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Abstract

automated listening stations.

forth between the sites.

Background: Sevengill sharks are common inhabitants of estuaries and coastal areas and particularly abundant in
San Francisco Bay (SFB). There is limited knowledge about the level of residency and migratory movements of this
species. We describe the degree of residence of sevengill sharks in SFB and nearby locations, using ultrasonic tags and

Results: Sevengills showed a high degree of residency in SFB, particularly to the Golden Gate (GG) area where they
have a strong site preference, both seasonally and inter-annually. Site fidelity was also the highest at the GG. In sharks
with deployment times longer than 300 days, we found that > 80% of visits of all mature males were at GG, 80% of
visits of a single mature female occurred there, > 85% of visits of most juvenile males, and > 70% of visits of most
juvenile females. At GG, sharks moved into the range of the receiver day and night without a strong preference for a
particular time of the day, which implies movements up and down the area day and night. At most other locations
within the bay, sharks were present during daytime hours, while at Point Reyes during nighttime hours. Sharks moved
into SFB during early spring and summer, and moved out of SFB to Point Reyes during late spring and fall. Three sev-
engill sharks migrated roughly 800 km southeastward along the coastline from SFO, one making three trips back and

Conclusions: There was strong evidence of residency of sharks within SFB, and sharks repeatedly returned to the
same region of the bay with some sharks making long-distance movements.

Background

The movements of fish in and around estuaries have been
studied extensively for anadromous species (salmons and
sturgeons) and to a lesser degree for catadromous spe-
cies (e.g., eels). For example, the rates of movement have
been described in the San Francisco Bay (SFB) Estuary of
downstream migrating late-fall run of the anadromous
Chinook salmon [1] and steelhead trout [2]. The move-
ment patterns of green sturgeon have also been described
within the same estuary [3]. However, little is known
about the movements and habitat utilization of elasmo-
branchs within estuaries (e.g., [4, 5]). This is because few
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sharks such as the bull shark and dasyatid rays tolerate a
wide range of salinities (see Chap 4 in [6]).

Sevengill sharks, Notorhynchus cepedianus, inhabit
coastal and shelf waters. This species is common within
or adjacent to shallow bays in temperate waters. Adult
sevengills are common inhabitants of estuaries and bays
from southeastern Alaska to the southern end of the Baja
Peninsula, and a population exists within the northern
Gulf of California [7]. The adults are caught along the
continental shelf to a depth of 136 m [8]. Although adults
are commonly captured in Humboldt and San Francisco
Bays at certain times of the year, it is not yet known
whether they are resident year round and what portion
of the population leaves the bays and migrates along the
coastal shelf [7]. In this study, we determined the degree
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of residence and extent of movements of sevengill sharks
tagged in SFB.

Methods

Study site

SFB is large and complex estuary encompassing shallow
and deep waters heavily influenced by tidal flow (Fig. 1).
For this reason, there are a number of different habitats
are present within the bay such as salt marshes, shallow
flats, and deep channels. It is the largest estuary of the
western coast of North America.

Ultrasonic transmitters and automated receivers

Twenty coded transmitters (V16-4H, Vemco Ltd., Hali-
fax) were placed on 15 male and five female sevengill
sharks, with one coded transmitter equipped with
pressure sensor (V16P-4H, Vemco Ltd., Halifax) on a
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female, during July, August, and September 2008. This
tag, 71 mm long with a diameter of 16 mm, produced a
69-kHz signal with a power output of 158 dB re 1 pPa
at 1 m and had a rated life of 1350 days (3.7 years). The
intervals between the coded pulse bursts varied pseudor-
andomly from 45 to 90 s with a nominal delay of 60 s. A
coded beacon was detected at a range of 500 m from an
autonomous receiver (VR-02, Vemco Ltd, Halifax) under
ideal transmission conditions, i.e., during slack tide when
suspended 5 m below a flat sea surface at the mouth of
San Francisco Bay with a depth of > 30 m. The range
would be expected to decrease in the presence of higher
seas, which produce higher levels of ambient noise, which
would reduce the sensitivity of the receiver. Furthermore,
the receivers might tilt in the presence of strong currents
during outwardly flowing ebb and inwardly flowing flood
tags. Due to the highly dynamic nature of this variable,
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we refrained from trying to relate the swimming move-
ments of the sharks to flows. This is being done based on
actively tracking individual sharks by a vessel, over mul-
tiple tidal cycles, and relating the movements observed
to flows predicted using a tidal model (Buckhorn et al. in
prep.). The tags were placed within the peritoneal cavity
by performing a small incision, 2.5 cm wide, in the ven-
tral surface of the shark’s body. The incision was closed
with three sutures made of absorbable material. Handling
time was kept under 7 min. All sharks were captured and
released near Alcatraz Island (see Fig. 1).

An array of over 150 automated receivers (VR2W,
Vemco Ltd., Halifax) deployed and managed by UC Davis
and the National Marine Fisheries Service (californiafish-
tracking.ucdavis.edu/) was maintained in the San Fran-
cisco Estuary to detect coded transmitters on multiple
species, including the sevengill shark. Whenever a tagged
shark swam within a range, the receiver recorded the
coded identity of the shark paired with a date and time of
its passage. There were arrays of receiver deployed across
the bay at the Benicia, Carquinez, San Rafael/Richmond,
Bay, Golden Gate Bridges, and between Raccoon Island
and Tiburon. There were two near Alcatraz Island. There
were also cross-channel arrays of receivers in San Pablo
Bay (SP) near disposal sites.

Data analyses

Files of detections of sevengill sharks were downloaded
from the automated receivers and entered into the data-
base maintained by members of the Biotelemetry Labo-
ratory at the University of California, Davis. The database
was queried for tag detections using MS Access, and the
data were imported into MS for analysis. The tag data
were displayed both in rectilinear and in circular plots
and analyzed using circular statistics using software (Ori-
ana 2.0). The Rayleigh test was used to determine the
non-random concentration of detections in the temporal
graphs [9].

We conducted an analysis of arrivals to identify any
rhythmicity to arrival patterns during the diel cycle and
throughout the 3 years of the study period (2008-2010).
For this analysis, all time intervals of less than 15 min
were considered part of a single visit, and intervals of
15 min or more were regarded as a different visit. Sea-
sonal movements were also analyzed using a wave
power analysis [10]. This decomposes a time series into
time—frequency space to determine dominant modes of
variability and their variation in time. The output of the
wavelet analysis is the wavelet power spectrum, which is
similar to the Fourier power spectrum. The global wave-
let spectrum provides an unbiased estimation of the true
power spectrum of a time series. We organized one-year
datasets into daily detection bins and ran the analysis on
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the datasets separately for each location. The analysis
was performed with the wavelet software (http://paos.
colorado.edu/research/wavelets/software) in MATLAB
(Mathworks Inc., Natick, MA).

The data are displayed in the following way. On the left
is the wavelet power spectrum (WPS), which consists
of the periods between detections plotted as a function
of time of year. A random distribution of arrival inter-
vals would exist outside of the black contours, which are
regions of 95% confidence interval level, and uncertainty
exists if the color contours are below the dashed line that
extends from the beginning of the period over which the
shark was followed to its end. To the right of each WPS is
the global wavelet spectrum (GWS), which indicates how
the periods of detection, indicated by the solid line, dif-
fers from a random distribution, indicated by the dashed
line.

Results

Residency and site fidelity

Twenty-one sevengill sharks were tagged near Alcatraz
Island (Table 1). Many of these sharks exhibited sea-
sonal and inter-annual site fidelity. Fifty-two percent of
these sharks were detected repeatedly over a period of
3 months within SFB during 2008, 42% were detected
continuously for seven or more months during 2009, and
19% were detected persistently for six or more months
during 2010. After being tagged during 2008, all 21 sharks
were detected daily at the Golden Gate East (GGE) array
for periods of half a month to six months (see gray tri-
angles, Fig. 2). The same individuals were detected at
Golden Gate East (GGE) on a daily basis during the same
summer—fall periods during 2009 and 2010 (see Figs. 3,
4). Again, this pattern was exhibited by all sharks. For
example, sharks remained a median of 45 and 47 days in
2008 at Golden Gate East (GGE) and Golden Gate West
(GGW), respectively, 62 and 66 days in 2009 at GGE and
GGW, and 68.5 and 71 days in 2010. The median number
of days at Alcatraz Control was 2 in 2008, 26 in 2009, and
33 in 2010. The sharks visited other locations less than
ten days during 2008-2010, except San Pablo Shipping
Channel with 22 days in 2009.

There was a difference in where the adult and juvenile
sevengill sharks resided within the bay (Fig. 5). The five
adult males swam mainly at the mouth of the bay. Note
that the five adult male sharks, SG1-SG5, were detected
with large fractions of visits ranging from 0.40 to 0.45 of
the total detections at both GG East and West, and with
small fractions ranging from 0.02 to 0.1.3 at the nearby
Alcatraz and Alcatraz Control sites. The adult males
rarely ventured farther into the bay, with only 0.01 of
the detections in the northern bay by monitors at Rac-
coon Straits and only 0.01-0.02 of the detections at
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Table 1 Sevengill sharks tagged from July to November 2008 near Alcatraz Island

No. ID Date of tagging Total length (cm) Sex (M, F) Adult (A), juvenile (J)
1 SG1 July 17,2008 177 M A
2 SG2 July 18,2008 236 M A
3 SG3 July 28,2008 210 M A
4 SG4 August 12, 2008 188 M A
5 SG5 August 13, 2008 176 M A
6 SG6 September 8, 2008 102 M J
7 SG7 September 8, 2008 153 M J
8 SG8 September 8, 2008 135 F J
9 SG9 October 8, 2008 159 M J
10 SG10 October 8, 2008 147 M J
11 SG11 October 8, 2008 140 M J
12 SG12 October 8, 2008 132 F J
13 SG13 October 8, 2008 142 F J
14 SG14 October 9, 2008 157 M J
15 SG15 October 9, 2008 127 M J
16 SG16 October 9, 2008 139 M J
17 SG17 October 9, 2008 89 F J
18 SG18 October 9, 2008 148 M J
19 SG19 October 9, 2008 133 F J
20 SG20 October 9, 2008 142 M J
21 SG21 November 8, 2008 293 F A

gg A& @& AT & WAlcatraz
19 h—-_ A A CHZD— (e o) @ mAlcatraz control
18 ©Bay Bridge East
1; —‘.‘__@ 2 2 -0 EE ©Bay Bridge West
15 B ot O T A e e + Emeryville Marina
14 &) (& 4 Golden Gate East
13 P @ I & Golden Gate West
g 12— e D G P, —— EHEM - —— L Don Oavdand
a }(1) I'_ . +PTReyes
ﬁ 9 E mRaccoon Straits
8 IS EDIE—O DRichmond Bridge
7 ASF Piers
g & -~ p— @SP Array 1
4 e &) . Yo 37 Ay 2
3 fr—t £ @ ot (T AT S SP Control
2 A—h—i A £ A/ TR, At T ST S » SP Petaluma Channel
1 P—ﬁ—_ o [ R e e <SP Shipping Channel
23333333333833833883388333833833
§5§£§838:555555532323388883355828§8
233t giia3133388433832884333¢
©O - N - & -~ &N © N F g S e = o PRSIl egrrgzm
Date

Fig. 2 Record of the detection of sevengill sharks by automated monitors deployed throughout San Francisco Bay during 2008

the Bay Bridge West and San Francisco Piers. Only one  GGW, 0.05 and 0.12 at the Alcatraz and Alcatraz Con-
mature female was tagged. She behaved similarly to the trol sites, and only 0.20 in the southern bay at the Bay
adult males, staying 0.38 and 0.41 of the time at GGE and  Bridge West. The juvenile males and females were also
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Fig. 3 Record of the detection of sevengill sharks by automated monitors deployed throughout San Francisco Bay during 2009
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Fig. 4 Record of the detection of sevengill sharks by automated monitors deployed throughout San Francisco Bay during 2010
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often detected near the GGE and GGW monitors, rang-
ing from 0.20 to 0.50 of the time, and at the nearby Alc-
atraz sites. However, they also resided farther within the

estuary in San Pablo Bay and the South Bay. The juvenile
females were detected from 0.20 to 0.17 of the time at
the SP array and the SP control north of the Richmond
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Fig. 5 Site preferences of sevengill sharks of different age and sex. There were five adult males (black squares), one adult female (clear square), four
juvenile males (gray squares), and five juvenile females (red squares) recorded at sites throughout San Francisco Bay

Bridge, 0.05 by the monitors in the channel leading to the
Petaluma River, and 0.12 as far within the northern bay as
the Ship Channel.

Diel and seasonal movement
The sevengill sharks moved into the range of the receiv-
ers at the Golden Gate both during daytime and night-
time without a strong preference for a particular time of
the day. The percentage of detections at this site is pre-
sented in circular graphs with midnight at the top and
noon at the bottom. It is apparent in the circular graph
for GG East, where the greatest number of detections
were recorded, that sharks were detected at all times of
the day (upper left in Fig. 6). There were more detec-
tions soon after midnight and at 6:00 a.m., but these
differences were not statistically significant. This is evi-
dent from the small r vector calculated for detections
over one full year of 0.275 % 0.026 at GGE. This pattern
existed over a period of 3 years (Fig. 7). On the other
hand, sharks had a strong preference for daytime hours
at most other locations in SFB. For example, at the Bay
Bridge they arrived at a median time of 8:18 h with a
large r value of 0.612 £ 0.08 (lower left) and at San Pablo
Bay (upper right) with a median arrival time of 11:32 h
with a large r vector of 0.768 & 0.07. In contrast, at Point
Reyes sharks had a strong preference for nighttime with a
median arrival of 3:48 h indicated by a very large r vector
0f 0.999 £ 0.08 (lower right).

Sevengills moved to and from SFB with different peri-
odicities. We present graphs of the power spectra for
Golden Gate West and Point Reyes. One can identify

particular periodicities from each graph. At the Golden
Gate West, there was a recurrent interval of 16 days in
the spring and fall as evident from the dark red areas
enclosed in dark black lines during April and September
2009 on the graph to the left and the peak in the solid line
passing to the left of the dashed line at a period of 16 days
(top in Fig. 8). There was also a longer recurrent period
of 256 days as evident by the broad dark red peak toward
the bottom of the graph to the left and the peak in the
solid line to the right of the dashed line indicating a ran-
dom distribution of periodicities. At Point Reyes, arriv-
als occurred with a periodicity of 4 days evident by the
dark red areas enclosed by black lines on the graph to the
right during April and October and the peak in the solid
line in the graph to the left that extends to the right of the
dashed line (bottom in Fig. 8).

Migration

The sevengill sharks do make long-distance migra-
tions. Three sevengill sharks (SG5, SG16, SG20) were
detected by a receivers maintained by Scripps Institu-
tion of Oceanography off San Diego County, California,
roughly 800 km southeastward along the coastline from
San Francisco Bay. One mature male sevengill (SG-05)
exhibited a ‘ping-pong’ pattern of migration between
central and southern California. After its last detection in
SEB on December 15, 2009, SG5 was detected by autono-
mous receivers deployed in 4-9-m-depth off La Jolla spo-
radically from January 30, 2010 to March 5, 2012, mostly
during nighttime. This shark ventured southward 40 km
to the mouth of the Tijuana River, 2 km north of the
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Mexican border, on November 8 and 9, 2011. It returned
to SFB on October 19, 2012 and stayed until November
16, 2012, roughly a month before returning to La Jolla
December 25, 2012, and was detected twice more on
February 27 and March 2, 2013. After its last detection
in SFB on December 15, 2009, SG16 was detected off La
Jolla on January 1, 2010, traveling some 800 km, roughly
57 km per day, in only 2 weeks. This shark was also
detected near the mouth of the Tijuana River on March
12 and 27, 2010. Lastly, SG20 was detected off La Jolla on
November 18, 2009, after being last detected in SFB on
September 10, 2009.

Discussion

Twenty-one sevengill sharks were outfitted with individ-
ually coded ultrasonic beacons, and presence within the
bay at various locations was determined over a period of
three years by tag-detecting monitors deployed through-
out the bay. There was strong evidence of inter-annual
residency of sharks within SFB, and individuals repeat-
edly returned to the same regions of the bay. Inter-annual
residency has been shown for the scalloped hammerhead
sharks at seamounts [11] and islands [12], and individu-
als have been demonstrated to stay in confined areas at
a seamount [13] and island [14]. White sharks, identified

based on unique notches in their fins or coded ultrasonic
beacons, have been observed to return from September
to December to Southeastern Farallon Island over mul-
tiple years [15—17], and to feed at particular sites around
the island 15.

Despite the high level of residency exhibited by sev-
engill sharks in San Francisco Bay, some showed fairly
extensive north—south migrations as evidenced by detec-
tions of three sevengills by acoustic receivers along San
Diego County. Two of these sharks were detected as
far south as the mouth of the Tijuana River and likely
entered Mexican waters at least occasionally. Unfortu-
nately, acoustic receivers were not in operation along the
Mexican coast during these times to confirm their move-
ments extend out of US waters. However, if they do enter
Mexico, it will be necessary to manage this species at the
international level. Future work should track the move-
ments of sevengills tagged in southern California and
extend the existing array of acoustic receivers southward
into Mexico.
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