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Introduction

White shark Carcharodon carcharias behavior has
been linked to environmental variables such as ocean
temperature, water clarity, and current patterns (Lim-
baugh, 1963; Bass et al., 1975; Bass, 1978; Miller and
Collier, . 1981; Ainley et al., 1981, 1985; Carey et al.,
1982; Casey and Pratt, 1985; Cliff et al., 1989; Strong et
al., 1992); however, comprehensive analyses of these
and other environmental effects have not been per-
formed. The occurrence of large white sharks off the
central California coast has been correlated with sea-
son (Klimley, 1985b) and prey availability (Ainley et
al., 1985), and this information has been used by sur-
fers, divers, and others to assess the risk of encoun-
tering this species while involved in commercial or
recreational marine activities. A greater understand-
ing of the effects of weather, lunar cycle, current pat-
terns, tidal cycle, and physical oceanographic param-
eters on white shark behavior could further help to
reduce white shark attacks on humans.

GREAT WHITE SHARKS
The Biology of Carcharodon carcharias

. Biologists of the Point Reyes Bird Observatory
(PRBO) have been monitoring white shark activity
and predation on pinnipeds from the South Farallon
Islands (SFI; 37°42' N, 123°00' W), off San Francisco,
California, since 1968 (Ainley et al., 1981, 1985; Pyle et
al., Chapter 34). Large white sharks forage in waters
around the islands each autumn, coincident with the
seasonal occurrence peak of their preferred prey, the
northern elephant seal Mirounga angustirostris. From
1987 to 1992, we stationed an observer at Southeast
Farallon’s highest peak in autumn to watch specifi-
cally for white shark activity (see Klimley et al., 1992).
Here, we use frequency of predatory events and
sightings, standardized by observational effort, to as-
sess the effects of environmental variables on the be-
havior of white sharks at SFI. Multivariate models
were developed to assess each erivironmental effect,
after statistical adjustment for other examined effects.
Variation in observed activity could relate to (1) be-
havior of the white sharks, (2) behavior of the prey
species, and/or (3) variable observation conditions.
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By synthesizing all results and comparing those
based on attacks with those based on sightings, we
infer which of these three causes most likely account
for significant environmental effects.

Study Site, Materials, and Methods

Observations of white shark activity around SFI in
1968-1986 indicated a strong peak of occurrence dur-
ing autumn (Ainley et al., 1981, 1985). Therefore, we
conducted standardized watches from the lighthouse
(elevation, 102 m) atop Southeast Farallon Island (Fig.
1) during autumn 1987-1992 (see Klimley et al., 1992).
Trained observers rotated 2-hour shifts from dawn to
dusk each day, weather and visibility permitting. Ob-
servations were terminated if ocean surface visibility
in any direction was <1 km, or if wind speeds were
>12.4 m/sec (25 knots). Observers continuously
scanned the ocean within 1 km of SFI for shark activ-
ity. Most predatory events involving pinnipeds (here-

after referred to as “attacks”) lasted >5 minutes and
were accompanied by blood or a slick on the water, a
circling flock of gulls, and/or vigorous thrashing of a
shark on the surface (Ainley et al., 1981, 1985; Klimley
et al., 1992). Because of the obvious nature of attacks,
we believe that we missed few within 1 km of SFI.
Nonpredatory events (hereafter called “sightings”)
often lasted <15 seconds; thus, it is likely that we
missed many of these events. We assume, however,
that our sightings data represent a randomized sam-
pling of these activities. Observation occurred during
the following periods: October 11-November 13,
1987; September 9-November 18, 1988; August 9-
December 14, 1989; and September 1-November 30
during each of 1990, 1991, and 1992. A total of 434
observation periods (here defined as those lasting
>90 minutes) on 404 days, totaling 3626.5 hours,
were logged.

We define an attack (N = 248) as an event includ-
ing the presence of blood, a victimized pinniped in
the water, and/or an actively feeding shark. The prey

Water Clarity
Buoy
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7

FIGURE1 The South Farallon Islands, including positions of the lighthouse (from which observations
were made), the water clarity buoy and areas of concentrated white shark activity, separated for various

analyses.
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species was identified during 37.9% of attacks. We
separately examined environmental factors associ-
ated with attacks on northern elephant seals (N = 87),
those on California sea lions Zalophus californianus (N
= 13), and those on other species of pinnipeds (N =
4). Three attacks on brown pelicans Pelecanus occiden-
talis and one on a human are here considered sight-
ings, rather than attacks. Other sightings were cate-
gorized for separate analyses into horizontal
surfacings (N = 29) and breaches (N = 32), the latter
often including vertical leaps that cleared the water
surface (P. Pyle and S. D. Anderson, unpublished
observation).

We determined the spatial components of environ-
mental effects by dividing the waters around SFI into
three distinct areas—southeast, west, and north (Fig.
1)—on the basis of wind patterns (see below) and
concentrations of observed activity (see the map in
Klimley et al., 1992); positions of all events, except 15
sightings (which were not sufficiently described as to
Iocétion), were assigned directional areas. To investi-
gate for lagged effects, we examined correlations of
environmental variables recorded on the day of ob-
servation and during each of the 3 previous days.

Environmental variables examined included wind
direction (see below), surface wind speed (m/sec) and
visibility (km), air temperature (°C), barometric pres-
sure (mb), cloud cover (tenths of the sky obscured),
swell direction (true; range, 180-320°), swell height
(nearest 0.305 m), sea-surface temperature (°C), sea-
surface salinity (%), water clarity (see below), daily
upwelling index (see below), and moonlight (see be-

“low). The first seven of these variables were recorded

daily at SFI at 0600, 0900, 1200, 1500, and 2000 hours
PST (see Pyle et al., 1993). To obtain daily values for
wind speed, visibility, air pressure, cloud cover, swell
direction, and swell height, we averaged data re-
corded during and within 1 hour of start and end
times of observation periods to obtain daily values.
We used wind direction recorded at the time closest
to the midpoint of the observation period, and cate-
gorically scored it for analysis as east (30-140° true),
south (150-260°), or northwest (270-20°), reflecting
the three prevailing wind directions recorded at SFI
(Pyle et al., 1993). We used the highest air tempera-
ture recorded during the observation period.

We collected a water sample from the southeast
end of SFI to determine sea-surface temperature and
salinity at 1200-1300 PST each day (see Walker et al.,
1992). Water clarity was scored during the 1990-1992
seasons by examining white disks, suspended 1.2 m
apart, beneath a buoy anchored in a sheltered area,
approximately 50 m east of SFI {Fig. 1). The clarity
score represented the number of disks visible

through a 25X scope from the lighthouse between
1200 and 1400 PST. Comparison of observations indi-
cated that underwater visibility (facing downward)
was about 1.75 times the number of disks visible (N);
thus, underwater visibility ~N*2.1 m, although this
relationship may not be linear. From a model that
included the terms Julian date, wind direction, wind
speed, swell height, sea-surface temperature, and
upwelling index as independent variables [both lin-
ear and quadratic terms; Fus,215 = 8.74, p < 0.000,
adjusted 72 = 0.3305], we calculated daily clarity
scores for 1987-1989 to use in multivariate ana-
lyses.

Upwelling indices were provided by the National
Oceanographic and Atmospheric Administration (see
Bakun, 1973) for both 36° and 39° N, bracketing SFI.
We found similar effects of upwelling using indices
from both latitudes; our analyses included indices
from 39° N. Moonlight was scored 0-100 relative to
the proportion of the moon that was complete at mid-
night prior to the observation day.

White shark activity at SFI is known to be affected

by season, number of immature elephant seals pre-

sent (Ainley et al., 1985), and tidal cycle (see Chapter
25, by Anderson et al.); we therefore adjusted for
these effects in analyses. Date and date?, represented
as the Julian date within each season, were included
as factors in all daily analyses. This “date adjust-
ment” procedure controlled for linear and curvilinear
seasonal cycles in both weather and oceanography
and in behavioral phenology and occurrence patterns
of pinnipeds and sharks. Daily totals and seasonal
means of immature elephant seals were estimated
from linear interpolation of weekly counts (Huber et
al., 1985; PRBO, unpublished data). Tidal heights and
currents (incoming or outgoing) were determined
using the Tides program (Wallner, 1990), adapted for
SFI. We examined several tidal calculations and found
that the proportion of observation time (arcsine
square root transformed) when tidal height was
>1.3725 m (4.5 ft) explained the greatest amount of
variation in shark behavior; hereafter, the variable
“tide” refers to this calculation. We excluded portions
of observation periods before sunrise and after sun-
set. Otherwise, we did not adjust for relative times of
observation periods, because white shark activity at
SHI varies little with time of day during daylight
hours (Klimley et al., 1992). ,

We examined both daily and interannual effects of
environmental variables on white shark attacks and
sightings. Because colinearity is a problem in an-
alyses involving daily weather and oceanographic
data, the results of both single-variable (including
date adjustment) and multivariate analyses are pre-
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sented to differentiate actual from confounded effects
(see Richardson, 1978). To estimate the effects of envi-
ronmental varjables, we used linear multiple regres-
sion (Seber, 1977) in both single-variable and multi-
variate analyses, with the STATA computer statistical
package (Computing Resource Center, 1992). To re-
duce skew and to adjust for time duration of daily
observation periods, we used log [(events + 0.001) per
100 hours of observation] as the dependent variable.
Analyses of covariance were used to compare trends.

The purpose of the interannual analyses was to
determine whether season-long environmental con-
ditions (e.g., El Nifio events) (Philander, 1989) af-
fected white shark abundance or behavior in a given
year. For these analyses, we used as the dependent
variable events per 100 hours of observation over the
period September 1-November 30. For 1987 and
1988, we used actual data within the shortened peri-
ods of those years (see above), extended before and
after using predicted values from event models based
on all years (see below). For interannual analyses,
environmental variables were represented by mean
values of daily observations during the period Sep-
tember 1-November 30 each year.

We had two objectives in our use of multiple re-
gression analyses: (1) to explore the effects of each
environmental variable controlling for other effects
and (2) to develop single predictive models of white
shark activity based on date and those environmental
variables with significant effects. Linear and quadrat-
ic terms, the latter estimating curvilinear effects,
were fitted in a forward stepwise manner by (1) ex-
amining the date-adjusted effects of all terms inde-
pendently and simultaneously, (2) refitting the mod-
els after eliminating terms that had insignificant
effects in both single-variable and multivariate an-
alyses, and (3) reexamining the effects of each previ-
~ ously dropped variable, independently, within final
models. Except for date terms, final models included
only those environmental variables having significant
linear or quadratic effects. In the sightings model,
terms were included if they had significant effects on
shark surfacings, breaches, or both. Linear effects of
variables with significant quadratic terms were deter-
mined by refitting the models without their quadratic
terms. Significance was assumed when p < 0.05, al-
though it should be noted that many unreported tests
were performed; therefore, probability statements
should be interpreted with caution.

Results

A peak in attack frequency with date and increased
frequency with higher tide and number of immature

elephant seals present (Table I) were confirmed as
reported elsewhere (Ainley et al., 1985; Anderson et
al., Chapter 25), and adjustments for these variables
were made in the attack model (Table II). Neither the
tide nor the number of seals present significantly af-
fected nonpredatory sightings of white sharks after
adjustment for date (Tables I and III). Wind direction,
air temperature, barometric pressure, swell direction,
and sea-surface salinity had no significant effects on
either attacks or sightings.

Attack frequency increased significantly with swell
height (Fig. 2) and decreased with water clarity (Fig.
3), in both single-variable (Table I) and multivariate
(Table II) analyses. The significant linear and cur-
vilinear pattern of attacks with clarity was similar in
analyses using both original clarity scores only (1990—
1992) and predicted (1987-1989) plus original (1990—
1992) scores (Fig. 3). This finding justified our use of
the latter in the overall attack model. Neither swell
height nor clarity significantly affected sightings (Ta-
ble I).

Attack frequency was not significantly affected by
upwelling that day (Table I); however, the frequency
of both attacks (Table II) and sightings (Table III) in-
creased with higher upwelling the previous day. This
correlation was similar in single-variable analyses of
both attacks (t = 2.23, p = 0.026) and sightings (t =
2.42, p = 0.015). In contrast, sightings of white sharks
increased significantly with decreased upwelling on
the same day (Tables I and III). Sightings also in-
creased significantly with decreased wind speed, in-
creased cloud cover, and increased sea-surface tem-
perature as well as during periods of decreased
moonlight (Tables I and III). The moonlight effect was
not completely confounded by a tidal effect, as it was
still significant (f = —2.31, p = 0.021) when tide was
added to the model. The negative single-variable ef-
fect of visibility on sightings (Table I) was likely the
result of confounding with other variables (probably
cloud cover and wind speed), as the effect of visibility
was insignificant when it was added to the sightings
model (t = —0.99, p = 0.322). Besides upwelling, no
other significant lagged effects were found.

Most environmental effects on daily attack fre-
quency were similar when examined using attacks on
elephant seals only (Table II); however, only clarity
affected attacks on California sea lions (Table II). The
fewer significant effects with sea lions could be an .
artifact of smaller sample size. For sightings, the ef-
fects of wind speed and moonlight were significant
with surfacings but not breaches, whereas significant
effects of sea-surface temperature and upwelling
were present with breaches but not surfacings (Table
II). Surfacings increased linearly with cloud cover,
whereas insignificant linear but negative curvilinear
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TABLE I Environmental Effects on the Frequency of Observed Attacks and Sightings

Attacks Sightings

Variable? Mean SD t p t r

‘ Elephant seals” 505.700 158.00 1.92 0.056 0.96 0.340
Tide 0.344 0.23 3.73 0.000 0.92 0.356
Wind direction® 1.18 0.316 1.50 0.215
Wind speed 5.050 2.17 0.99 0.325 ~2.94 0.003
Visibility 21.960 - 11.40 1.63 0.104 —2.21 0.028
Air temperature 15.640 1.60 —0.24 0.810 0.80 0.425
Barometric pressure 1014.300 3.92 —0.80 0.424 0.32 0.748
Cloud cover 5.217 3.90 0.57 0.571 2.91 ' 0.004
Swell direction 284.500 3.22 0.08 0.936 0.01 0.988
Swell height 1.584 0.55 3.36 0.001 1.14 ©'0.255
Sea temperature 13.710 1.12 1.83 0.069 2.45 0.015
Sea salinity 33.510 0.17 _ -0.44 0.663 —0.82 0.412
Water clarity? 2.655 0.89 —6.28 0.000 0.00 0.998
Water clarity* 2.721 0.76 ~5.77 - 0.000 0.16 0.872
Upwelling 40.520 63.80 .1.61 0.108 -2.57 - 0.010
Moonlight 49.780 29.10 —1.65 0.099 —2.56 0.011

sDate-adjusted single variable; see text for units of measurement.

bThe effects of immature elephant seals present, without date adjustment, were ¢ = 6.77, p < 0.0001 for attacks and
t = 2.97, p = 0.003 for sightings.

<p values for wind direction are based on F statistics rather than t values.

d4Scores recorded in 1990-1992 (N = 229). For all other variables, N = 434.

¢Actual plus predicted values in 1987-1992 (N = 434).

TABLE II Environmental Effects on the Attack Frequency on Northern Elephant Seals and California

Sea Lions

Overall attacks® Elephant seals® California sea lions¢
Variable t r t P ot p
Datev —0.55 0.585 1.42 0.155 —0.32 0.753
Date? —2.65 0.008 —2.14 0.033 ~1.49 0.138
Elephant seals 2.46 0.014 2.33 0.020 —0.52 0.601
Elephant seals? 3.92 0.000 2.03 0.043 1.58 0.115
Tide 3.28 0.001 2.81 0.005 1.48 0.141
Swell height 3.47 0.001 2.52 0.012 1.20 0.231
Water clarity -5.27 0.000 —~2.40 0.017 -2.04 0.0424
Water clarity? -2.14 0.033 0.36 0.719 —2.06 0.0404
Upwelling the day before 2.42 0.012 2.58 0.010 —0.09 0.927

"Flo,429y = 15.19, p < 0.000, adjusted r2 = 0.2289, N = 248 attacks.
¥F (g, 424y = 7.80, p < 0.000, adjusted 72 = 0.1245, N = 87 attacks.
Fro,a2ay = 1.22, p < 0.125, adjusted r2 = 0.0046, N = 13 attacks.
4Actual plus predicted values (see Table I).

£89
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TABLE III Environmental Effects on the Frequency of White Shark Sightings, Surfacings, and

Breaches
Overall sightings” Surfacings® Breaches¢

Variable t p t p t p

Date 2.96 0.003 1.74 0.082 2.62 0.009
Date2 —1.47 0.142 —-0.54 0.590 —-1.83 0.067
Wind speed —2.22 0.027 —2.68 0.008 —0.00 0.998
Wind speed? 1.88 0.061 3.00 0.003 -0.23 0.821
Cloud cover 1.53 0.128 2.71 0.007 0.65 0.514
Cloud cover? —2.40 0.017 —0.75 0.452 —2.46 0.014
Sea temperature 2.28 0.023 114 0.255 2.45 0.015
Upwelling —-2.23 0.027 -1.30 0.195 —1.68 0.093
Upwelling? ' 2.17 0.006 0.24 0.807 2.38 0.018
Upwelling the day before 2.79 0.005 117 0.244 1.84 0.066
Moonlight —2.33 0.020 —2.44 0.015 —1.43 0.154

“Fu1,402) = 4.97, p < 0.000, adjusted r2 = 0.0927, N = 68 events.
*Fa1,400) = 3.88, p < 0.000, adjusted 72 = 0.0691, N = 29 events.
Fiu1,42) = 3.22, p < 0.000, adjusted r2 = 0.0541, N = 32 events.

8 Attacks per 100 hrs.
25

12

20

15

10 O . B -

Mean Attacks per 100 Hours Obs.

9 10

Swell Height
FIGURE 2 The mean number of white shark attacks observed per 100 hours relative to
swell height, separated into increments of 0.305 m (1 ft); the sample sizes of the observa-
tion periods are shown above each bar.
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results indicated that more breaches occurred during
partly cloudy skies than during either clear skies or
complete cloud cover (Table III). Breaches showed a
linear relationship with date (Table III); that is, more
occurred later in seasonal periods (Fig. 4). This rela-
tionship was significantly different from the parabolic
relationship of date with attack frequency (Table II
and Fig. 4).

No significant correlations existed between mean
environmental variables and attack frequency in in-
terannual analyses; however, the timing of attacks
varied significantly between years, as indicated by
the effects of an interaction term, either year*date
[Fa9,414) = 4.47, p = 0.035] or year*date? [F ;g 414) =
6.64, p = 0.010], when these and a year term were
added to the attack model (Table II). This difference in
timing was positively correlated with mean sea-sur-
face temperature (Fig. 5); the warmer the mean seaso-
nal temperature, the later the mean date of attacks.
Differences in both analyses were similarly significant
when 1987, the year of least original data, was ex-
cluded.

The location of attacks also varied significantly
with date (Fig. 6). Early in the season, a higher pro-
portion of attacks occurred to the southeast, whereas
a higher proportion occurred later in the season to the

Southeast
& North

7 9 15 41

Percentage of Ten-day Attack Freguency

2 3 4
September
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§ 13 1
= 90
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12 ] T T T T T T
292 294 296 298 300 302 304

Mean Julian Date of Attacks

FIGURE 5 The mean seasonal sea-surface temperature by
weighted mean date of observed white shark attacks per 100 hours,
September 1-November 30, 1987-1992. Weighted mean date calcu-
lations for 1987 and 1988 included predicted observations for peri-
ods that occurred before and after actual observation periods (see
text; with or without 1987, ¢ > 4.13, p < 0.026).

north. Suspecting that this might be related to current
patterns around SFI, we compared the locations of
shark attacks and sightings with tidal current (in
going versus outgoing) and found a similar signifi-

B West

44 52 54 49 30

5 6 7

8
October November

Ten-day Periods

FIGURE 6 The proportion of mean white shark events recorded per 100 hours southeast,
west, and north of SFI (see Fig. 1) during 10-day periods, September 1-November 30
(period 5 contains 11 days). Sample sizes during each 10-day period are indicated. The
pattern of events by date between directional areas is significant (analysis of covariance):
overall, F(s ,;, = 8.68, p = 0.002; between southeast and north, F14 = 15.61, p = 0.001;
between west and north, F3,14 = 6.16, p = 0.026; but not between southeast and west,

F(3,14) = 3.59, p = 0.079.
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TABLE IV Frequencies of White Shark
Attacks and Sightings Relative
to Location and Tidal Current

Tidal current

Direction Rising Falling
Southeast 58 54
West 62 73
North 14 - 40

cant difference (Table IV): more activity occurred
southeast of the islands during incoming tides,
whereas more activity occurred to the west and north
during outgoing tides (G test, G = 10.47, df = 2, p =
0.005). A marginally significant interaction was also
found between the locations of the attacks and the
tide [analysis of covariance after adjustment with the
attack model, F(13,1279) = 3.00, p = 0.050]. More at-
tacks occurred to the west compared to the southeast
of SFI during higher tides. No significant interactions
between other environmental effects and location of
activity were found.

Discussion

SFl is located in one of five eastern boundary cur-
rent systems known for their abundant marine biota
(Ainley and Boekelheide, 1990) and in the midst of
the largest upwelling center in the California Current
system (Parrish et al., 1982; Minerals Management Ser-
vice, 1987). Three major oceanographic processes af-
fect waters surrounding SFlin the fall: the southbound
California Current, which is weakened at that time; the
northbound Davidson Current, which strengthens
and reaches the surface in early November; and coast-
al upwelling of nutrient-rich water, which is also
weakened in fall (Bolin and Abbott, 1963; Hickey,
1979; Chelton, 1984). Weather patterns at SFI (Pyle et
al., 1993) are strongly influenced by these marine pro-
cesses (Namais, 1969; Ainley and Boekelheide, 1990),
and both the marine systems and, in turn, weather
patterns in the area show substantial interannual
variation (Norton et al., 1985). Shark occurrence and
behavior at SFI appear to be influenced by all of these
climatological processes.

White shark attack frequency at SFI was not signifi-
cantly affected by any nonoceanic weather variables,
indicating that these variables influenced neither the
behavior of prey nor our ability to detect attacks. The
effect of wind speed on sightings (Table III), espe-

cially surfacings, however, probably does reflect our
reduced ability to detect these events during rougher
sea conditions. Our ability to detect sightings may
have improved during greater cloud cover, which re-
duced solar glare. Alternatively, darker or less con-
trasting light conditions may have caused white
sharks to occur closer to the water surface, explaining
the increased number of surfacings during cloudier
skies (Table III).

Both increased swell height and decreased water
clarity were correlated with greater attack frequency,
but neither of these variables influenced white shark
sightings (Tables I-III). These findings suggest that
both of these effects result, at least in part, from be-
havior of the prey. Increased swell height, like in-
creased tidal height, reduces the haul-out area for ele-
phant seals (see Chapter 25, by Anderson et al.),
forcing them into the water and, in effect, increasing
prey availability for white sharks (Fig. 2). We infer
that decreased water clarity limited the ability of pin-
mpeds to detect stalking white sharks, thus increas-
ing the chance of successful predation. The negative
curvilinear correlation with clarity (Table IT and Fig. 3)
may result from a decreased ability by sharks to de-
tect prey in the most turbid conditions. Although it is
also possible that white shark activity generally in-
creases with decreased clarity (see Myrberg, 1969;
Cliff et al., 1989), we might then expect to see a con-
comitant increase in the frequency of sightings,
which we did not find (Table I). On the other hand,
more white sharks may have moved into SFI waters
during turbid periods, remaining at stalking depths
during these improved conditions for predation.

The only correlation significant in analyses of both
attacks and sightings was that of increased activity
with increased upwelling the day before observation
(Tables II and IIT). We infer from this that more white
sharks are present around SFI during periods about
24 hours after bouts of coastal upwelling. This pattern
was not directly related to water clarity, as clarity and
upwelling the day before were not significantly re-
lated (date-adjusted analysis, 1990-1992; t = —0.60, p
= 0.549). Although numerous studies have correlated
fish movement in the California Current with upwell-
ing on seasonal and interannual bases (e.g., Bakun
and Parrish, 1980; Parrish et al., 1981), few have re-
ported on daily response patterns. Briggs et al. (1988;
see also Minerals Management Service, 1987) found
that Cassin’s auklets Ptychoramphus aleuticus and their
prey—euphausiids and juvenile fish—concentrated
along frontal boundaries that appeared near SFI after
intensified upwelling. Carey et al. (1982) found that a
telemetered white shark preferred moving along a
thermocline, perhaps for orientation or to enable
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sampling of two water masses. It is possible that
white sharks concentrate along frontal boundaries
created by upwelling near SFI for these reasons. Al-
ternatively, the white shark may be a member of a
pelagic fish assemblage showing movement patterns
responding to upwelling-related changes in water
mass, as has been documented in the Gulf of Califor-
nia with hammerhead sharks Sphyrna lewini (Klimley
and Butler, 1988). Telemetry studies on tagged white
sharks in the area would greatly elucidate the re-
sponses of sharks to local upwelling.

Although significant only with sightings and sur-
facings, an increase in shark presence at SFI during
dark-moon periods was indicated in all analyses (Ta-
bles I and II; t = —1.36, p = 0.175, when moonlight
was added to the attack model: Table II). It is possible
that this weak effect might be caused by more noctur-
nal movement by (and predation on) pinnipeds
around SFI during full-moon periods (see Trillmich
and Mohren, 1981; Watts, 1993). Although an illu-
mination threshold has yet to be quantified, evidence
from retinal examinations (Gruber and Cohen, 1985),

attack patterns versus time of day around SFI -

(Klimley et al., 1992), and underwater movement pat-
terns (Strong et al., 1992) indicate that the white shark
is mainly a diurnal predator. Thus, it is also possible
that white sharks have an endogenous or direct re-
sponse to ocean variables influenced by lunar cycles,
as has been documented in other fish (reviewed by
Gibson, 1978). Effects on white shark occurrence and
predatory activity of periodic variables such as lunar
phase, swell height, water clarity, and upwelling
might explain the periodicity and occasional 7- to 10-
day hiatuses of observed attacks at SFI (Klimley et al.,
1992).

The effects of environmental factors and date on
white shark breaches (Table IIl and Fig. 4) indicate
that this activity may be social rather than predatory
in nature. Most breaches occurred late in fall, in a
pattern significantly different from that of attack fre-
quency, and when white sharks could be shifting
from a fall predatory to a spring reproductive mode.
Up to three repeated breaches were recorded on two
occasions from SFI. The frequency of breaches was
not significantly affected by prey abundance, tide,
water clarity, or swell height, which might be expected
if they represented failed predatory attempts. Higher
sea-surface temperatures, the lack of immediate up-
welling, and partly cloudy skies may possibly simulate
environmental conditions on breeding grounds (prob-
ably in subtropical neritic waters south of Point Con-
ception) (Klimley, 1985b), resulting in more breaches
by white sharks at SFI during these conditions. We
infer that the splash caused by breaches may repre-

sent social signaling (see Chapter 22, by Klimley et
al.), perhaps by male white sharks defending a terri-
tory, attempting to attract a female, or both. Similar
communication through breaching has been inferred
for whales (Herman and Tavolga, 1980).

Strong ef al. (1992) found that white sharks often
circled downstream of islands and bait sources, ap-
parently as part of a searching pattern. Our spatial
results also reflect this phenomenon. The shift in at-
tack frequency from southeast to north of the island
as the season progressed (Fig. 6) is temporally consis-
tent with the replacement at the surface of the south-
bound California Current by the northbound David-
son Current (Hickey, 1979; Chelton, 1984). Spatial
results of tidal current and height further support this
conclusion, although interactions between ocean and
tidal currents (Noble and Gelfenbaum, 1990) likely
complicate movement patterns by white sharks
around SFI. _

- Although seasonal patterns of white shark occur-
rence differ between SFI and the adjacent coast
(Ainley et al., 1985), where many attacks on humans
occur (Miller and Collier, 1981; Lea and Miller, 1985),
some of our results might apply to the coast, and thus
may be useful to humans interested in avoiding large
white sharks. Those effects that we attribute primari-
ly to pinniped behavior (i.e., increased tide and swell
height and decreased water clarity) could be unre-
lated to attacks on humans; indeed, more attacks on
humans seem to occur in clearer water along the coast
(Miller and Collier, 1981; see also Limbaugh, 1963).
We suggest, however, that effects of upwelling,
moonlight, current patterns, and interannual pat-
terns of water temperature be considered in relation
to human attack frequency. Analyses of these and
other environmental effects on white shark—-human
interactions, similar to those presented here, could
elucidate these potential influences.

Summary

We examined the daily and seasonal effects of 13
weather, oceanographic, and lunar variables on the
predatory and nonpredatory behavior of white
sharks C. carcharias at SFI, California, during autumn
1987-1992. Effects were assessed using both single-
variable and multivariate analyses. Daily frequency of
observed white shark attacks on pinnipeds increased
with swell height and upwelling the day before ob-
servation, and decreased with water clarity. Daily
frequency of nonpredatory sightings (including sur-
facing and breaches) increased with cloud cover, sea-
surface temperature, and upwelling the day before
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observation, and decreased with wind speed, upwell-
ing the day of observation, and lunar stage. Spatial
patterns of activity indicate that white sharks stalk
prey “downstream” in oceanic and tidal currents. No
significant interannual patterns were apparent rela-
tive to environmental factors; however, the temporal
pattern of attacks shifted later in the season during
years of warmer sea-surface temperature. White
shark breaches showed a different temporal pattern
than attacks, suggesting that they may represent so-
cial signaling rather than failed predatory attempts.
On the basis of all results, we infer that sea-surface
temperature, upwelling, and lunar illumination likely

affected shark behavior; swell height and water clari-

ty likely affected prey behavior relative to predation;
and wind speed and possibly cloud cover likely af-
fected our ability to detect shark activity. Some of our
findings can possibly be used to help reduce the inci-
dence of white shark attacks on humans.
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