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ABSTRACT
Over-exploitation of sharks is a global conservation concern as losses of large
apex predators will likely lead to negative consequences in marine ecosystems. The
Northeastern Pacific white shark population is genetically distinct and geographically
isolated from other known white shark populations in South Africa, Australia/New
Zealand, and the Northwest Pacific. The Northeastern Pacific population/clade is
comprised of two groups, Guadalupe Island, Mexico, and Central California, USA, that
predictably aggregate at their respective coasts during late summer to early winter
months. Recently, a three-year study using patterns on the trailing edge of dorsal fins to
identify unique white sharks estimated an abundance of 219 (95% credible interval of
130 to 275) sub-adult and adult white sharks off Central California, assuming a closed
population. However, there are no estimates for any of the population’s vital rates (e.g.
survival, recruitment rates). We use six years of mark-recapture data to estimate apparent
survival and test for differences in survival between sexes for sub-adult and adult white
sharks in central California. We collected 668 photographs that allowed us to identify 199
individual sharks over six years of sampling at three locations off Central California.
Using a method developed by Nichols et al. (2004) that accounts for imperfect detection
and imperfect sex assignment, we estimated that annual apparent survival was 0.90 (95%
CI = 0.81 – 0.98) for males and females and throughout our study period. At this time, it
is difficult to determine how this vital rate will affect population trend. Future research is
needed to determine if this annual survival estimate is high enough for adult white sharks
to produce enough offspring that will eventually recruit to the sub-adult demographic to
balance annual mortality.
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ESTIMATING APPARENT SURVIVAL OF SUB-ADULT AND ADULT WHITE
SHARKS (CARCHARODON CARCHARIAS) IN CENTRAL CALIFORNIA USING
MARK-RECAPTURE METHODS
Introduction
Worldwide, sharks are heavily over-fished, and many populations are now
considered to be at risk. A recent study has estimated that over 100 million sharks are
killed annually to support the demand for their fins (Worm et al. 2013). Losses of large
apex consumers will likely lead to indirect, negative consequences in marine ecosystems
(Myers et al. 2007; Estes et al. 2011). Like many top predators, the white shark
(Carcharodon carcharias) likely plays an important role in helping to sustain the health
of marine systems. Currently, very little is known about the vital rates or population
dynamics of this species due to a lack of data. Available knowledge suggests that white
sharks are long-lived, late to mature, and produce few young (Cailliet et al. 1985; Francis
1996), which are characteristics of populations that are vulnerable to overexploitation
(Sæther & Bakke 2000). White sharks are internationally protected under the Convention
on International Trade in Endangered Species (CITES) and listed as vulnerable under the
World Conservation Union Red List (IUCN, Category VU A1cd+2cd) (Dulvy et al.
2008).
Recent genetic studies have shown that the Northeastern Pacific white shark
population is genetically distinct from other known white shark clades in South Africa,
Australia-New Zealand (Pardini et al. 2000; Jorgensen et al. 2010), and the Northwest
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Pacific (Tanaka et al. 2011). Contemporary studies using electronic tags have shown that
Northeastern Pacific sub-adult and adult (> 2.4 m) white sharks aggregate annually at two
main sites, Central California, USA (CC) (Klimley 1985; Klimley & Anderson 1996) and
Guadalupe Island, Mexico (GI) (Domeier & Nasby-Lucas 2008). Data from pop-up
archival tags (PAT) have indicated that both groups typically make similar and
predictable offshore annual migrations to a shared geographically defined area known as
the ‘White Shark Café’ that is located roughly 1200 miles west of the Baja Peninsula,
although some sharks travel as far as Hawaii (Boustany et al. 2002; Weng et al. 2007;
Domeier & Nasby-Lucas 2008; Jorgensen et al. 2010). Though CC and GI white sharks
spatially overlap while offshore, almost all sharks return back to their respective coastal
aggregation site during late summer or early fall. To date, there are few data indicating
that sharks visit both sites (Jorgensen et al. 2012b).
These predictable annual migrations of white sharks support the use of a markrecapture framework for estimation of population parameters at coastal sites (Chapple et
al. 2011). The pattern on the trailing edge of the first dorsal fin has been shown to be
stable over many years and can be used as a means of identifying individuals, i.e., serves
as a natural ‘mark’ (Anderson et al. 2011). Recently, Chapple et al. (2011) used a threeyear dataset of dorsal-fin resighting data in a closed-population mark-recapture model to
estimate abundance of 219 (95% credible interval of 130 to 275) sub-adult and adult
white sharks off CC. Because this is the first and only estimate of white sharks numbers
in CC, the population trend is unknown. Given the relatively low population size
estimated by Chapple et al. (2011) and the genetic distinctness of CC sharks,
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Northeastern Pacific white sharks are candidates to be listed as an endangered species in
California and in U.S. federal waters. Given that white sharks have a slow life history and
survival of mature sharks is expected to be important to population persistence (Sæther &
Bakke 2000), estimates of annual survival rates for sub-adult and adult Northeastern
Pacific white sharks are important for informing effective management policy. Annual
survival rates estimate the proportion of the population that will survive, on average,
from one year to the next. The complement of survival (i.e., 1 – survival) provides an
estimate of mortality, or what proportion of the population is lost on average over the
course of a year. By developing estimates of annual survival rate for adult white sharks,
we will be better positioned to consider how high recruitment likely needs to be for the
population to be viable.
It is difficult to estimate vital rates for highly migratory fish that are rarely
observed and have few fisheries data. Previously, Smith et al. (1998) used a best guess
for maximum age to derive natural mortality using Hoenig's (1983) formula to assess
fishing pressure on intrinsic growth rates. Cortés (2002) estimated annual survival rates
using six life-history methods to assess which demographic trait that population growth
(λ) would be most sensitive to. It should be noted that these natural mortality estimates
and annual survival rates were based on life-history parameters (i.e., maximum age, age
at maturity, and fecundity) that remain unknown or that were estimated with very few
data.
When estimating annual survival rate for adults in this population, it is important
to consider sex-based differences in annual movement patterns (Domeier & Nasby-Lucas
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2008; Jorgensen et al. 2010) and in spatial use of the Northeastern Pacific (Domeier,
Nasby-Lucas & Palacios 2012; Jorgensen et al. 2012a). Males show a very consistent ‘to
and fro’ annual migration from coastal aggregation sites at CC. In contrast, females spend
more time offshore and have a more expansive range, which includes more southerly
locations than those used by males. Further, Klimley (1985) reported that historical catch
records from south of Point Conception, CA included mostly adult females, young of the
year, and juvenile white sharks. Thus, adult females might be exposed to greater diversity
of potential natural and anthropogenic mortality sources. Since 2006, we have identified
199 individual sharks based on their dorsal fins and estimated a sex ratio of 3 males per
female based on 172 sharks whose sex was determined. This skewed sex ratio is in
keeping with the possibility of lower survival in females but could also be due to
sampling artifacts, e.g., females might be less detectable with the methods used to
observe sharks (see methods).
In this paper, we use capture-recapture models to estimate annual survival rates
for white sharks while accounting for imperfect detection and imperfect sex assignment.
We evaluate possible differences in survival rates that might occur between males and
females and among years for sub-adult and adult white sharks in the CC population.
Materials and Methods
Study Area and Data Collection
In this study, we focused our sampling effort at known sub-adult and adult white
shark aggregations along the CC coast during periods of peak residency from 2006-2011.
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Several independent lines of evidence indicate that white sharks are available to be
sampled off CC from late summer to winter (August-February) (Klimley 1985; Long et
al. 1996; McCosker & Lea 2006). White sharks were sampled from three sites off CC:
Año Nuevo Island, Southeast Farallon Island, and Tomales Point.
White sharks were observed during natural predation events or were attracted to
4.6-5.9m research vessels using a floating, seal-shaped decoy ~ 1m in length in tandem
with a small (2-5 kg) piece of salvaged marine mammal blubber (Physeter
macrocephalus, Megaptera novaeangliae, Balaenoptera physalus, Mirounga
angustirostris, Phoca vitulina, or Zalophus californianus) tethered to the vessel. The
decoy was floated ~10m off the stern of the vessel attached via 36 kg test monofilament
to a fishing pole. The decoy served as a visual attractant for the shark to inspect, and the
blubber created a localized scent around the research vessel to offset any natural
inhibition the shark might have to coming close to the vessel.
White shark dorsal fins are unique to individuals, and the unique features have
been shown to last >20 years (Anderson et al. 2011). Therefore, in this study, we used the
dorsal fin as a ‘mark’. High-resolution photographs were taken of the dorsal fin above the
surface of the water. If a shark did not surface but could be seen in the water near the
vessel, we used an underwater HD video camera to try to collect high-definition still
images of the dorsal fin. We attempted to determine sex, using the underwater video
camera to determine the presence (male) or absence (female) of claspers located posterior
to the pelvic fins. These methods favored sex assignment of males because it was easier
to confirm the presence of claspers than to confirm their absence. Any uncertainty in sex
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assignment resulted in an individual’s sex being unknown until it was determined in a
subsequent encounter with the individual. For some sharks, especially those encountered
in multiple years, sex was eventually determined. For others, sex was never determined.
Over the course of the study, the set of dorsal fin photos obtained that met the
standard described by Chapple et al. (2011) were used to develop mark-recapture
encounter histories for individuals. Each time we obtained a new fin photo, researchers
experienced with matching fin photos checked to see if it matched a previously
catalogued fin photo. If there was no match, the fin photo was catalogued as representing
a new individual. An individual was considered ‘marked’ in the field season when it was
first identified, and ‘recaptured’ in each subsequent field season when its dorsal fin was
successfully photographed. Our sampling occasions were thus defined as the annual field
seasons, which ran from August of year t to February of year t+1, and each was
referenced by year t (e.g., 2006 season was Aug 2006 - Feb 2007).
Data Analysis
The encounter history for each shark provided information on whether the
individual was observed or not on each occasion. In the encounter histories, we also
recorded information on what was known about the sex of the individual on each
sampling occasion (0 = not seen on given occasion, U = shark seen on given occasion but
sex was unknown based on this and all previous sightings, M or F = shark seen on given
occasion and sex was unambiguously assigned on this and/or a previous occasion).
To estimate annual survival rate from the mark-recapture data we collected, we
needed to adjust for imperfect detection of sharks (Williams, Nichols & Conroy 2002).
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This was necessary because after a shark was first encountered a subsequent 0 could
occur in the encounter history because the shark either (1) was alive but went undetected
by us or (2) died or permanently emigrated from the study area. Typically, markrecapture data such as these based on resightings of live animals with imperfect detection
are analyzed with the Cormack-Jolly-Seber (CJS) (Cormack 1964; Jolly 1965; Seber
1965) approach (Williams, Nichols & Conroy 2002) using Program MARK (White &
Burnham 1999). The approach uses encounter histories that indicate whether each animal
was detected or not on each occasion. An example history of 011101 would indicate that
a shark was seen on occasions 2, 3, 4, and 6 but not on 1 or 5. With this approach an
individual’s sex would be an individual covariate that could be related to either of the
parameters estimated by the CJS model: apparent survival rate (φ, the probability of
remaining alive from one year to the next and not permanently emigrating) and/or capture
probability (p, the probability of resighting a shark already identified in a previous year
of the study). This approach has been used successfully in numerous studies (e.g.,
Lebreton et al. 1992). However, when encounter histories include animals of unknown
sex, sex-specific estimates can be biased high for known sexes and biased low for
animals of unknown sex (Nichols et al. 2004). To avoid such biases, we employed a
method developed by Nichols et al. (2004) designed to estimate φ from encounter
histories where sex is known for some but not all individuals and sex-specific estimates
of φ are of interest. Encounter histories used with this approach provide information on
when animals were observed or not and what was known about their sex on each of the
occasions when they were observed. As an example, the history 0UMM0M provides
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information for a shark that was first observed on occasion 2 when insufficient evidence
was obtained to verify sex. It was observed again on occasion 3 and determined to be
male. Consequently on occasions 4 and 6 when the animal was observed again, sex was
automatically assigned regardless of whether claspers were observed on those occasions
because sex is a permanent attribute that does not change among occasions.
Model parameters estimated by this approach involve survival and detection as well as
additional parameters related to sex ratio and sex assignment. The parameters are defined
as:
φ si = probability of apparent survival from occasion i to i + 1 for sharks of sex s, where s
∈ {M,F},
psi = probability of capture in period i for sharks of sex s, where s ∈ {M,F},
δsi = probability that sex is determined in period i for a shark of sex s that is captured in
period i, where s ∈ {M,F},
πi = probability that a shark first released in period i is a male.
Because no published studies exist on annual survival rates for the CC population
of white sharks, we used an exploratory approach to develop a list of candidate models.
For φ and p, we considered models that either held the parameter constant (.) or let it vary
by year (t), sex (s), or both (additive [t + s] or interactive [t × s]). We fit models that
either let π vary among years (t) or held it constant (.). For δ, we fit models for which the
parameter varied by sex (s), time (t), or both (t + s or t × s). We evaluated all-possible
combinations of the models for each of the 4 parameters, which resulted in 150 candidate
models. Analyses were conducted using the software program LOLASURVIV developed
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by Jim Hines (Nichols et al. 2004). We used the corrected Akaike’s Information Criterion
(AICc), for our relatively small effective sample size to evaluate the support from the
data for each of the models (Burnham & Anderson 2002). When evaluating modelselection results, we reviewed estimates to identify competing models containing
uninformative parameters (Arnold 2010). A Model ~ 2 ΔAICc units away from the top
model that have one more parameter and essentially the same values of the maximum
log-likelihood indicate that the extra parameter is uninformative to an otherwise good
model (Burnham & Anderson 2002).
Model Assumptions
For CJS models:
1. Every marked animal present in the population at sampling period i has the same
probability pi of being recaptured.
2. Every marked animal present in the population immediately following i has the
same probability of survival (φi) until i + 1.
3. Marks are neither lost or overlooked, and are recorded correctly.
4. Sampling periods are instantaneous (in reality they are very short periods).
5. All emigration from the sampled area is permanent.
6. The fate of each animal with respect to capture and survival probability is
independent of the fate of any other animal.
In addition to assumptions above, Method B in Program LOLASURVIV assumes:
7. There is a probability > 0 but <1 that sex can be unambiguously assigned to a
shark via morphology (presence/absence of claspers).
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8. All males have homogenous probability of capture. All females have homogenous
probability of capture.
9. There is no error in sex assignment.
Our dataset was too sparse to test for goodness-of-fit within LOLASURVIV to
test assumptions 1 and 2. Therefore, we evaluated goodness-of-fit using the median ĉ
approach in Program MARK (White & Burnham 1999) for 3 different versions of our
dataset. In the first 2 versions, unknowns were considered to be 1) all females (φ and p
were sex specific in the model evaluated) or 2) all males (φ and p were sex specific in the
model evaluated). In the 3rd version of the dataset, unknowns, males, and females were
pooled and φ and p were held constant for all individuals in the model evaluated.
Though Chapple et al. (2011) did not find evidence of temporary emigration using
electronic tags during their shorter study period, our longer time series showed evidence
that some adult females temporarily emigrated from the study area, whereas males
demonstrated strong annual site fidelity. When temporary emigration (TE) is non-random
(Markovian) with respect to an animal’s current emigration status, animals have a
different probability of being a temporary emigrant in year t+1 depending on whether
they are a temporary emigrant in year t or not, and CJS estimates of φ can be biased
(Kendall, Nichols & Hines 1997). However, if TE is completely random with respect to
an animal’s current emigration status, φ remains unbiased (Schaub et al. 2004; Rotella
2009). To test for evidence of whether TE for adult females in our data might have been
random or Markovian (Schaub et al. 2004), we used Test 2.CT in Program U-CARE

11
(Choquet et al. 2009) and ran two tests based on data for: 1) all known adult (>4.5m)
females and 2) all known females (>2.4m).
Results
From 2006-2011, we spent a total of 1,897 hours over 404 days at three CC
locations collecting a total of 668 high-quality fin ID’s that allowed us to identify 199
different individual white sharks. The ratio of known males to females was heavily
skewed (3.0:1 respectively), and 13.6% of the individuals were of unknown sex (129 M;
43 F; 27 U). Total length averaged 4.1 m (SD = 0.7 m, range = 2.4 to 5.5 m) for the 187
sharks whose length could be estimated.
Using the median ĉ approach, a program in Program MARK, the three models we
ran produced estimates of median ĉ <1.19. Based on this, we were not concerned about
overdispersion in our data, and used AICc to evaluate the support from the data for the
competing models considered. We found no evidence to suggest that TE by females was
Markovian. In our test for randomness (Test2.CT in U-CARE), we found insufficient
evidence in our dataset to reject the null hypothesis that TE in females was random, (twosided p-values >0.48). Based on this, we concluded that modeling in LOLASURVIV was
appropriate.
In the best-supported model, φ was the same for male and female sharks and
constant across all years, p differed by sex but not by year, π was held constant, and δ
differed by sex and by year (additive form, sex+t). Among those models containing no
uninformative parameters, no other model was well supported by the data (ΔAICc values

12
>4.47 for all other models). In the top model, φ for males and females was estimated as
0.90 (95% CI = 0.81 – 0.98). The best-supported model estimated p as 0.41 (95% CI =
0.30 – 0.52) for males and 0.19 (95% CI = 0.06 – 0.33) for females. Estimates of δ were
higher for males than females and tended to increase as the study progressed, especially
for females (Fig. 1).

Sex Assignment δ(sex+t)

Probability of Sex Assignment

1.2
1
0.8
0.6

Male
Female

0.4
0.2
0
2006

2007

2008
2009
Year

2010

2011

Figure 1. This graph represents sex-based probabilities (with their associated SE) of
unambiguously assigning sex to an unsexed shark for a given sampling occasion (year).
The sex ratio of the sample of sharks for which we obtained fin-ID photos, was skewed in
favor of males with π estimated as 0.68 (95% CI = 0.57 – 0.78), which is lower than the
naïve sex ratio estimate of 0.75 (129 males of 172 sharks with sex assigned) obtained
from the raw data that ignores the possibility that females might be harder to assign sex to
and be more likely to be of unknown sex.
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Models in which φ differed for males and females were not well supported. In the
best-supported version of such models, the coefficient that distinguished between φ for
males and females was deemed a redundant parameter (Table 1): the sex-specific survival
rates were very similar to each other and the respective confidence intervals overlapped
one another to a high degree. This model estimated φ as 0.93 (SE = 0.21, 95% CI: 0.53 –
1.00) for females and 0.89 (SE = 0.05, 95% CI: 0.79 – 0.98) for males. Time variant
models for φ were also poorly supported (ΔAICc >7.12): in the best-supported version,
estimates of φ ranged from 0.82 (SE = 0.13) to 1.0 (SE = 0.22).
Table 1. Model selection results for models representing hypotheses about sex-based
differences in survival. Selection is based on lowest ΔAICc scores. Only the top 3 models
whose ΔAICc <5.00 are presented. K represents the number of parameters. wi represents
the relative weight of evidence for each model.
Model
φ(.) p(sex) π(.) δ(sex+t)
φ(sex) p(sex) π(.) δ(sex+t)*
φ(.) p(sex+t) π(.) δ(sex+t)

K
11
12
15

AICc
401.70
403.71
406.17

ΔAICc
0.00
2.01
4.47

wi
0.90
0.10

* Redundant model as defined by Burnham & Anderson (2002)
Discussion
White sharks take a long time (at least 10 years) to reach sexual maturity, and
females produce few young (7-12 pups) after a long gestation (at least a year) (Francis
1996; Pratt 1996). Therefore, survival rates for sexually mature white sharks need to be
high if the population is to persist. Based on data collected from 2006-2011 from 199
different sub-adult and adult male and female white sharks, we estimated that annual
apparent survival (φ) was 0.90 (95% CI: 0.81 – 0.98) for males and females during the
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study period. This estimate is close to, but higher than, the value of 0.87 reported by
Smith et al. (1998) and in the upper range of 0.81 to 0.92 used by Cortés (2002). Given
our estimate, annual recruitment of new individuals into the sub-adult class of white
sharks would need to exceed ≥ 0.10 (95% CI: 0.02 – 0.19) to account for annual
mortality. However, at present, details of the recruitment process and recruitment rates
for white sharks are unknown.
We can speculate as to possible causes of mortality for sub-adult and adult white
sharks. However, documenting actual mortality and its causes of death is extremely
difficult because specimens are seldom obtained as white sharks are negatively buoyant
and sink when they die. Mortality could come from intraspecific aggression, wounds
inflicted by marine mammal prey, attacks by Orcas (Orcinus orca), or from humaninduced mortality. We have observed grievous wounds (especially in the gill region) on
both sexes of white sharks, and based on their appearance, the wounds were apparently
inflicted by other white sharks. It is reasonable to infer that some sharks are not able to
survive severe intraspecific interactions, but the nature and importance of such
interactions are poorly understood. When white sharks reach ~ 2.4m an ontogenetic shift
in diet from fishes, rays, and squids to pinnipeds takes place to supply the physiological
demands of large endotherms (Carlisle et al. 2012). Morphological changes in dentition
(broad and deeply serrated teeth for shearing) occur that make the teeth effective in
tearing large portions of flesh and fat from marine mammal prey as well as whale
carcasses (Long & Jones 1996). However, the marine mammals that constitute their
primary prey (Mirounga angustirostris, Zalophus californianus, Phoca vitulina) are
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capable of defending themselves with their claws and teeth. We have seen numerous
wounds inflicted by these prey on the heads of white sharks. It is possible these
interactions could result in the loss of an eye that we speculate could lead to eventual
death, as white sharks rely on their vision to ambush their prey. Orcas have been
observed preying on white sharks (Pyle et al. 1999), but this type of interspecific
interaction is very poorly understood. Thus, it is unclear as to what extent orca predation
can have on a white shark population. Sharks in the CC population cannot be legally
harvested, and poaching of sub-adult and adult white sharks is considered to be rare.
However, it is impossible for authorities to rigorously enforce regulations over the entire
range of white sharks, and mortality due to illegal harvest is possible.
The estimated sex ratio of our sample population is 2.1 males per females after
sharks of unknown sex were probabilistically assigned to sex. This is somewhat more
even than the observed sex ratio of 3 known males for each known female in our raw
dataset. We do not know why the sex ratio is skewed but can speculate on possible
reasons. One possible explanation is that on an annual basis, we detect a lower proportion
of the females in the CC population (compared to males) because females, perhaps as
part of their reproductive strategy, are more likely on an annual basis to be temporary
emigrants, i.e., stay outside of our study area during some field seasons. Another
possibility is that the skewed sex ratio is an artifact of our sampling methods. The
locations and the time of year we sample could be favoring higher detection for males. A
large portion of the females in this population could also be aggregating at locations
unknown to us, making them impossible to observe at our sample area. Females could
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also be spending less time, on any given occasion, in our sample area making it more
difficult to observe them. There is also the possibility that there are less sub-adult and
adult females in this population and a sex-based mortality occurs at an earlier life stage.
We have identified and unambiguously assigned sex to only 43 females in six years.
Twenty-four of these females are estimated to be sexually mature (>4.5m). Given this
low number and the high reproductive value they have in the CC population, it will be
important to further study how well the number detected represents the actual number in
the population and, if the true abundance is low, to consider why the number is so low
and how to best manage the population in light of such low numbers.
Survival estimates for sub-adult and adult white sharks at Guadalupe Island,
Mexico, based on CJS models, also found no evidence for a difference in survival
between sexes, but estimated φ did vary among years (Sosa-Nishizaki et al. 2012). Their
estimate was based on mark-recapture data from 113 individuals (67 males, 56 females)
over a nine-year study period. During this time, φ ranged from 0.80 to 0.99 (mean =
0.94), which is similar to our estimate of 0.90 for the CC population. Identified white
sharks in the Mexico population also had a skewed sex ratio (1.5 males per female)
(Nasby-Lucas & Domeier 2012). It should be noted that in the sample population of the
Mexico study, a different type of natural marks was used to identify individuals (Domeier
& Nasby-Lucas 2007). They used natural pigment patterns on 6 regions of the body (3 on
each side of the body) as marks that could be used in combination to identify individuals.
Sharks that have <6 regions photographically recorded were considered ‘orphans’ and not
used for analyzing survival unless observations were obtained for all 6 regions at some
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later date (Nasby-Lucas & Domeier 2012). It is unknown to what extent, if any, this
method of censoring versus including records of encounters might have biased survival
estimates, but it seems likely that the censoring of those animals that were seen fewer
times could have biased survival estimates high if the reason for fewer sightings was
related to death of animals.
Despite equivalent estimates of φ, males and females had a significant difference
in estimated capture probabilities (p). In our study, p was lower for males (0.41, 95% CI
= 0.30 – 0.52), than for females (0.19, 95% CI = 0.06 – 0.33). Temporary emigration by
females is likely responsible for some of the difference given that capture probability is
zero for females in years when they do not visit the study area during our sampling
season. It is also possible that females might behave differently than males and simply be
harder to detect with our methods. The extent to which these factors cause the
discrepancy is unknown at this time.
In conclusion, it is clear that further research is needed to investigate the
implications of a survival rate of 0.90 for a relatively small population of sub-adult and
adults for the dynamics and likely future status of the CC white shark population. In
particular, research is needed to evaluate whether recruitment in the population is
adequate to replace sub-adult and adult white sharks that are lost to mortality and/or
permanent emigration in this population. Currently, there is no information on vital rates
for white sharks <2.4m. However, young of the year and juveniles are incidentally caught
south of Point Conception, CA by gill net fisheries (Lowe et al. 2012) and recreational
anglers. Since nothing is known about vital rates for this demographic, it is currently
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difficult to assess the impact these fisheries have on sub-adult recruitment. Information
on the recruitment process and vital rates for juveniles are lacking but required if we at to
be able to discern whether recruitment it is adequate to offset mortality for CC white
sharks. Further refinements of estimates for adult survival would also be valuable. If data
can be accumulated for more sharks in more years, it might be possible to consider
sources of variation in survival among individuals (e.g., due to size, a factor that could
not be investigated here due to lack of data but that might influence survival) and years
(e.g., environmental conditions might cause survival to vary at detectable levels if data
are collected over important gradients of key conditions). The use of natural marks and
improved methods for data collection used here along with other improved electronic
technologies for monitoring animals in marine environments (Block et al. 2011) should
allow for important advances in the understanding of the population dynamics of this
species.

19
REFERENCES CITED
Anderson, S., Chapple, T., Jorgensen, S., Klimley, A. & Block, B. (2011) Long-term
individual identification and site fidelity of white sharks, Carcharodon
carcharias, off California using dorsal fins. Marine Biology, 158, 1233–1237.
Block, B.A., Jonsen, I.D., Jorgensen, S.J., Winship, A.J., Shaffer, S.A., Bograd, S.J.,
Hazen, E.L., Foley, D.G., Breed, G.A., Harrison, A.-L., Ganong, J.E.,
Swithenbank, A., Castleton, M., Dewar, H., Mate, B.R., Shillinger, G.L.,
Schaefer, K.M., Benson, S.R., Weise, M.J., Henry, R.W. & Costa, D.P. (2011)
Tracking apex marine predator movements in a dynamic ocean. Nature, 475, 86–
90.
Boustany, A.M., Davis, S.F., Pyle, P., Anderson, S.D., Boeuf, B.J.L. & Block, B.A.
(2002) Satellite tagging: Expanded niche for white sharks. Nature, 415, 35–36.
Burnham, K.P. & Anderson, D.R. (2002) Model Selection and Multi-Model Inference: A
Practical Information-Theoretic Approach. Springer.
Cailliet, G.M., Natanson, L.J., Weldon, B.A. & Ebert, D.A. (1985) Preliminary studies on
the age and growth of the white shark, Carcharodon carcharias, using vertebral
bands. Memoirs of the Southern California Academy of Sciences, 9, 49–60.
Carlisle, A.B., Kim, S.L., Semmens, B.X., Madigan, D.J., Jorgensen, S.J., Perle, C.R.,
Anderson, S.D., Chapple, T.K., Kanive, P.E. & Block, B.A. (2012) Using stable
isotope analysis to understand the migration and trophic ecology of northeastern
Pacific white sharks (Carcharodon carcharias). PLoS ONE, 7, e30492.
Chapple, T.K., Jorgensen, S.J., Anderson, S.D., Kanive, P.E., Klimley, A.P., Botsford,
L.W. & Block, B.A. (2011) A first estimate of white shark, Carcharodon
carcharias, abundance off Central California. Biology Letters, 7, 581–583.
Choquet, R., Lebreton, J.-D., Gimenez, O., Reboulet, A.-M. & Pradel, R. (2009) UCARE: Utilities for performing goodness of fit tests and manipulating CApture–
REcapture data. Ecography, 32, 1071–1074.
Cormack, R.M. (1964) Estimates of survival from the sighting of marked animals.
Biometrika, 51, 429–438.
Domeier, M. & Nasby-Lucas, N. (2007) Annual re-sightings of photographically
identified white sharks (Carcharodon carcharias) at an eastern Pacific
aggregation site (Guadalupe Island, Mexico). Marine Biology, 150, 977–984.
Domeier, M. & Nasby-Lucas, N. (2008) Migration patterns of white sharks Carcharodon
carcharias tagged at Guadalupe Island, Mexico, and identification of an eastern

20
Pacific shared offshore foraging area. Marine Ecology Progress Series, 370, 221–
237.
Domeier, M., Nasby-Lucas, N. & Palacios, D. (2012) The northeastern Pacific white
shark shared offshore foraging area (SOFA). Global Perspectives on the Biology
and Life History of the White Shark pp. 147–158. CRC Press.
Dulvy, N.K., Baum, J.K., Clarke, S., Compagno, L.J.V., Cortés, E., Domingo, A.,
Fordham, S., Fowler, S., Francis, M.P., Gibson, C., Martínez, J., Musick, J.A.,
Soldo, A., Stevens, J.D. & Valenti, S. (2008) You can swim but you can’t hide:
the global status and conservation of oceanic pelagic sharks and rays. Aquatic
Conservation: Marine and Freshwater Ecosystems, 18, 459–482.
Estes, J.A., Terborgh, J., Brashares, J.S., Power, M.E., Berger, J., Bond, W.J., Carpenter,
S.R., Essington, T.E., Holt, R.D., Jackson, J.B.C., Marquis, R.J., Oksanen, L.,
Oksanen, T., Paine, R.T., Pikitch, E.K., Ripple, W.J., Sandin, S.A., Scheffer, M.,
Schoener, T.W., Shurin, J.B., Sinclair, A.R.E., Soulé, M.E., Virtanen, R. &
Wardle, D.A. (2011) Trophic downgrading of planet earth. Science, 333, 301–
306.
Francis, M.P. (1996) Observations on a pregnant white shark with a review of
reproductive biology. Great white sharks: the biology of Carcharodon
carcharias, 157–172.
Hoenig, J.M. (1983) Emperical use of longevity data to estimate mortality rates. Fishery
Bulletin, 82.1, 898–903.
Jolly, G.M. (1965) Explicit estimates from capture-recapture data with both death and
immigration-stochastic model. Biometrika, 52, 225–247.
Jorgensen, S.J., Arnoldi, N.S., Estess, E.E., Chapple, T.K., Rückert, M., Anderson, S.D.
& Block, B.A. (2012a) Eating or meeting? Cluster analysis reveals intricacies of
white shark (Carcharodon carcharias) migration and offshore behavior. PLoS
ONE, 7, e47819.
Jorgensen, S., Chapple, T., Hoyos, M., Reeb, C. & Block, B. (2012b) Connectivity
among white shark coastal aggregation areas in the northeastern Pacific. Global
Perspectives on the Biology and Life History of the White Shark pp. 159–168.
CRC Press.
Jorgensen, S.J., Reeb, C.A., Chapple, T.K., Anderson, S., Perle, C., Sommeran, V., R, S.,
Fritz-Cope, C., Brown, A.C., Klimley, A.P. & Block, B.A. (2010) Philopatry and
migration of Pacific white sharks. Proceedings of the Royal Society B: Biological
Sciences, 277, 679–688.

21
Kendall, W.L., Nichols, J.D. & Hines, J.E. (1997) Estimating temporary emigration using
capture-recapture data with Pollock’s robust design. Ecology, 78, 563–578.
Klimley, A.P. (1985) The areal distribution and autoecology of the white shark,
Carcharodon carcharias, of the west coast of North America. Memoirs of the
Southern California Academy of Sciences, 9, 15–40.
Klimley & Anderson, A.P.& S.D. (1996) Residency patterns of white sharks at the South
Farallon Islands, California. Great white sharks: the biology of Carcharodon
carcharias, 365–374.
Lebreton, J.-D., Burnham, K.P., Clobert, J. & Anderson, D.R. (1992) Modeling survival
and testing biological hypotheses using marked animals: a unified approach with
case studies. Ecological Monographs, 62, 67–118.
Long, D.J., Hanni, K.D., Pyle, P., Roletto, J., Jones, R.E. & Bander, R. (1996) White
shark predation on four pinniped species in central California waters: geographic
and temporal patterns inferred from wounded carcasses. Great white sharks: the
biology of Carcharodon carcharias.
Long, D.J. & Jones, R.E. (1996) White shark predation and scavenging on cetaceans in
the eastern North Pacific Ocean. Great white sharks: the biology of Carcharodon
carcharias.
Lowe, C., Blasius, M., Jarvis, E., Mason, T., Goodmanlowe, G. & O’Sullivan, J. (2012)
Historic fishery interactions with white sharks in the southern California bight.
Global Perspectives on the Biology and Life History of the White Shark pp. 169–
186. CRC Press.
McCosker, J.E. & Lea, R.N. (2006) White shark attacks upon humans in California and
Oregon, 1993-2003. Proceedings - California Academy of Sciences, 57, 479.
Myers, R.A., Baum, J.K., Shepherd, T.D., Powers, S.P. & Peterson, C.H. (2007)
Cascading effects of the loss of apex predatory sharks from a coastal ocean.
Science, 315, 1846–1850.
Nasby-Lucas, N. & Domeier, M. (2012) Use of photo identification to describe a white
shark aggregation at Guadalupe Island, Mexico. Global Perspectives on the
Biology and Life History of the White Shark pp. 381–392. CRC Press.
Nichols, J.D., Kendall, W.L., Hines, J.E. & Spendelow, J.A. (2004) Estimation of sexspecific survival from capture-recapture data when sex is not always known.
Ecology, 85, 3192–3201.

22
Pardini, A.T., Jones, C.S., Scholl, M.C. & Noble, L.R. (2000) Isolation and
characterization of dinucleotide microsatellite loci in the Great White Shark,
Carcharodon carcharias. Molecular Ecology, 9, 1176–1178.
Pratt, H.L. (1996) Reproduction in the male white shark. Great white sharks: the biology
of Carcharodon carcharias, 131–138.
Pyle, P., Schramm, M.J., Keiper, C. & Anderson, S.D. (1999) Predation on a white shark
(Carcharodon carcharias) by a killer whale (Orcinus orca) and a possible case of
competitive displacement. Marine Mammal Science, 15, 563–568.
Rotella, J. (2009) Estimating reproductive costs with multi-state mark-recapture models,
multiple observable states, and temporary emigration. Modeling Demographic
Processes In Marked Populations, 157–172.
Sæther, B.-E. & Bakke, Ø. (2000) Avian life history variation and contribution of
demographic traits to the population growth rate. Ecology, 81, 642–653.
Schaub, M., Gimenez, O., Schmidt, B.R. & Pradel, R. (2004) Estimating survival and
temporary emigration in the multistate capture-recapture framework. Ecology, 85,
2107–2113.
Seber, G.A.F. (1965) A note on the multiple-recapture census. Biometrika, 52, 249–259.
Sosa-Nishizaki, O., Morales-Bojórquez, E., Nasby-Lucas, N., Oñate-González, E. &
Domeier, M. (2012) Problems with photo identification as a method of estimating
abundance of white sharks, Carcharodon carcharias. Global Perspectives on the
Biology and Life History of the White Shark pp. 393–404. CRC Press.
Tanaka, S., Kitamura, T., Mochizuki, T. & Kofuji, K. (2011) Age, growth and genetic
status of the white shark (Carcharodon carcharias) from Kashima-nada, Japan.
Mar. Freshwater Res., 62, 548–556.
Weng, K., Boustany, A., Pyle, P., Anderson, S., Brown, A. & Block, B. (2007) Migration
and habitat of white sharks (Carcharodon carcharias) in the eastern Pacific
Ocean. Marine Biology, 152, 877–894.
White, G.C. & Burnham, K.P. (1999) Program MARK: survival estimation from
populations of marked animals. Bird Study, 46, S120–S139.
Williams, B. k, Nichols, J.D. & Conroy, M.J. (2002) Analysis and Management of
Animal Populations: Modeling, Estimation, and Decision Making. Academic
Press.

23
Worm, B., Davis, B., Kettemer, L., Ward-Paige, C.A., Chapman, D., Heithaus, M.R.,
Kessel, S.T. & Gruber, S.H. (2013) Global catches, exploitation rates, and
rebuilding options for sharks. Marine Policy, 40, 194–204.

