily
comparable among sharks. The average hourly depth was calculated for all CHAT
data collected fo define diel depth patterns. The time periods for daylight and
nighttime used in the analysis were slightly different between the VR20 and CHAT
data. These times were based on average sunrise and sunset during the time of
year when the data were collected.

Temperature Logging

Receiver 1 and Receiver 3 were equipped with Alpha Mach iBCod
temperature foggers {Figure 3). The temperature logger recorded the ambient
waler temperature every hour. As mentioned above, the VR2 receivers were
retrieved approximately every 85 d, which corresponded to the storage capacity of
the temperature Eégger. Temperature data were collected at Receiver 1 and
Receiver 3 starting on 3 September 2005 after all animals had been tagged.

Receiver 3 collected a continuous record of hourly temperature at 85 m
depth in the axis of the canycn between 3 September 2005 and 12 Sepiember

2006, with the exception of 16 days in July when unavailability of personnei



prevented switching out the logger when the memory was full. Receiver 1 had a
temperature record from 5 July — 22 February 2005 and 20 Aprii — 24 May 2006.
These data were used to characterize the oceanographic seasons within the
vicinity of the study area to determine if there was a difference in habitat use
patterns at the head of the canyon among oceanographic seasons. Initial
inspection of the temperature data did not detect a clear difference in the
temperature record collected during this study or from regional buoy data that
could delineate more than two oceanographic seasons; upwelling from 17 April
2006 to 11 July 2008 and non-upwelling 9 September 2005 to 18 Aprit 2006 and
12 July 2006 to 13 September 2006.
Results
Fishing, Tagging, Tracking, and Monitoring

Fishing and Tagging

Twenty-six prickly sharks and 6 spiny dogfish (Squalus acanthias) were
caught between February and August 2005, during 26 fishing trips, over 13 days
and 13 nights (Table 1). The average length of all fishing trips was 3.1 h + 0.1 SE
and the average length of each fishing set was 51 min + 0.5 SE. Fishing occurred
during day between February and April 2005, and average catch-per-unit-effort
(CPUE) for prickly sharks was low at 0.06 sharks h™' + 0.24 SE. Initial data
collected from sharks tagged during that period indicated that tagged individuals

were at the head of the canyon more consistently during night. Fishing operations



were switched to night between May and August 2005, and average CPUE
increased more then ten fold to 0.71 sharks h™ % 0.21 SE. The greatest monthly
CPUE occurred in August (1.07 sharks h™', Table 1). Sharks resisted capture more
actively while being retrieved from depth and during the tagging procedures at
night than during day. Males did not occur in the catch until June, and females
dominated the catch until late July when the sex ratio became more evenly
distributed. Not all sharks hooked and reported here were landed successfully,
which prevented sex determination on some sharks.

Between February and August 2005, 10 female and 5 male prickly sharks,
from 170 to 270 cm TL, were tagged internally with acoustic fransmitters (Table 2).
Average handling time (defined as the period of fime from when the shark reached
the surface to recovery and release after implantation surgery) was16 min £ 1 5E
for sharks carrying the smaller diameter Vemco V16 transmitters (16 mm) and 21
min + 2 SE for those camying the larger diameter Vemco CHAT archival
transmitters (32 mm). The average number of sutures used fo close the incisions
was 2.3 = 0.1 SE for the V16 fransmitters and 3.7 £ 0.3 SE for the CHAT archival
tags. All sharks survived surgery and swam away in apparent good condition. Ali
tagged sharks were heard by acoustic receivers at least 1 month after surgery and
most were heard throughout the study period, thus providing evidence of 100%

survival rate for prickly sharks fagged in this study (Table 2),
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Manual Tracking

One female and 2 males (Tag no. 10, 11, 12} were tracked manually for
61.0, 62.8, and 51.8 h in the time blocks described earlier (Table 3). The mean
time for all sharks tracked was 58.5 h + 3.4 SE. Sharks were tracked 8 — 20 h
block™, and the mean number of hours tracked per block was 8.8 + 0.7 SE — 18.5
h + 1.5 SE. 1 fracked sharks for the least amount of time in the afiernoon block
(1200 — 1800 h) due to foul weather and windy conditions often present during this
time period. An additional 6 h of tracking data were collected in each crepuscular
tracking block (1600 — 2200 h, 0200 - 0800 h) for the female (Tag no. 10) and one
male (Tag no. 12) shark. One of the male sharks (Tag no. 11} could not be located
during the crepuscular tracking blocks.
Acoustic Monitonng

VR20 Receiver

The same three sharks that were tracked manually (Tag no. 10, 11, 12} and
a 250 cm TL female (Tag no. 9) were monitored using a VR20 receiver that was
moored at the head of the canyon in 30 m depth (Figure 3). The receiver was
deployed from 14 May until the balteries expired on 11 June 2005. The
unavailability of persohnel prevented retrieval of the receiver until 11 July 2005, at
which time it was retrieved, downloaded, and re-deployed. Batleries were
successfully replaced in the receiver at least every 29 d until 11 December 2005

when the receiver was refrieved and not redeployed. The VR20 receiver was
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deployed for a total of 181 d. The first continuous transmitter was deployed on 13
May 2005 and the last recorded detection was 23 August 2005, which likely
corresponded to the expiration of the transmitter battery projected by the
manufacture to be 21 August 2005. The ot.her transmitters were all deployed on 10
August 2005. Although the receiver was deployed for an extended period of time,
the transmitters were only monitored for the duration of their battery, which was
projected by the manufacture to be 100 d. The transmitiers were monitored
between 102 — 123 d. The total number of detections for all transmitters was
184,671.
CHAT Receiver

Three female sharks (Tag no. 13, 14, 15} were tagged internally with
Vemco VX32TP Communicating History Acoustic Transponder (CHAT) tags
(Figure 3). A CHAT receiver was deployed at the head of the canyen in 30 m
depth for 99 d (29 August - 6 December 2005). One successful download of 8.8 d
was obtained for the 198 cm TL female (Tag no. 15). The first data were recorded
in the memory of the CHAT tag beginning immediately after tagging at 22:48 on 9
August 2005. The data collected during the first hour after the shark was tagged
was discarded to discount any possible tagging stress and therefore 214 h of data
were coliected from 10 August 00:29 to 18 August 2005 22:29. The CHAT receiver

recorded no other transmitted data.



VR2 Receiver Array

Eight sharks (Tag no. 1 - 8) were monitored between 343 - 504 d using an
array of 3 Vemco VR2 receivers (Figure 3). The total number of detections for ali
transmitters and among all receivers was 853,535. Three receivers were lost
during the study period, which prevented monitoring in some areas during certain
periods (Table 4). When all three receivers within the array were deployed, the 8
sharks tagged with coded fransmitters were within the array between 14 and 30%
of the total time they were monitored, which was an estimate calculated based of
the total transmissions detected divided b_y the estimated total possible
fransmissions during the time monitored. Because the receiving array did not
have overlapping recelving ranges, this estimate should not be interpreted fo
indicate that the sharks were not in the upper reaches of the canyon when they
were out of the receiving range of the array of receivers.

Activity Patterns

Habitat Use and Diel Movement

Throughout the study period prickly sharks often used the upper reaches of
the canyon and particularly the head of the canyon (< 80 m depth). While within
the range of the array, signals from tagged sharks were recorded 61% of the time
at Receiver 1 (Figure 4.) For the twe periods of time when all 3 VR2 receivers

were deployed in the axis of the canyon, 10 October 2005 ~ 12 February 2006 and



15 June — 12 September 2006 (214 d), 572,188 detections were recorded for all
sharks tagged with coded fransmitters (Tag no. 1 — 8). The total delections for ali
tagged sharks at each receiver during the time petiods described above, were
348 850 detections at Receiver 1, 180,747 detections at Receiver 2, and 41,591
detections at Receiver 3. The receivers were numbered successively moving from
onshore to offshore.

Monitoring data from the three receivers in the VR2 monitoring array
indicated a diel pattern of movement for all 8 tagged sharks. Receiver 1 at the
head of the canyon recorded the greatest proportion of total detections, 66.3 %,
during nighttime (1730 — 0600 h, Table 5). Receivers 2 and 3, which were moored
offshore, recorded the greatest proportions (64.5%, 54.1%) of detections during
the day (0600 — 1730 h). These data indicated that when sharks where in range of
the monitoring array they most often used the head of the canyon during the night
and were offshore during the day.

Monitoring data from the VR20 receiver also indicated a diel pattern of
movement. The receiver also was moored in shallow water at the head of the
canyon and the receiving range was greater than that of the VR2s receiving range.
The receiving range for the VR20 extended at times greater than 1 km offshore of
the receiver, into water 145 m deep. The daily receiving range of the VR20 was
not tested but it likely averaged between 700 and 900 m based on the distance

offshore required to obtain the depths recorded. The daily average depths for all



four sharks were similar, at 53.3 and 45.2 m for the 2 females and 48.5 and 44.1 m
for the 2 males, However, tag no. 9 was significantly different than the other sharks
(F = 1.723; df = 3,91, p = 0.17). The average depth anomaly among the four
sharks was + 12.1 m for daylight (0600 - 1900 h) and -14.0 m for nighttime hours
(1900 -~ 0600 h). Sharks were shailower than their daily average depth during the
day and deeper than their daily average depth during the night (Figure 5).

The single successful 8.9 d download of CHAT data from a 198 TL cm
female (Tag no. 15) indicated a pronounced diel behavioral pattern (Figure 6). The
average depth during the day (0530 — 2030 h) was 182.9 m + 3.1 SE (Range 44.1
—~ 264.8 m) and the average for the night (2030 — 0530 h) was 464 m + 2.4 SE
{(Range 3.7 — 103.0 m). The data indicated a consistent pattern of diel behavior,
which included being at shallower depths during the night and the deepest depths
during the day.

Data collected from manual fracking als¢o indicated strong evidence to
support the diel pattern observed during the acoustic monitoring. The proportions
of the total number of individual positional fixes occurring within the boundaries of
the head of the canyon were 54.4, 41,9, and 89.2 % (Tag no. 10, 11, 12, Table 6).
During the nighttime tracking period 81.4, 78.0, and 79.9 % of the positional fixes
were at the head of the canyon. Dunng the day, 22.6, 5.0, and 95.0 % of the
positional fixes were at the head of the canyon. Both male sharks (Tag no. 11, 12)

used the head of the canyon most heavily during the night. During the day, males



moved offshore to discrete areas in deeper water where there exhibited little
movement whereas the female {Tag no. 10) moved offshore slightly and also
exhibited little movement, remaining within the boundaries of the head of the
canyon more often than the males. i

Sharks exhibited three general pafterns of habitat use: (1) inshore/offshore
diel movement, (2) residency at the head of the canyon, and (3} absence from the
head of the canyon (Figure 7). Beginning in August 2005, males and females
exhibited the inshorefoffshore diel movement pattern. This pattem was
characterized by sharks being at the head of the canyon during the night and
being absent during the day. Males exhibited a pronounced diel movement pattern
whereas females generally used the head of the canyon (< 80 m depth) more
consistently during August 2005.

During September 2005 all the females (Tag no. 1 -4, 8) and 2 males (Tag
no. 5, 7) exhibited sustained residency at the head of the canyon day and night for
the duration of the month. Shark no. 7, 2 male, continued exhibiting the diel pattern
described above during September 2005. In QOctober 2005, the females continued
to have an almost continuous presence at the head of the canyon, aithough the
diel pattern was more evident as the month progressed. All 3 males exhibited the
diel pattern during October 2005,

The period between November 2005 and February 2006 was characterized

by almost daily use of the head of the canyon by all sharks. During this period all



sharks exhibited a diel pattern, which was characterized by being in range of
Receiver 1 at the head of the canyon during night and moving out of range of the
receiver during day. Within the overall pattern, sharks would at times switch to
sustained residency spending days at a time at the head of the canyon before
switching back to the inshore/offshore diel patiern. For the entire study period,
females were at the head of the canyon 64% of the time and males were present
36%. Due to the resolution of the VR2 data it is impossible to say if sharks
exhibited the inshore/offshore diel pattern when they remained in range of the
Receiver 1 at head of the canyon. However, the pilot study work in 1999 and the
manual tracking | completed for this study indicated that some female sharks did
exhibit the inshore/offshore diel pattern while remaining closer to shore than the
males.

Receiver 1 at the head of the canyon was lost on 22 February 2006. A
replacement receiver was deployed on 20 April 2006 for the duration of the study
period. Sharks were detected at the head of the canyon 56.5 — 71.3% of the days
that were monitored during the study period. All sharks were absent from the head
of the canyon during May 2006 and showed sporadic use of the head of the
canyon through June 2006 (Figure 8). All sharks returned to the head of the
canyon in July 2006 and generally exhibited the inshore/offshore diel pattern until
leaving the head of the canyon on either 25 or 26 July 2006. Signals from shark

no. 5 were recorded at the head of the canyon briefly in the early marning hours aon
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16 August and 17 August 2008, A signal from shark no. 8 was heard once at the
head of the canyon on 11 August 2006, which was likely a spurious reading.
Signals were recorded at the head of the canyon from sharks no. 2 and 3 in the
early moming hours briefly in September 2006. Other than these sporadic
detections during August and September 2008, none of the tagged sharks were
heard at the head of the canyon for the remainder of the study.

Although many sharks did not use the head of the canyon during the early
fall of 2006, they were detected by the offshore receivers during this time. Sharks
no. 2, 3, and 6 were heard at the offshore receivers during September 2006.
Sharks no. 4, 5, 7 and 8 were heard at the offshore receivers until mid-August.
Shark no. 1 was last heard in late July 2008 by the offshore receivers. This shark
was not detected by any receivers after this point and appeared to have vacated
the upper reaches of the canyon for the duration of the study period.

The data did indicale a difference in habifat use at the head of the canyon
between males and females (Figure 9, Table 7). A seasonal difference in habitat
use patterns for all sharks, both males and females, was detected among
oceanographic seasons. Sharks were detected at the head of the canyon an
average 17.9% of the days during the upwelling period, and 58.2% of the days

during the non-upwelling time periods.
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Kernel Ufilization Distribufions

Home range estimates for the 1 female and 2 male sharks (Tag no. 10, 11,
12) that were manually tracked for non-consecutive periods, and individual
positional fixes were obtained {n = 332, 313, and 362). The activity spaces for the
1 female and 2 males were 0.20, 1.49, and 2.26 km?® (Figure 10(a) — 12 (a)). Al
sharks spent the day (0800 — 1730 h) in discrete areas offshore and moved
inshore and were actively swimming up in the water column at night (1930 — 0600
h}. The female had a highly constrained diel pattern of movement, but overall
followed the pattem of moving offshore to discrete areas during the day and
maoving anshore and actively swimming up in the water column at night (Figure
10(b)). The two males both moved further offshore than the female during the day
and returned to the head of the canyon at night (Figures 11(b), 12{(b}).
Rate of Movement

The mean rate of movement (ROM) for all 3 sharks that were tracked
manually during & non-consecutive 24 h period was 10.0 m min™ £ 0.3 SE. The
difference in the actual position of the shark and the position of the tracking vessel
on the surface when a shark was detected was not easily tested. 1t is likely that
some ROM values may give a biased representation of the actual activity level of
the shark during some time periods.

The mean FéOM pocled for all sharks was not significantly different between

day and night (t(772) = -1.762, p > .05). The mean ROM pooled for alt sharks was
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greatest during dawn, 14.89 m min” + 1.42 SE, followed by dusk 10.37 m min'+
0.97 SE. The mean ROM for each time period was similar among the 4 diel activity
periods for the female shark {(day = 0800 — 1730 h, dusk = 1730 — 1930 h, night =
1930 — 0800 h, dawn = 0600 — 0800 h, “I:able 8). The highest recorded ROM was
at dawn for all 3 sharks (9.5 m min™" + 1.5 SE, 19.5 m min™ + 2.5 SF, 16.4 m min™
+ 3.5 SE). All movements of tagged sharks during dawn were characterized by a
directed offshore movement and during dusk by a directed onshore movement.
Discussion
Fishing & Tracking Technigques

The fishing gear was modified significantly from the pilot study. The addition
of vinyl tubing on the bottom 5 m of the down line to profect a hooked shark and
the addition of a second hook located 5 m above the bottom hook proved to be an
effective combination that protected captured animals from injury and likely
improved CPUE. The largest portion of the improvement in CPUE can be
attributed to switching to night fishing operations. Future studies should use the
modified gear and conduct fishing at night for prickly sharks.

Fishing operations took place in a highly confined area at the head of the
canyon, encompassing only the first 0.30 km of the axis. This could have biased
the size and/or sex ratio of prickly sharks caught. The size range of prickly sharks
tagged was 170 — 270 cm TL. All these were likely subadult prickly sharks. Several

dogfish less than 170 cm Tl were caplured, indicating that it was feasible for



smaller sized animals to be captured. On 1 March 2005, | caught and brought to
the surface a shark estimated to be 450 cm TL. There were also several other
occasions were large sharks broke off the line at the surface. Both large and small
animals were caught during the day amg at night, which supports the hypothesis
that the size of the individuals caught was likely not biased by the fishing gear or
time of day fishing operations were conducted.

There was a shift in the sex ratio from being dominated exclusively by
females in March — June 2005 {0 a more equal distribution among the sexes in
July — August 20056. Fishing operations were conducted on 9 October 2006 to tag
additional sharks with external tags, take addilional DNA and stable isotope
samples, and recapture previously tagged sharks. Althcugh there were no
successful recaptures, 3 male prickly sharks (172 — 181 cm TL} were captured and
tagged with external tags. The sex-ratio of catches at the head of the canyon may
have seasonal shifts. Fufure research needs to be conducted to determine if the
sex-ratio of catches may shift from month-to month or seascnally.

The manual tracking taechnigues | used were effective, and | was able fo
consistently locate signals from tagged sharks. There were only two occasions
when 1 was unable to locate the shark | was scheduled to track within the first 10
min of starting my survey. On both occasions, 11 November 2005 and 15

November 2005, | could not locate the shark no. 11 (178 om TL male). This shark
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was tagged 10 August 2005 and the transmitier's projected battery life was 100 d
{expected to expire 21 November 2005).

The VR20 receiver at the head of the canyon stopped recording shark no.
11 at 02:53 h in the morning of 11 November 2005, and did not record the shark
again until 13 November 2005. On 15 November 2005, the shark was recorded
between 22:40 h and 23:21 h but was not recorded as being present during the
first hour of the manual tracking period for that day (0200 — 0800 h). This shark
continued to use the head of the canyon at night sporadically untif 11 December
2005 when the receiver was retrieved and not redeployed. The inability to locate
the shark while manually tracking appears to be reflective of the daily variability in
use patterns of this shark and is likely not atiributable to the battery failing early in
this transmitter or the shark leaving the area for an extended amount of time.

Successfully deploying and retrieving sub-surface receivers in the axis of
the canyon was difficult. The axis of the Monterey Canyon is a highly dynamic area
that is subject {o large turbidity currents that likely occur several times annually
(Smith et al. 2005). In addition to turbidity currents, | observed evidence while
diving of major slumps where large sections of the canyory's wall slid down into the
axis of the canyen. During a dive to service a receiver at the head of the canyon on
18 April 2005, the bottom 7 m of the receiver mooring was completely covered by
sediment. The walls surrounding the receiver had become vertical when previously

they had sloped down to the axis at a 45 degree angle.



The combination of slumps and turbidity currents may have buried some of
the receiver moorings, especially the offshore sub-surface moorings, which were
lost and replaced several times throughout the study. K possible, future
researchers should avoid deploying recejvers directly in the axis of the canyon and
use well-formed shelves or flat spots along the canyon walls. In some areas it also
may be possible to depioy receivers on the flals just outside the canyon and stilf
effectively gather acoustic data from within the walls of the canyon, The dynamic
conditions at the head of the canyon required more weight than may be needed in
other areas to secure receiver moorings 1o the substrate.

Habitat Use and Diel Pattern

The head of the canyon was an important area for the subadult prickly
sharks tagged in this study. Generally, all sharks followed the pattern of being at
the head of the canyon at night. As the sun began to rise, sharks exhibited a
directed offshore movement within the axis of the canyon to discrete areas or
refugia offshore. Tagged sharks remained in these discrete areas throughout the
day and as the sun began to set they would meander inshore along the axis of the
canyon. In general', this inshore/offshore diel pattern was consistent throughout the
study period among male and female prickly sharks. These movements were not
associated with either changes in water temperature or tide and are likely

associated with light levels.



Diel movement patterns have been described for fishes including many
élasmobranch species (Nelson & Johnson 1970, Standora and Nelson 1978, Bray
and Hixon 1878, Nelson and Johnson 1880, Holland et al. 1993, Nelson et al.
1997, Zeller 18997, Matern et al. 2000, $Ems 2001, Cartamil & Lowe 2004, Sims
2005a, Stokesbury et al. 2005, Jadot et al. 2008). Specifically, the pattern
described by Sims (2005b) for the lesser spotted dogfish (Scyfioninus canicufa) in a
sea lough, seems to be an appropriate model for the prickly shark, Sims (2005b)
describes a clearly different aclivity pattern between day and night, as well as
between males and females. Male S. canicula generally had low activity during the
day in deep water followed by more rapid movements into shallow areas at dusk
and throughout the night. Male sharks returned to core areas in deeper water at
dawn. Females exhibited the same pattern with the exception of their daytime
resting areas were located in shallower and warmer areas.

Subaduit prickly sharks tagged in this study exhibited the same general diel
movement pattern as described in Sims (2005b). The mean ROM pooled for all
prickly sharks reflected horizontal movements and was greatest during the
crepuscular periods. These time periods were characterized by sharks making
directed movements onshore at dusk and offshore at dawn. ROM was similar
among day and night. The movements of the sharks at night were constrained to a
very small area above and directly adjacent to the head of the canyon. Although

the sharks were actively swimming up in the water column during the night, they
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were spalially constrained. This could explain the similarity in values between day
ROM when the sharks were on the benthos in discrete areas exhibiting little
movement and night ROM when the sharks ware actively swimming in the middle
of the water column. .

Manual tracking completed at night was conducted from a research vessel
that had a depth sounder. This allowed me to observe high resolution depth
soundings during most tracking sessions, Images from the depth sounder
indicated the presence of large schools of small fishes during all nighttime tracking
sessions. These soundings were confirmed on several occasions by commercial
fishing operations in the area landing anchovy (Engraulis mordax) and sardine
(Sardinops sagax). Although no stomach samples were taken from sharks in this
study, it is likely that shark movements in the middie of the water column at the
head of the canyon at night were associated with feeding. Future studies should
pursue stable isotope analysis coupled with detailed tracking to help determine if
these movements are directly related to foraging (Cunjak et al. 2005).

Refuging and Sexual Segregation

Subadult prickly sharks remained in centralized areas during the non-active
portion of their diel pattern. This behavioral pattern of a species remaining in a
relatively small centralized discrete location within a species home range for a
significant portion of a species diel cycle was first described by Hamilton & Watt

(1970) and defined as refuging. Refuging has been documented for other
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elasmobranchs and is often associated with predation avoidance, avoidance of
aggression from mature conspecifics, reduction of thermal stress, or energy
conservation {(MclLaughlin & O'Gower 1871, Klimley 1984, Economakis & Laobel
1998, Holland et al. 1993, Sims 2005a). _ln the case of subadutt prickly sharks it is
difficult to determine which factor or combinations of factors are influencing this
behavior. It is clear that subadult prickly sharks have a phase of their die! cycle in
which they move little from a centralized location. Future studies are needed to
further delineate the reason for this pattern, and to test proposed causal factors
atfecting the behavior in this population of subadult prickly sharks.

Sexual segregation has been described as a general characteristic of many
shark populations (Springer 1967, Klimley 1987, Sims et al. 2001, Sims 2005b).
The reason for this behavior is generally inferred to be associated with
repraduction, but this has yet to be rigorously tested. Both male prickly sharks (Tag
no. 11, 12) that were manually fracked moved fo deeper and colder water during
the day. This could be a way to slow their metabolism and conserve energy for the
more active nighttime periods (Klimley 1884). The female, shark no. 10, displayed
a much more high'iy constrained onshore/offshore diel movement pattern than the
males. Shark no. 10 remained within the receiving range of Receiver 1 at the head
of the canyon for the majority of the monitoring period during both day and night.
Remaining in the warmer waters at the head of the canyon may increase the

growth rate of female sharks (Economakis & Lobel 1998). Females with a larger
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bady size will produce larger offspring that are likely superior competitors (Klimley
1987).

The VR20 monitoring data also indicated the same patterns observed in
the active trackéﬂg of sharks no. 10 - 12. However, the additional female
monitored, shark no. 9, had a pattern more similar to the males than the female,
moving out of range of the Receiver 1 often during daylight hours. The transmitter
for shark no. 9 was deployed much earfier in the study period (13 May 2005) than
shark no. 10 —~ 12, which were tagged on 10 August 2006. The data that the
onshore/offshore diel pattern of shark no. 9 changed, becoming more similar to the
other female beginning in late July and continuing till 21 August 2005 when the
battery likely expired. This may indicate a seasonal shift in habitat use patierns
among females or may simply reflect individual variation.

The CHAT data collected for shark no. 15 {188 cm TL female) were
collected during early August 2005, which overlapped with the sampling period for
shark no. 10 — 12. The CHAT data reflected the more typical insharefoffshore diel
pattern exhibited by the 2 males (Tag no. 11, 12). This may indicate that there is
no difference in hébitat use among male and female prickly sharks. There are
several confounding factors, such as seasonal shifts in habitat use and ontogenic
shifts in habitat use that could be masking a periodic difference in habitat use
among males and females. Although the overall patterns of use are consistent,

there is clearly individual variation among tagged sharks. This variation is coupled
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with a possible seasonal shift in activity patterns among male and female subadult
prickly sharks. The CHAT data were collected in early August and this shark may
not have made the seasonai shift yet or there simply may not be a clear separation
in habitat usage during this period among males and females.

There are not enough data from this study to conclude that prickly sharks
exhibit sexual segregation in habitat use. The number of sharks tracked using the
highly detailed active tracking techniques was very low (n= 3} and the receiving
range of the VR20 receiver was constrained to the head of the canyon. The data
collected from the CHAT receiver were from the ’ééme period directly after the shark
was tagged and the pattern observed may have been influenced by tagging stress.
During the fall 2005, there was a difference in habitat use and activity pafterns
between the 2 male and 1 female prickly shark {(Tag no. 10 - 12). However, the
CHAT tag data collected from shark no. 15 brings into question the applicability of
sexual segregation in this population of subadult prickly sharks.

Although it is not clear from this study if sexual segregation occurs in this
population of subadult prickly sharks, The lack of movement from a discrete
centralized location within the home range during the day indicates refuging
behavior. Refuging behavior that leads o sexual segregation has been described
in several species of elasmobranches (Springer 1867, Klimley 1987, Sims et al.
2{5}61). To date, there have been few systematic, hypothesis-led investigations

addressing causal factors of refuging behavior. Sims (2005b) suggests that sexual
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segregation could occur in elasmobranchs as a result of social factors such as
aggression avoidance from conspecifics, sexual dimorphisim leading to different
nutritional requirements (Klimley 1987), a higher level of predation risk avoidance
by females, or differences in habitat se:lectfon influenced by water temperature.
The social factor hypothesis predicts females segregate from males to avoid
aggression. Sexual dimorphism when hypothesized to explain sexual segregation
predicts that for species lacking sexual size dimorphism, segregation between the
sexes should be limited or non-existent because nutritional requirements are
simitar. Predation risk when hypothesized to explain sexual segregation predicts
that females will choose a habitat that is safe from predators and males seek
habitats with high food availability (Ruckstuhl & Neuhaus 2000). Males and
females occupying different thermal niches when hypothesized to explain sexual
segregation predicts females will remain in warmer habitats to increase growth
rates to reach maturity at a larger size than similarly aged males (Kiimley 1987).
Assuming there is at least periodic sexual segregation, several hypotheses
explaining refuging behavior do not seem applicable or require additional research
to address their relationship to this popuiation of subadult prickly sharks. It is clear
from the data that during nighttime periods, male and female prickly sharks were in
a very small area at the head of the canyon encompassed by the receiving ranges

of the moored receivers (0.79 km?). There were several occasions when the data
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recorded indicated that all 13 tagged prickly sharks that data were successfully
collected from during this study were at the head of the canyon at the same time.

Because both male and female prickly sharks were at the head of the
canyon together on a regular basis, aggression from conspecifics is not a factor
influencing the behavioral patterns of th.is population of subadult prickly sharks.
Prickly sharks may be sexually dimorphic, with females being larger than males.
This sexual dimorphism hypothesis predicts female prickly sharks should reside in
areas that have high prey availability, leading to higher growth rates (Klimley 1987,
Sims 2005b). Further studies to determine if the prickly sharks are feeding at the
head of the canyon and diet content analysis are nesded to determine if
differences in diet and energetic requirements can be detected among mailes and
females. The predation risk for shark species similar in size to the prickly shark is
assumed to be relatively low (Frisk et al. 2001, Heithaus 2004). However, other
large sharks, such as sleeper (Somniosus pacificus), sixgill (Hexanchus griseus),
and sevengill (Nolorynchus cepedianus) sharks are capable of preying on prickly
sharks, and are present in the upper reaches of the Monterey Canyon (Varoujean
1972). There could be a difference in predation risk between differing habitats
within a prickly shark's home range. This would have to be tested in future studies
to fully address whether the predation risk hypothesis is applicable.

There is some evidence from my work to support the concept of behavioral

thermoreguiation proposed by the thermal niche hypothesis. Data from manual



tracking, as well as long-term acoustic monitoring, indicated a difference in use of
the head of the canyon between males and females during certain portions of the
year. As one would expect, the average temperatures at the head of the canyon in
30 m depth were greater than the average temperatures offshore in 85 m of depth
on a shelf in the axis of the canyon. .Subaduit female prickly sharks may be
remaining in the warmer waters at the head of the canyon to increase growth
rates, allowing them to reach sexual maturity at a greater size than similarly aged
males.

Prickly sharks are marine poikilotherms and their body temperature varies
with the temperature of their surroundings. The rate of metabolic processes such
as growth or digestion are linked to temperature; generally speaking, the greater
the temperature the faster the processes (Carison et al. 2004). In the nutrient-rich
waters of the Monterey Bay, it is doubtful that food is a limiting resource for the
prickly shark. Female prickly sharks may benefit by increasing their metabolic
processes by moving into water masses with greater temperatures such as those
found in the shallower waters at the head of the canyon

Behavioral thermoregulation for fish was defined by Neill (1879} as
movement ihre;}u“gh a habitat in such a way as to maximize time spent at
temperatures favorable to the joint conduct of life processes. Behavioral
thermoregulation may allow female prickly sharks to create more surplus energy.

Surplus energy can be defined as energy in excess of that required to maintain



basic life processes, such as respiration and digestion (Bryan et al. 1990). Surplus
energy can be devoted to processes such as somatic growth and reproduction.
The maximum power principle first applied to fishes by Lotka (1922} and restated
by Odum (1983) states that “biological systems prevail that develop designs thaf
maximize the flow of useful energy.” FutlJre studies are needed to more discretely
delineate the habitat use patterns of females and males over several seasons to
provide insights into whether behavioral thermoregulation may be a factor
influencing activity pafterns. Improved archival tags as well as pop-off sateliite
archival tags may be appropriate for helping to address this question.

The presence of prickly sharks at the head of the Monterey Canyon
provided a unigue opportunity to study the movements and habitat use of a poorly
known species. The close proximity of the study site to shore facilities made it
easier to successfully conduct manual tracking and acoustic monitoring
simultaneously. By using a combination of three types of acoustic transmitters,
manual tracking, and acoustic monitoring technigues | was able to verify and more
clearly delineate the diel movement patterns discovered during the pilot study. The
head of the Monterey Canyon is an important habitat for subadult prickly shark.
Males and females used the head of the canyon regularly during n_ight for most of
the study period. Males vacated the head of the canyon at dawn and remained
offshore in refuge areas during the day, whereas females often stayed in shallower

waters at the head of the canyon. Males and females returned to the head of the



canyon at dusk and actively swam throughout the water column during night,
possibly foraging on pelagic schogling fishes.

My research indicated that subadult prickly sharks inhabit the head of the
canyon throughout most of the year. Interspersed throughout the sampling peried,
there were shoit pericds of several days in which that sharks were absent from the
head of the canyon before returning. The fiming of these short absences was not
consistent among sharks. There were two extended pericds when most sharks
were absent from the head of the canyon. During the spring and fali of 2006,
signals from tagged sharks were very rarely recorded at the head of the canyon.
interpretation of these results is fimited by the interruption of monitoring in spring
2006 when the receiver was lost and the end of the study period in fall 2006.
Future studies shoukd focus on these times of year.

It is clear from the receiver array data, that subadult prickly sharks do
frequent the upper reaches of the Monterey Canyon throughout the vear.
However, during the one vear duration of the study, sharks were at the head of the
canyon rarely during the spring upwelling period. Although not all sharks were
tagged during the spring upwelling period in 2005, the two sharks that were (Tag
no. 1, 2) exhibited a consistent pattern of being absent from the head of the
canyon during the spring in both 2005 and 2006. The upwelling period is
characterized by colder average water temperatures at the head of the canyon.

Sharks may vacate the head of the canyon at this time choosing to seek refugia in
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offshore areas of the canyon where conditions may be more favorable. Offshore
waters at this fime may have more stable temperature or food availability may be
higher during this time. Future studies using stable isotope analysis are needed to
help delineate the primary mode of feeding and content of prickly shark diet which
may be useful in explaining the habitat use pattern observed in this research.
Subadult prickly sharks showed an inconsistent usage pattern at the head
of the canyon in the fall of 2005 and the fall of 2006. Data collected in September
2005 indicated some of the greatest usage levels for males and females at the
head of the canyon. Data in the fall 2006 indicated almost no use of the head of
the canyon during August 2006 through the end of the study on 13 September
2006. Because the study ended 13 September 2006 it is difficult to speculate
about what may be driving the differences between fall 2005 and fall 2006. One
possibliity is that these sharks may have switched to a different adult pattern of
habitat use which is characterized by adult sharks not utilizing the head of the
canyon as much as subadults do. However, this seems unlikely as the growth rate
for prickly sharks is likely slow and the sizes of the tagged sharks (170 — 225 cm)
are well below the estimated size at maturity (290 cm TL female, 24C cm TL male).
Changes in water temperature do not seem 10 explain the difference in
habitat use between fal 2005 and fall 2006. The transition from spring upwelling to
warmer water temperatures usually occurs sometime in late June to mid-July.

Unfortunately, | did not have a temperature record from the inshore receiver during
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this ime. The transition from upwelling to the non-upwelling season in 2006 did not
appear to be particularly dramatic when compared with recent years, based on
surface water femperatures from data coillected at the Monterey buoy (36°45'11" N
122° 2521"W).

The dramatic difference in behavior between fall 2005 and fall 2006 did not
appear to be associated with the change in oceanagraphic conditions and could be
attributed to any number of other factors such as a change in prey availability or a
dramatic event such as a turbidity current. Future researchers should focus not
only on long-term multi-season acoustic monitoring of prickly sharks, but also the
collection of physical data at the head of the canyon. This will help to further
| describe the seasonal use of prickly sharks and will allow hypotheses to be tested
that can address the causal factors that may be influencing the behavior of
subadult prickly sharks in the upper reaches of the Monterey Canyon.

Subaduit prickly sharks tagged in this study had a year-round presence in
the upper reaches of the Monterey Canyon and exhibited a pronounced diel
movement pattern that was associated with day and night periods. Tagged sharks
exhibited the highest rates of horizontal movement during crepuscular periods.
Although there was individual variability among sharks, when sharks were within
range of the receiving array they were at the head of the canyon most often. The

head of the canyon was the most important habitat within the study area and was

used most often during the night which is likely associated with foraging behavior.

47



LITERATURE CITED

Amold G., H. Dewar. 2000. Electronic Tags in Marine Fisheries Research: A 30-
Year Prospective. in: J.R. Sibert & J.L. Nielsen (eds). Electronic tagging
and tracking in marine fisheries : proceedings of the Symposium on
Tagging and Tracking Marine Fish with Electronic Devices, February 7-11,
2000, East-West Center, University of Hawaii, vol 1. Kluwer Academic
Publishers, Dordercht Norwell, p 7-84.

Aguirre, H., V.J. Madrid & J.A_ Virgen. 2002. Presence of Echinorhinus cookei off
central Pacific Mexico. .J. Fish. Biol. 61:1403-1409.

Anderson, ME., G.M. Cailliet, & B.S. Antrim. 1979. Notes on some uncommon
deep-sea fishes from the Monterey Bay area, Califormia. Calif. Fish Game
65: 256-264,

Andrew, N.L. & B.D. Mapstone. 1987 Sampling and the description of spatial
pattern in marine ecology. Oceanog. Mar. Biol. Annu. Rev. 35: 39-90.

Barry, .P. & N. Maher. 2000. Observations of the prickly shark, Echinorhinus
cookei, from the oxygen minimum zone in the Santa Barbara Basin,
California, Cai. Fish. Game 86:213-215.

Bascompte, J.C., Melian, & E. Sala. 2005. Interaction strength combinations and
the overfishing of a marine food web. Proc. Natl. Acad. Sci. 102: 5443-5447 .

Beyer, H. L. 2004. Hawth's Analysis Tools for ArcGIS.
hitp:/Amrww spatialecology.com/hiools.

Bray R., M. Hixan. 1878. Night-shocker: predatory behavior of the Pacific electric
ray (Torpedo californica). Sci. 200:333-334.

Breaker, L.C, & W.W. Broenkow 1994, The circulation of Monterey Bay and
related Processes. Oceanogr. Mar. Biol. Annu. Rev. 32: 1-84.

Brito, J.L.. 2004. Presencia del Tiburon martillo Sphiyma zygaena
{Carchariniformes: Sphyrmidag} y nuevo registro del tiburdn espinudo
Echinorhinus cookei (Squaliformes: Squalidae) en San Antonio, Chile
central. Invest. Mar. Valparaiso. 32:141-144,

48




Bryan, J.D., S.W. Kelsch, & W.H. Neiill. 1990, The maximum power principle in
behavioral thermoregulation by fishes. Trans. Amer. Fish. Soc. 119:611-
621.

Carey F.G., JW. Kanwisher, Q. Brazier, G. Gabrielson, J.G. Casey, & H.L. Pratt
Jr. 1982. Temperature and activites of a white shark, Cacharodon
carcharias. Cop. 2:254-260.

Carey, F.G. & J.V. Scharold. 1990. Movements of the blue sharks, Frionace
giauca, in depth and course. Mare Bio. 106:329-342.

Carlson, J.K., K.J. Goldman , & C.G. Lowe. 2004. Metabolism, Energentic
Demand, and Endothermy. In: Carrier JC, Musik JA, and Heithaus MR
(eds} Biology of sharks and their relatives. CRC Press. Boca Raton, Fl. pp.
203-219.

Carr, M.H., T.W. Anderson, & M.A. Hixon, 2002. Biodiversity, population
regulation, and the stability of coral-reef fish communities. Proc. Natl. Acad.
Sci. USA 99:11241-11245.

Cartamil, D.P., J.J. Vaudo, C.G. Lowe, B.M. Wehterbee, & K.N. Holtand. 2003,
Diel movement patterns of the Hawaiian stingray, Dasyafls lala: implications
for ecological interactions between smypatric elasmobranch species, Mar.
Bio. 142:841-847.

Cartamil, D.P. & C.G. Lowe. 2004, Diel movement pattems of ocean sunfish Mola
mofa off southern California. Mar. Ecol. Prog. Ser, 266:245-253.

Carter, G.S. & M.C. Gregg. 2002. Intense, variable mixing near the head of
Monterey Submarine Canyon. J. Phys. Oceanogr, 32:3145-3165.

Champman, D.D., E.K. Pikitch, E.Babcock, & M.S. Shivji. 2005. Marine Reserve
design and evaluation using acoustic telemetry: A case-study involving
coral reef-associated sharks in the Mesoamerican Caribbean. Mar.
Technol. Soc. J. 38:42-55.

Collyer, R.D. 1853, The bramble shark (Echinorhinus brucus) at Guadalupe Island,
Mexico. Calif Fish Game 39:226.

49



Compagno, L.LV. 1884, Sharks of the world: An annotated and illustrated
bibliography of species known to date. FAO Species Catalogue No. 4, parts
1 and 2. FAO, Rome.

Cowen, R.K. 1983. The effect of sheephead (Semicossyphus ) predation on red
sea urchin (Sfrongylocentrotus franciscanus ) popuiations: An experimental
analysis. Oceol. 58:248-255.

Crane, N.L. & J.N. Heine 1992. Observations of the prickly shark (Echinorhinus
cookei) in Monterey Bay, California. Calif. Fish Game. 78:166-168.

Crow, G.L., C.G. Lowe, & B.M. Weatherbee. 1996. Shark Records from Longline
Fishing Programs in Hawai'i with Commentary on Pacific Ocean
Distributions. Pac. Sci. 50; 382-392.

Cunjak, R.A., J.-M. Roussel, M.A. Gray, J.P. Dietrich, D.F, Cartwright, K.R.
Munkittrick, & T.D. Jardine. Using stable isotope analyis with telemetry or
mark —~recapture data to identify fish movement and foraging. Oecol.
144.636-646.

Ebert, D.A. 2003. Sharks, rays, and chimaeras of California. University of
California Press, Berkley, CA, p 60-62.

Economakis A.E. & P.S. Lobel. 1998. Aggregation behavior of the grey reef shark,
Carcharhinus amblyrhynchos, at Johnston Atoll, Central Pacific Ocean.
Envir. Biol. Fishes. 51:129-139.

Frisk, M.G., T.J. Miller & M.J. Fogarty. 2001. Estimation and analysis of biological
parameters in elasmaobranch fishes: a comparative life history study. Can. J.
Fish. Aguat. 58:969-981.

Garrick, JA.F. 1860. Studies of New Zealand elasmobranchii, part 10. The genus
Echinorhinus, with an account of a second species, £. cookef Pietschmann,
1928, from New Zealand waters. Trans. R. Soc. NZ 88:105-117,

Garrick, J A F. & J.M. Moreland. 1968. Notes on a bramble shark, Echinorhinus
cooksi, from Cook Strait, New Zealand. Rec, Dominio. Mus. 6:133-138,

Greene, H.G., N.M. Maher, & C.K. Paull. 2002. Physiography of the

Monterey Bay National Marine Sanctuary and implications about continental
margin development. Mar. Geo. 181:55-82.

50



Greene, H.G., W.L. Stubblefield, & H.E. Theberge, Jr. 1988. Geology of the
Monterey submarine canyon system and adjacent areas, offshore central
California. U 5. Geological Survey, Open File Report 89-221, 33, 4 maps.

Gruber, S.H,, D.R. Nelson, & J.F. Morrissey. 1988. Patterns of activity and space
utilization of lemon sharks, in a shallow Bahamian lagoon. Bull. Mar. Sci.
43:61-76.

Hamilton W.J. & K.E. Watt. (1970) Refuging. In: R.F. Johnston, P.W, Frank, C.D.
Michener (eds). Annu. Rev. Ecol. Syst.. 1:263-287.

Hatcher, GG, 1997. ArcNav Real-Time Extention (V1.0) for ArcView (V3.0a).
Monterey Bay Aquarium Research Institute, Moss Landing, CA.

Heithaus, M.R., L.M. Dill, G.J. Marshall, & B. Buhleier. 2002. Habitat use and
foraging behavior of tiger sharks (Galeocerdo cuvier) in a seagrass
ecosystem. Mar Biol 140:237-248.

Heithaus, M.R. 2004, Predator-prey interactions. In: J.C. Carrier, J.A. Musik, &
M.R. Heithaus (eds). Biology of sharks and their relatives. CRC Press, Boca
Raton, FL. p 487-522.

Heupel, M.R., C.A. Simpfendorfer, & R.E. Hueter. 2004. Estimation of shark home
ranges using passive monitoring techniques. Envir. Bio. Fishes. 71:145-
142,

Holland, K.N., A. Bush, C.G. Meyer, S. Kaijiura, BW. Weatherbee, & C.G. Lowe.
2001. Five tags applied to a singie species in a single location: the tiger
shark experience In; J.R. Sibert & J.L. Nielsen (eds). Electronic tagging and
tracking in marine fisheries : proceedings of the Symposium on Tagging
and Tracking Marine Fish with Electronic Devices, February 7-11, 2000,
East-West Center, University of Hawaii, vol 1. Kluwer Academic Publishers,
Dordercht Norwell, p 237-247,

Holland, K.N., B.M. Wetherbee, J.D. Peterson,& C.G. Lowe. 1993. Movements
and distribution of hammerhead shark pups on their natal grounds. Cop.
2:495-502.

Hooge, P.N., W.M. Eichenlaub, & E.K. Solomon. 2000a. Using GIS to Analyze
Animal Movements in the Marine Environment.
hitp:/Awww.absc.usgs.gov/alba/gistoolsfanim mov useme, pdf.

51



Hooge, P.N. & Eichenlaub W.M. 2000b. Animal movements extension to ArcView.
Alaska Biological Center, US Geological Survey, Anchorage.

Hubbs, C.L. & F.N. Clark. 1845. Occurrence of the bramble shark {(Echinorhinus
brucus) in California. Cailf Fish Game 31:64-67.

Humston R, J.S. Ault, M.F. Larkin, & J. Luo. 2005. Movements and site fidelity of
the bonefish Albula vulpes in the northern Florida Keys determined by
acoustic telemetry. Mar. Ecol. Prog. Se.r 281:237-248.

ikehara, L1. 1961. Billy Weaver shark research and control program final report.
Division of Fish and Game, Department of Agriculture, State of Hawa'i,
Honolult.

Jadot, C., A. Donnay, M.L. Acolas, Y. Cornet, & M.L. Begout Anras. 2008, Activity
patterns, home-range size, and habitat utilization of Sarpa salpa (Teleoster:
Sparidae) in the Mediterransan Sea. ICEAS J. Mar. Sci. 83:128-139.

Klimley, A.P. 1984. Diel movement patterns of the scafloped hammerhead shark
(Sphyrna lewiry) in refation to Ef Bajo Espiritu Santo: a refuging central-
position social system. Behav. Ecol. Sociobiol. 15:45-54.

Klimley, A.P. 1987. The determinants of sexual segregation in the scalloped
hammerhead. Sphyma lewini. Env. Biol. Fish. 18: 27- 40.

Kobayashi, H. .1986. Studies of deep-sea sharks in Kumano-nada region. Bull.
Fac. Fish. Mie Univ. 13:25-133.

Kohler, N.E. & P.A. Tumer. 2001. Shark tagging: a review of conventional methods
and studies. Envir. Bio. Fishes. 60:191-223.

Lowe, C.G., D.T. Topping, D.P. Cartamil , & Y.P. Papastamtiou. 2003. Movement
paiterns, home range, and habitat utilization of aduit kelp bass Paralabrax
clathrus in a temperate no-take marine reserve. Mar. Ecol. Prog. Ser.
256:205-216.

Lowe, C.G., B.M. Weatherbee, & C.G. Meyer. 2006. Using acoustic felemetry
monitoring techniques to quantify movement patterns and site fidelity of
sharks and giant trevally around French Frigate Shoals and Midway Atoll.
2006. Atoll Res, Bull. 543:281-303.



Lotka, A.J. 1922. Contribution to the energetics of evolution. Proc. Nat. Acad. Sci.
8: 147-151.

Matern, S.A., J.J. Cech Jr., T.E. Hopkins. (2000). Diel movements of bat rays,
Myliobatis californica, in Tomales Bay, California: evidence for behavioral
thermoregulation? Envir. Biol. Fishes. 58:173-182.

McLaughlin, R.H. & A K. O'Gower. 1971. Life history of underwater activities of a
heterodont shark. Ecol. Monogr. 41:271-289.

Melendez, C.R.& R.S. Menses. 1986. Tiburones del talud continental entre Arica
(18°25'S) e Isla Mocha (38°15’S) Chile. Biota 1:118.

Meyer, C.G. & K.N. Holland. 2005. Movement patterns, home range size and
habitat utilization of the bluespine unicornfish, Naso unicomis
(Acanthuridae) in a Hawaiian marine reserve. Envir. Biol. Fishes. 73:210-
210.

Neil, W.H. 1979. Mechanisms of fish distributions in heterothermal environments.
Amer. Zool. 19;305-317.

Nelson D.,R.Johnson. 1970. Diel activity rhythms in the nocturnal bottom-
dwelling sharks,Heterodontus francisci and Cephaloscyllium ventriosum.
Copeia. 1970:732-739.

Nelson D., R. Johnson. 1980. Behavior of the reef sharks of Rangiroa, French
Polynesia. Natl. Geogr. Soc. Res. Rep. 12:479-499.

Nelson, D.R., J.N. McKibben, W.R. Strong Jr., C.G. Lowe, J.A. Sisneros, D.M.
Schroeder, & R.J. Lavenberg. 1997. An acoustic tracking of a megamouth
shark, Megachasma pelagios: a crepuscular vertical migratory. Envir. Biol.
Fishes. 49:389-399.

Okey, T. 1999. Natural Disturbances and benthic communities in Monterey
Canyon head. Thesis, San Jose State University p 97.

Odum, H.T. 1883. Systems ecology: an introduction. Wiley, New York

Pietschmann, V. 1930. Remarks on Pacific Fishes. Bernice P. Bishop Museum
73:1-6.

53



Reisewitz, S.E., J.A. Estes, & C A Simenstad. 2006. Indirect food web
interactions: sea ofters and kelp forest fishes in the Aleutian archipelago.
Oecol. 146: 623-631.

Ruckstuhl, K., & P. Neuhaus. 2000. Sexual segregation in ungulates: a new
approach. Behviour. 137:361-377.

Sciarrotta, T.C. & D.R. Nelson. 1877. Diel behabior of the blue shark, Prionace
glauca, near Santa Catalina, California. Fish. Bull. 75:519-528.

Seaman, D.E. & R.A. Powell. 1996. An evaluation of the accuracy of kernel density
estimators for home range analysis. Eco. 77:2075-2085.

Seaman, D.E., J.J. Millspaugh, B.J. Kernchan, G.C. Bundige , K.J. Raedeke, &
R.A, Gitzen. 1909. Effects of sample size on kernel home range estimates.
J. Wildl. Manage. 63:738-747.

Shears, N.1. & R.[. Babcock. 2002, Marine reserves demonstrate top-down control
of community structure on temperate reefs. Oecol. 132:131-142.

Simprendofer, C.A., M.R. Heupel, & R.E. Hueter. 2002. Estimation of short-term
centers of activity from an array of omnidirectional hydrophones and its use
in studying animal movements. Can. J. Fish. Agquat. Sci. 53;23-32,

Sims, D.W., J.P Nash, & D, Morritt. 2001, Movements and activity of male and
female dogfish in a tidal seatl lough: alternative behavioral strategies and
apparent sexual segregation. Mar. Biol. 139: 1165 - 1175,

Sims, DW., E.J. Southall, V.J. Wearmouth, N. Hutchinson, C.G. Budd & D. Morrit.
2005, Refuging behaviour in the nursehound Scyliorhinus steilfaris
{Chondrichthyes: Elasmobranchii): preliminary evidence from acoustic
telemetry J. Mar. Biol. Assoc. UK. 85:1137-1140.

Sims, D.W. 2005b. Differences in habitat selection and reproductive strategies of
male and female sharks. In: K.E. Ruckstuhl & P. Neuhaus (eds) Sexual
segregation in vertebrates. Cambridge New York Melbourne Madrid Cape
Town Signapore Sao Paulo, pp 127-147.

Smith, D.P., G. Ruiz, R. Kivitek, & P.J. lampietro. 2005. Semiannual patterns of

erosion and deposition in upper Monterey Canyon form serial multibeam
bathymetry. GSA Bull. 117: 1123-1133.

54



Spencer, S.R., G.N. Cameron, & R.K. Swihart. 1990. Operationally defining home
range: temporal dependence exhibited by hispid cotton rats. Ecol. 71:1817-
1822.

Springer, S. 1967. Social organization of shark populations. In: P.W. Gilbert,
R.F. Matherwson, & D.P. Rall (eds). Sharks, skates, and rays. Johns
Hopkins Press, Baltimore. pp. 149-174.

Standora E., D. Nelson. 1976. A telemetric study of the behavior of free-
swimming Pacific angel sharks, Squatina californica. Bull. S. C. Acad. Sci.
76:193-201.

Starr, R.M., J.N. Heine, J.M. Felton, & G.M .Cailliet. 2002. Movements of
boccacio (Sebastes paucispinis) and green spotted (S. chlorostictus)
rockfishes in a Monterey submarine canyon: implications for the design of
marine reserves. Fish. Bull. 100:324-327.

Starr, R.M., V. O’Connell & S. Ralston. 2004. Movements of lingcod (Ophiodon
elongatus) in southeast Alaska; potential for increased conservation and
yield from marine reserves. Can. J. Fish. Aguat. Sci. 61:1083-1094.

Stokesbury, M.J.W., C. Harvey-Clark, J. Gallant, B.B. Block, & R.A. Myers. 2005.
Movement and environmental preferences of Greenland shark (Somniosus
microcephalus} electronically tagged in the St. Lawrence Estuary, Canada.
Mar. Bio. 148:159-165.

Sundstroem, L.F. & S.H. Gruber. 1998. Using speed-sensing tramsmitters to

construct a bioengertics model for subadult lemon sharks, Negaprion
brevirastris (Poey), in the field. 1998. Hydobio. 371-372:241-247.

Swihart, R.K. & N.A. Slade. 1985. Testing for independence of observations in
animal move?ments. Eco. 66:1176-1184.

Swihart, R.K. & N.A. Slade. 1997. On Testing for independence of animal
movements. J. Ag. Bio. Enviro. Stats. 2:48-63.

Taniuchi, T. & F. Yanagisawa. 1983. Occurrence of the Prickly Shark,
Echinorhinus cockei, at Kumanonada, Japan. Jap. J. Ichthyol. 29:465-468.

55



Topping, D.T., C.G. Lowe, & J.F. Caselle. 2005. Home range and habitat
utilization of adult California sheephead, Semicossyphus puicher
(Labridae), in a temperate no-take marine reserve. Mar. Bio. 147:301-311.

Varoujean, D.H. 1972. Systematics of the genus Echinorhinus Blainville, based on
a study of the Prickly Shark, Echinorhinus cookei Peitschmann. Master's
thesis, Fresno State College, Fresno, CA.

Voegeli, F.A., M.J. Smale, D.M. Webber, Y. Andrade & R.K. O'Dor. 2001.
Ultrasonic telemetry, tracking and automated monitoring technology for
sharks. Envir. Bio. Fishes. 60:267-281.

Worton, B.J. 1987. A review of models of home range for animal movement. Ecol
Model. 38:277-298.

Worton, B.J. 1989. Kernal methods for estimating the utilization distribution in
home ranges studies. Ecol. 70:164-168.

Yano, K. & S. Tanaka. 1986. A telemetric study on the movements of the deep sea
squaloid shark, Centrophus acus. 2. Int. Conf. on Indo-Pacific Fishes,
Tokyo (Japan}, 29 Jul-Aug 3 1985. Uyeno, T.; Arai, R.; Taniuchi, T ;
Matsuura, K. (eds).

Zeller, D.C. 1997. Home range and activity patterns of the coral trout Plectorpomus
leopardus (Serranidae). Mar. Ecol. Prog. Ser. 154:65-77.

56



TABLE 1. Summary of prickly shark catch-per-unit effort (sharks h™) and sex ratio
at the head of the Monterey Canyon {< 80 m water depth) from February — August
2006. Not all sharks that were hooked were landed successfully, when this
occurred, the sex was undetermined and is reported as unknown (UKN). Trips
indicates the number of fishing trips undertaken that month and Time indicates
whether the trip occurred during the day or night.

Sharks Sex Ratio

Month CPUE Hours Trips hooked Time FIMIUNK
February 0.00 33 1 0 Day G000
March 018 22.3 7 4 Day 4.0:0
April 0.00 18.3 5 0 Day G.a:0
May 0.894 7.4 4 7 Night 3:0.4
June 0.41 4.9 2 2 Night 011
July 0.42 14.4 5 g Night 3:3.0
August 1.07 5.5 2 7 Night 33:1
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TABLE 2. Acoustic tag type, date tag was deployed, projected end of battery life estimated by manufacturer,
and the tracking type, sex, and total length (TL) of tagged sharks. Tracking type indicates the type of acoustic
tracking or monitoring that was used for each tag. Monitoring was completed using moored receivers, manual
tracking was completed with a hydrophone via a surface vessel, and archival monitoring was done using two-
way communication via a specialized acoustic tag and moored receiver. Last detected indicates the date when
that shark was last detected by acoustic monitoring. All tracking and monitoring activities were completed by

13 September 2006.
Vemeco
tag Battery Date TL End of Last Days
Shark  type life (d}) deployed Tracking type Sex {(cm) battery life detected monitorad
1 V18 1442 3/1/2005 Monitoring F 217  210/2008  7/26/2008 504
2 V16 1442  3/12/2005 Monitoring F 225 212172009 9/7/2008 493
3 V16 1442  5/12/2005 Monitoring F 180 4/23/2008  ©/13/2006 432
4 V16 439 5{12/2005 Monitoring F 184  7/25/2006  8/15/2006 432
5 Vi6 439 5/24/2005 Monitoring M 176 9/6/2006 81712006 389
6 V16 439 712712005 Monitoring M 170 10/9/2008 9/5/2006 356
7 V16 439 7/28/2005 Monitoring M 200 10/10/2006  8/14/2008 355
8 Vals 439 8/9/2005 Monitoring F 176 10/22/2008  8/11/20086 343
9 V16 100 5/13/2005 Active & Monitering  F 250 Bf21/2005 8/23/20085 101
10 V18 100 8/10/2005 Active & Monitoring  F 220 11/18/2005 12/10/2005 123
11 V16 100 8/10/2005 Active & Monitoring M 178 11/18/2005  12/11/2005 123
12 V16 100 8/10/2005 Active & Monitoring M 184 11/18/2005  12/8/2005 123
Not
13 CHAT 365 7126/2005  Archival Monitoring  F 270 7/26/2008 detected 09
Not
14 CHAT 365 7/27/20058  Archivai Monitoring  F 225 7/27/2006 detected 9¢
Archival
15 CHAT 365 8/9/2005 Monitoring F 198 B8/9/2006 8/18/2005 99
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TABLE 3. Data summary for sharks tagged with continuous transmitters and manually tracked in the Monterey
Canyon, between September and November 2005. Hours iracked are the total numbers of hours spent
actively tracking each shark from a surface vessel. A tracking block was equal to a 6 h period. Initially tracking
blocks were allocated throughout a 24 h period. Towards the end of the ballery life of the continuous
transmittars, tracking blocks were reapportioned to concentrate on crepuscular periods (Crepuscular).
Tracking dates are reported as the first and last date an individual shark was detected from a surface vessel.

Blocks (h)
24 h Crepuscular Dates Tracked {mm/dd/yy)
Length Hours Tracked
{em)  Sex Dale tagued {h} {0:00/6:00/12:00/18:00%  1800-2200 £200-0800 Start End
220 F D8/10/05 §1.00 181010412 g G 08/04/05 11714105
184 M 08/10/05 62.75 1879712112 i} 6 09/04/05 11/13/08
178 M 08/10/05 51.75 201811212 4] 0 09/G4/05 11107/05




TABLE 4. Summary of the initial deployment date of VR2 receivers, the date each
receiver was pulled from the study site, the number of times the receiver was
retrieved and downloaded, the days not monitored during the study period when
receiver was missing, and the total days monitored.

Days not  Total days

Date menitored  monitored
Receiver deployed Datepulled Reirievals {d) {d}
1 3M1/20058  9M13/2008 12 57 504
2 31872005 9M12/2006 5 245 303
3 92008 91212008 g 0 553

60



TABLE 5. Proportion of total receptions at each receiver during each of the four
diel activity periods (Day = 0800 - 1730 h, Dusk = 1730 ~ 1930 h, Night = 1930 —
0600 h, Dawn = 0600 — 0800 h). Totai proportion of detections for all daylight
(DAY = Day + Dawn) and nighttime (MIGHT = Night + Dusk} hours is also
reporied.

Receiver
1 2 3
Dawn 77% 8.9% 8.5%
Day 26.0% 556% 47.8%
Total DAY 33.7% B84.5% 54.1%
Dusk . 8.4% 8.2% 9.1%
Night -~ 580% 274% 36.8%

Total NIGHT ~ 66.3% 35.5%  45.9%
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TABLE 6. Number and percentage of positional fixes obtained from manual
tracking techniques that were located within the boundaries of the head of the
Monterey Canyon (< 80 m) and total fixes recorded for each shark during manual
tracking operations.

Fixes
within

Head of Percentage at
Tag no. the Total Head of the
10 Canyoen Fixes Canyon
NIGHT 123 154 79.9%
DAY 95 100 95.0%
DAWN 49 49 100.0%
DUSK 29 29 100.0%
TOTAL 296 332 88.2%

Tag no.

11

NIGHT 103 132 78.0%
DAY 5] 120 5.0%
DAWN 16 48 33.3%
DUSK 6 13 46.2%
TOTAL 131 313 41.9%

Tag no.

12

NIGHT 140 172 B81.4%
DAY 28 124 22.6%
DAWN 10 34 29.4%
DUSK 19 32 59.4%
TOTAL 197 362 54.4%
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TABLE 7. Total detections at VRZ receivers by month. Fishing operations occurred between 1 March 2005
and 10 August 2005 and are denoted by vertically oriented texd. All sharks were tagged by 10 August 2005
and horizontally oriented text indicated months where all sharks were tagged. Data collection for all receivers
began in March 2005 and continued through September 2006. Data collected from Receiver 2 between March
and May 2005 are shown in gray font italics as the receiver did not surface on 24 May 2005 and washed up on
a beach north of the study site in early June 2005. Data collected during this period are difficult to interpret
because the date the receiver came off the bottom is not known. Receiver 1 was missing between 2/22/2005
and 4/20/2005, Receiver 2 was missing between 6/6/2005 — 10/10/2005 and 2/12/2006 — 8/15/2006 data from
these periods are indicated in gray font.
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TABLE 7. Continued
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TABLE 7, Continued.
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TABLE 7. Continued.
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TABLE 7. Coniinued
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TABLE 8. Mean rate of movement {ROM) for 2 males and 1 female tracked manually. The greatest ROMs
were observed during the Dawn period and are underlined and shown in bold text.

Day (0800-1730) .- Dusk {1730-1930) - - Night (1830-060¢) - Dawn (6600-6800)

Average ROMmmin”  Average ROMmmin®  Average ROM m min™

AversgeROM_ m r_‘é%n“’
Shark ID#  Sex  +SE/Samplesize (n) =+ SE/ Sample size {n)

+ 8E/ Sample size (n)  #SEJ/ Sample size {n}
10 F 6.43£071/90 7.80+086/33 9.40 +0.58 / 153 | 9ATE14B144
11 M 5.34 +0.80 /115 17.72 4 2.80 /11 8.35 £ 0.58 /129 19.51 £ 2,531 38
12 M 11.21+ 0.98/ 119 10,40 £ 1.62/ 32 10.10 + 0.57 / 168 16.38 £3.46 1 27
Alisharks - 9.22 £0.51/ 324 10.37 £0.97/75 . 9.36 £ 0.33 / 451 14.69 £ 1.42 /110
11&12  2M 10.29 £ 0.64 /234 0.65 + 1.47 /.43 9.34 +0.42 /297 18.17 £ 2.06 1 66
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FIGURE 1. Study area with detail of the upper reaches of the Monterey Canyon,
located adjacent to Moss Landing, CA. Depth is indicated by increasingly darker
shading. Bathymetric data used in map were acquired, processed, archived, and
distributed by the Sea Floor Mapping Lab of Calfornia State University Monterey
Bay.
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FIGURE 2. Close up of the head of the Monterey Canyon. Fishing operations took
place within the circled area from March — August 2005. Five drop lines were
deployed for 40 — 50 min sets. Contour lines are 5 m isobaths. Data were
acquired, processed, archived, and distributed by the Sea Floor Mapping Lab of
California State University Monterey Bay.
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FIGURE 3. Locations of receivers moored in the axis of the Manterey Canyon.
See Table 4 and text for detailed description of deployment dates.
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FIGURE 4. Location of VR2 receiver deployment locations with the percent of
total detections recorded at each receiver for the 8 sharks with coded transmitters
when all three receivers were deployed (10/10/05 - 2/12/06 & 6/15/06 - 9/12/06).
Receivers in the array were lost during some periods during the study period and
no data were collected during those times. The fotal detections for the two time
period when all three receivers were deployed was 572,188.
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FIGURE 5. Mean depth anomaly for 2 male and 2 fernale sharks monitored with
the VR20 receiver. The average depth for each shark was calculated for the entire
monitaring period and then the average hourly depth was subtracted from that
value. The grand mean was taken for all 4 sharks and is reported as the hourly
mean depth anomaly + SE. Dawn (0600 — 0800) and Dusk (1730 — 1930) are

indicated by grey shading.
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FIGURE 6. CHAT archival tag data for female prickly shark {Tag no. 15). The x-
axis is 24 h time, 00:00 represents midnight and 24:00 represents midnight of the
next day. The y-axis is the average hourly depth in meters of the tagged shark.
Each of the nine series of data poinis has a unigue symbol to indicate the day on
which the data were collected. Each symbol represents the average depth of the
shark for the previous hour. These data were archived into the CHAT tag memory
and successfully uploaded when the shark was in range of the moored CHAT
receiver,
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FIGURE 7. Representative monthly plots of signal detections at Receiver 1. Each symbol represents a detection of
a tagged shark within the range of Receiver 1. The x-axis is a 24 h time period and the y-axis represents each day
of the month. Representative plots on the left are from a female (Tag no. 8) and plots on the right are from a male

(Tag no. 5). The upper set of plots iHustrate the inshore/offshore habitat use pattern and the lower plots represent
the residency at the head of the canyon habitat use pattem,
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FIGURE 8. Seasonal habitat uses of sharks at the head of the Monterey canyon (< 80 m depth). Each symbol
indicates a day in which Receiver 1 recorded the presence of an individual shark at the head of the canyon at least
twice during that day. The plus signs indicate the date the shark was tagged. The shaded box indicates a pericd of
time where the receiver was missing from 22 February — 20 April 2006 and the solid dark vertical line indicates
when the receiver was pulled at the end of the study on 13 September 2006. Sharks no. 1 — 4 & 8 are females and
sharks no. 5 — 7 are males.
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FIGURE 8. Total detections of signals recorded at Receiver 1 moored at the head of the Monterey Canyon by
month. Sharks were tagged between 1 March 2005 and 10 August 2005. The shaded box indicates a period
of time in which Receiver 1 was missing (22 February — 20 April 2008). The detections in the chart for
February 2006 and April 2008 were recorded prior to 22 February 2008 and after 20 April 2008 when there
was a working receiver deployed.
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FIGURE 11. (a) The 50, 75, & 90% kernal utilization distributions (KUD) for a 178
cm (TL) rale prickly shark (Tag no. 11). (b) Individual locational fixes obtained by
manual tracking of shark no. 11 are shown for Day (0600 — 1730 h) and Night
(1730 - G600 h} tracking periods. Dark gray contour is the 90% KUD, the lighter
gray contour is the 75% KUD, and the white contour is the 50% KUD.
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FIGURE 12. (a) The §0, 75, & 90% kernal utilization distributions (KUD) for a 184 cm
{TL) male prickly shark (Tag no. 12). {b) (b) Individual locational fixes obtained by
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APPENDICES

APPENDIX 1 - Detailed acoustic and external tag information

Study Tag Total VIMS
Shark | Serial | iDor | Freg. | Depth Length Date externai
iD # Code | (kHz) | sensor Tracking type Sex | {cm) deployed fag Battery dies
1 9501 5 69 No _ VR-2 F 217 3/1/2005 none | 2/10/2009
279503 | 7 :v8g | Neo VR-2 CF | 225 |-3/12/2005 | 171015 | 2/21/2009
3 9054 | 8 69 No VR-2 F 190 | 5/12/2005 | none | 4/23/2009
4| 950074 B9 ] NG L VR-2 R | 184 [ 75/12/2005 ¢ | 171013 | 7/25/2006
9 1793B | 2 | 63 Yes VR-60, VR-20 F 250 | 5/13/2005 | none | 8/23/2005
5 lgda7 |- 1 8] Ne |l VR-2 M 1787 | 612412005 | 1710147 91612006
@ 13 | 4731B| 15 | 328 | Yes CHAT F 270 | 7/26/2005 | 171016 | 7/26/2006
14" |'5005B | 31328 | Yes | CHAT F 225 | 7/27/2005 | 171018 | .7/27/2006
6 9499 | 3 69 No VR-2 M 170 | 7/27/2005 | 171017 | 10/9/2006
7 |1790B | 34|69 | ‘No - VR-2 M 200 | 7/28/2005 | 171020 | 7/28/2006
15 | 5006B | 47 | 32.8 | Yes CHAT F 198 8/9/2005 | 171022 | 8/9/2006
8 |'9498 | 2] &9 No VR-2. L F .| 175 | 8/9/2005 | 171021 | 10/22/2006
10 | 1795B | 4 78 Yes VR-60, VR-20 F 220 | 8/10/2005 | 171012 | 11/18/2005
11 1794B | -3 |75 | Yes VR-60, VR-20 M 176 .| 8/10/2005 | 171018 | 11/18/2005
12 | 1792B| 12 | 54 Yes VR-60, VR-20 M 184 | 8/10/2005 | 171023 | 11/18/2005
N/A L o External tag ONLY ' ' ‘M | 164 | 8/10/2005 | 171024 N/A
N/A External tag ONLY M 177 | 10/9/2006 | 171027 N/A
N/A | - el External tag ONLY M 181 | 10/9/2006 | 171032 NAA
N/A External tag ONLY M 172 | 10/9/2006 | 171033 N/A
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APPENDIX 3 - Temperature profile of the water column during fishing operations
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APPENDIX 3 - Continued
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APPENDIX 3 - Continued
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