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Abstract
1.	 Reliable estimates of mortality have been a major gap in our understanding of 

population ecology for marine animals. This is especially true for juveniles, which 
are often the most vulnerable age class and whose survival can strongly influence 
population growth. Thousands of pop‐up archival satellite tags (PAT) have been 
deployed on a variety of marine species, but analysis of these data has mainly 
been restricted to movement ecology and post‐handling survival following fisher-
ies bycatch. We used PAT data to provide empirical estimates of annual survival 
and cause‐specific mortality for juveniles of a marine top predator.

2.	 We tagged and tracked juvenile white sharks in the northeastern Pacific Ocean to 
(1) estimate survival rates and competing risks and (2) investigate intrinsic and 
environmental influences on mortality risk. We also evaluated the use of PAT data 
with respect to meeting assumptions of known‐fate survival models.

3.	 Annual juvenile survival rate was 0.632 (SE = 0.15) and annual natural mortality 
rate (0.08, SE = 0.06) was lower than the rate of gillnet interactions (0.48, 
SE = 0.15). Mortality risk decreased with greater body length and was significantly 
greater (hazard ratio = 9.05, SE = 0.70) for juvenile sharks in Mexican waters, rela-
tive to California waters.

4.	 The PAT data allowed for unambiguous determination of fate in most cases, aided 
by collaborative relationships with fishers and secondary tags deployed on a subset 
of sharks. Although caution must be exercised to establish whether assumptions 
are met, our work demonstrates that PAT data represent a widely available, un-
tapped data source that could dramatically increase our understanding of marine 
population ecology.

5.	 Synthesis and applications. Our research shows fisheries bycatch to be the main 
source of mortality for juvenile white sharks in the northeastern Pacific Ocean, 
highlighting the need for best practices, such as releasing sharks quickly following 
incidental capture. Furthermore, mortality risk for juveniles was greater in Mexican 
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1  | INTRODUC TION

Juvenile survival is a critical demographic parameter that influences 
the fitness of individuals and the growth of populations (Mollet & 
Cailliet, 2002; Morris & Doak, 2002). Technology facilitating track-
ing of individually marked juvenile animals has become increasingly 
available for a variety of species, allowing for more direct estimation 
of juvenile survival and cause‐specific mortality rates (e.g. Benson, 
Mills, Loveless, & Patterson, 2013; Moriarty, Whited, Sikich, & Riley, 
2012). However, to date empirical estimates of juvenile survival have 
mainly been limited to terrestrial species. Thus, the lack of reliable 
estimates of mortality continues to be a major obstacle to under-
standing and modelling population dynamics of virtually all marine 
fish species (e.g. Hixon & Carr, 1997; Pauly, 1980; Tsai, Sun, Wang, 
& Liu, 2011).

Recently, Byrne et al. (2017) used satellite‐tag data from Smart 
Position Only Transmitters (SPOT) to estimate annual fishing mor-
tality of shortfin mako sharks Isurus oxyrinchus in the Atlantic Ocean. 
To our knowledge, this was the first study to use satellite‐tag data of 
any kind from a marine species (aside from sea turtles) to estimate 
annual survival rates and model factors influencing fisheries mor-
tality risk using known‐fate models (Byrne et al., 2017). However, 
SPOT tags do not allow for reliable detection of natural mortality 
events and are only effective on certain fish species, such as sharks 
that surface regularly and have rigid dorsal fins (Byrne et al., 2017; 
Drymon & Wells, 2017). Heupel and Simpfendorfer (2002) esti-
mated juvenile survival for blacktip sharks Carcharhinus limbatus in 
Florida using acoustic tags, but the passive nature of acoustic telem-
etry meant that survival monitoring was geographically restricted to 
a single bay. Several researchers have noted that data from pop‐up 
archival satellite tags (PAT) would be effective for estimating mortal-
ity rates (Pollock & Pine, 2007; Skomal, 2007) and previous studies 
have used these data for estimating short‐term survival following 
fisheries bycatch (e.g. Campana, Joyce, & Manning, 2009; reviewed 
by Musyl et al., 2011). However, despite wide and increasing avail-
ability of PAT data for numerous marine species (e.g. Block et al., 
2011; Musyl et al., 2011), we are unaware of previous studies using 
these data to estimate annual survival and cause‐specific mortality 
rates (natural and fisheries) with known‐fate models.

Estimating survival is important for sharks because many spe-
cies have experienced population declines, primarily as the result 
of mortality associated with commercial fishing (Dulvy et al., 2014). 
Apparent survival of adult and subadult white sharks Carcharodon 

carcharias in the northeastern Pacific (NEP) population was recently 
estimated using mark–recapture methodology (Kanive et al., 2015), 
but survival rates of white sharks during their first several years of 
life are not available. This is a critical knowledge gap because white 
sharks are believed to be most vulnerable to mortality early in life 
(Klimley, 1985; Lowe et al., 2012; Lyons et al., 2013; Oñate‐González 
et al., 2017) and juvenile survival is thought to have the strongest 
influence on population growth for the species (Cortés, 2002; Mollet 
& Cailliet, 2002). Multiple studies have reported juvenile white 
sharks caught as bycatch in commercial and recreational fisheries in 
the NEP, highlighting this important cause of mortality (Dewar et al., 
2013; Klimley, 1985; Lowe et al., 2012; Lyons et al., 2013; Oñate‐
González et al., 2017). The only known nursery area for the genet-
ically distinct NEP white shark population (Jorgensen et al., 2009) 
straddles the coastal waters of southern California and Northern 
Baja, Mexico. Oñate‐González et al. (2017) examined catch records 
and found that incidental capture of juvenile white sharks was higher 
in Mexican waters compared to California. However, the annual 
mortality rate is not known for white sharks, and spatial variation in 
juvenile mortality risk has not been quantified for any shark species. 
White sharks are protected internationally under the Convention on 
International Trade in Endangered Species (CITES, Appendix II) and 
listed as vulnerable under the World Conservation Union Red List 
(IUCN, Category VU A1 cd+2 cd; Dulvy et al., 2008). White sharks 
are also listed as a “threatened species” in Mexico (DOF, 2002). 
Unfortunately, there is limited information on population dynamics 
of white sharks in the NEP. Thus, estimating juvenile white shark 
mortality would inform conservation efforts and provide a key pa-
rameter needed to understand the population dynamics of this top 
predator, assess its population status, and inform conservation and 
management efforts.

We used PAT data collected from 37 juvenile white sharks cap-
tured off the southern coast of California, United States and Baja, 
Mexico from 2000 to 2016 with multiple objectives. First, we esti-
mated rates of survival and competing risks. We hypothesized that the 
rate of interactions with fisheries would be greater than the natural 
mortality rate. Second, we investigated intrinsic (i.e. body size) and 
extrinsic (i.e. local environment) factors influencing mortality risk of 
juvenile white sharks. Given that bycatch appears to be more common 
in Mexico than California (Oñate‐González et al., 2017), we hypoth-
esized that mortality risk of juvenile white sharks would be higher in 
Mexican waters relative to California waters. We also evaluated the 
use of PAT data for known‐fate survival estimation with respect to 

waters, such that survival may be lower in colder years when juveniles are likely to 
move south seeking warmer water. This could increase stochasticity in juvenile sur-
vival and negatively influence population growth for this apex predator.

K E Y W O R D S

bycatch, competing risks, cox proportional hazards, juveniles, mortality, pop-up archival 
satellite tag, sharks, survival
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important model assumptions. Our work provides guidance to marine 
researchers interested in estimating survival and cause‐specific mor-
tality rates using satellite‐tracking data, and begins to address a criti-
cal knowledge gap in the understanding of shark population biology. 
Practically, understanding spatial variation in juvenile mortality risk 
will facilitate developing and refining fisheries management practices 
that are compatible with white shark conservation.

2  | MATERIAL S AND METHODS

2.1 | Capture and tagging

Juvenile white sharks were captured either through collaboration 
with fishers or by targeted fishing by researchers off the coast of 
southern California and Baja, Mexico from 2000 to 2016 (Figure 1, 
Table S1). Sharks not caught by researchers were captured as by-
catch in commercial set‐gillnet fisheries. We deployed PAT tags 
(PAT‐2 and PAT‐MK10; Wildlife Computers, Redmond, WA, USA) 
on 44 sharks and also used data from a single PAT deployment 
on a juvenile shark in our study area reported in the literature 
(PAT‐2000; Wildlife Computers, Dewar, Domeier, & Nasby‐Lucas, 
2004). We programmed the PAT tags to record light, depth and 
temperature every 5–120 s, and to transmit summaries of these 
data to satellites upon release from the animals. We programmed 
tags to release from sharks after 40–270 days. We examined 
these data for evidence of mortality, which facilitated monitor-
ing the survival of sharks on a daily basis. Three PAT tags never 

reported any data and we excluded these tags from the analyses. 
We also excluded data for four sharks that died immediately after 
release because survival data from these animals represented a 
clear violation of the important assumption that handling and tag-
ging do not influence the survival of study animals (e.g. Pollock, 
Winterstein, Bunck, & Curtis, 1989). We also excluded data for a 
single shark because the transmitted data were very sparse and 
the tag was not recovered. All other tags reported upon sched-
uled pop‐up (n = 19), reported upon premature pop‐up (n = 7) or 
were involved in mortality events, gillnet interactions, or long‐line 
interactions (n = 11). We also deployed SPOT tags on a subset of 
sharks (n = 12), which provided additional information on the fate 
of some sharks and aided our evaluation of PAT data with respect 
to meeting assumptions of known‐fate models.

We sexed sharks and measured total length at time of tagging. 
Previous researchers have proposed that young of the year (YOY) are 
<175 cm, older juveniles are 175–300 cm, whereas sharks >300 cm 
are subadults or adults (reviewed by Oñate‐González et al., 2017). 
Based on these classifications and their length at tagging, the sharks 
used in our analyses were mostly YOY (n = 29) with a small num-
ber of older juveniles (n = 8). Most sharks used in our analysis (86%, 
n = 32) were captured, tagged and released immediately (n = 30) or 
within 6 days (n = 2). However, five sharks tagged in California were 
brought into display at the Monterey Bay Aquarium (MBA) for peri-
ods of 22–223 days prior to release and tagging. However, we only 
included survival and mortality data for these sharks in our analyses 
for the periods following their release to the wild with a functioning 

F I G U R E  1   Locations where 
juvenile white sharks were tagged and 
subsequently died from fisheries or 
natural mortality along the coast of 
California and Mexico, 2000–2016

United States

Mexico

Los Angeles

Bahia
Sebastian
Viscaino

0 250 500 Km

Tagging Location
Fisheries Mortality
Natural Mortality

 13652664, 2018, 6, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.13158 by U

niversity O
f V

irginia A
lderm

a, W
iley O

nline L
ibrary on [12/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



     |  2891Journal of Applied EcologyBENSON et al.

PAT tag. Additional details of capture and handling of juvenile sharks 
used in our study are available in Table S1 and elsewhere (Dewar 
et al., 2004; Lyons et al., 2013; Weng et al., 2007, 2012). All cap-
ture and handling of sharks in California was done under California 
Department of Fish and Wildlife collecting permit CDFG SCP #2026 
and California State University, Long Beach IACUC protocol #274. 
Sharks in Mexico were tagged under permits SGPA/DGVS/06777/15 
and 06294/16.

2.2 | Interpreting PAT data and 
determining mortality

We examined all PAT data received for evidence of mortality. In 
cases where previously tagged sharks were entangled or captured, 
the tags were retained by fishers and eventually returned. In some 
cases, detached tags were reported to be found in nets, but the 
shark was not present in the net at time of retrieval (n = 2) or sharks 
were released alive by fishers following interactions with gillnets 
(n = 1). For our analyses, only sharks known to have died from inter-
actions with gillnets or long‐lines were classified as mortalities. All 
other tag data were assessed by looking at the final hours of depth, 
temperature, and light data recorded before the tag released to de-
termine the shark’s fate using methods similar to those of Campana 
et al. (2009). Sharks were deemed to have survived unless the data 
provided a clear indication of mortality. Predation of a tagged fish 
resulting in PAT tag ingestion can be determined when tag sensors 
indicate a sudden change in behaviour, an increase in thermal iner-
tia, and the extinguishing of light until the tag exits the predator’s 
stomach and reports at the surface (Jorgensen et al., 2015; Polovina, 
Hawn, & Abecassis, 2008). Mortality can also be determined if a 
shark sinks to the ocean floor and remains there until the tag trig-
gers the “mortality” release. We programmed PAT tags to release for 
this purpose if the tag recorded the same depth (±2 m) for >96 hr. 
Premature detachment can be concluded (and natural mortality 
ruled out) when tags sink to the bottom at a slower rate than would 
be possible if the tag was attached to a shark (Weng et al., 2012).

2.3 | Estimation of survival and competing risk rates

We estimated survival rates, standard errors, and 95% confidence 
intervals for juvenile white sharks captured in California waters 
using the nonparametric Kaplan–Meier product limit estimator 
and the Greenwood method for estimating variance (Therneau & 
Grambsch, 2000). Given that only four sharks were captured off 
the coast of Mexico, we did not pool these with the sharks tagged 
off California because it was possible that survival rates differed for 
animals tagged in the two locations. We did not estimate survival 
rates for these four sharks and instead simply present their monitor-
ing times and fates. However, given that juveniles moved between 
waters of the two countries during the monitoring period, we were 
able to explicitly investigate the hypothesis that mortality risk varied 
spatially between US and Mexican waters using Cox proportional 
hazards models (see below), which allow for time‐varying covariates. 

For sharks tagged off the California coast, we used two time‐scales 
and time of origins to estimate survival rates (Fieberg & DelGiudice, 
2009). First, we used a time‐since‐release time‐scale (Fieberg & 
DelGiudice, 2009) where all animals were entered into the model on 
day 0 (day of release with PAT tag) and survival rate was estimated 
across these monitoring periods (range 4–270 days). All animals ex-
ited the model upon mortality (coded 1) or were right‐censored upon 
tag pop‐up (coded 0). Next, we modelled survival using an annual 
recurrent time‐scale (Fieberg & DelGiudice, 2009) to extend survival 
rates across the calendar year. With this approach, animals entered 
the model in a staggered manner (Pollock et al., 1989) on the day of 
the year (1 Jan—31 Dec, 0–364) on which they were released with 
a PAT tag, and exited upon death (coded 1) or were right‐censored 
at the end of the monitoring period when the tag popped‐up (coded 
0). All animals still alive with a functioning PAT tag were censored 
on the last day of the year (31 Dec) and re‐entered on the first day 
of the following year (1 Jan). Although we did not monitor any indi-
vidual animal for a full calendar year, we monitored juvenile sharks 
during all months of the year allowing us to estimate annual survival 
rates and capture seasonal trends in mortality in our survival curves.

To evaluate the relative importance of different, mutually exclusive 
mortality and capture agents affecting juvenile white sharks tagged 
in California, we estimated the rate of competing risks for juvenile 
white sharks using the nonparametric cumulative incidence function 
estimator (CIF; Heisey & Patterson, 2006) with the annual recurrent 
time‐scale. Specifically, we estimated rates of: (1) natural mortality 
(predation or unknown), or (2) interactions with commercial fisheries. 
We considered these rates to differ from one another if their 95% con-
fidence intervals did not overlap. We did not consider competing risks 
for sharks tagged in Mexican waters because of the small sample size 
and the fact that all mortality events were from a single cause.

Implementing known‐fate survival procedures using telemetry 
data requires that only events involving animals whose survival is re-
liably monitored with a working device are included in the analysis. 
Animals can exit the analysis (i.e. be right‐censored) at any time if 
they can no longer be monitored, which in our study included tag fail-
ure or premature detachment. The critical assumption is that censor-
ing is independent of fate (Fieberg & DelGiudice, 2009); i.e. animals 
that are censored are assumed to be no more or less likely to die than 
other animals in the study. There are two other important assump-
tions when using telemetry data for survival analysis. First, tagged 
animals are assumed to be a random sample of the study population 
(Pollock et al., 1989). Second, capture and tagging are assumed not 
to influence future survival of animals (Pollock et al., 1989). As noted 
above, we excluded four sharks that appeared to have died due to 
capture and handling to ensure this assumption was met.

2.4 | Modelling factors influencing mortality risk

We investigated intrinsic and environmental factors influencing 
mortality risk of juvenile sharks with semiparametric Cox pro-
portional hazards regression modelling (Therneau & Grambsch, 
2000). For these models, we used the annual recurrent time‐scale 
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described above which allowed us to account for seasonality in 
mortality with the baseline hazard (Fieberg & DelGiudice, 2009). 
Specifically, we investigated the potential influence of length at 
tagging (cm, continuous) on mortality risk of sharks captured in 
California. We also investigated whether mortality risk varied spa-
tially between US and Mexican waters with a binary, time‐varying 
covariate (California = 0, Mexico = 1) using the entire dataset of 
sharks captured in both countries. Although most of the sharks 
we tracked were captured off the southern California coast (89%), 
sharks moved between US and Mexican waters and approximately 
half (46%) spent some of the monitoring period in Mexican waters 
off the coast of Baja. When sharks left the waters of one coun-
try and entered those of the other, we censored them and re‐en-
tered them the next day after updating the binary spatial covariate 
(Therneau & Grambsch, 2000). We used previously described 
methods to estimate spatial locations from PAT data (e.g. Weng 
et al., 2007, 2012). White sharks are protected from targeted fish-
ing in both the US and Mexico, but incidental catch of white sharks 
occurs in both areas and appears to be higher in Mexican waters 
(Oñate‐González et al., 2017). Mexico implemented a complete 
fishing ban for white sharks and mandatory release of incidental 
captures in 2014 (DOF, 2014). Unlike Mexico, California prohib-
its gillnet commercial fishing within three nautical miles of shore 
(California Proposition 132), which appears to have helped reduce 
bycatch of juveniles in California waters (Lyons et al., 2013). Thus, 
we used the model to test the hypothesis that mortality risk was 
higher for juvenile white sharks in Mexican waters. Given our rela-
tively small sample sizes (37 sharks, eight mortality events), we fit 
each covariate of interest separately in univariate models to avoid 
overfitting and potentially spurious results (Hosmer, Lemeshow, 
& Sturdivant, 2013). We compared the relative fit of models using 
Akaike’s Information Criterion corrected for small samples (AICc; 
Burnham & Anderson, 2002). We also calculated AICc for a null 
model with no covariates and only made inference on univariate 
models that represented substantial information gain relative to 
the null model (ΔAICc > 2; Burnham & Anderson, 2002).

Some individuals had >1 record in the input data (i.e. those 
tracked in multiple calendar years and those that crossed between 
international waters), so we estimated robust (“sandwich”) stan-
dard errors and p‐values for parameter estimates, clustered by in-
dividual, to account for the lack of independence of these records 
(Therneau & Grambsch, 2000). We examined parameter estimates 
for models with substantial information gain (ΔAICc < 2) and pres-
ent exponentiated beta coefficients (hazard ratios), robust standard 
errors, 95% confidence intervals, and robust p ‐values. We con-
sidered hazard ratios with 95% confidence intervals that did not 
overlap 1 to indicate significantly increased or decreased mortal-
ity risk. We conducted all survival and mortality analyses using the 
“survival”, “MASS”, “AICcmodavg”, and “visreg” packages in R version 
3.3.1 (R Development Core Team, 2016; http://cran.r-project.org). 
The proportional hazards assumption is critical for model fit of Cox 
proportional hazards models (Fieberg & DelGiudice, 2009). Thus, 
we verified the proportional hazards assumption of Cox models by 

examining the distribution of Schoenfeld residuals with a Chi‐square 
test using the cox.zph function in the “survival” package (Therneau 
& Grambsch, 2000). We also visually inspected plots of Schoenfeld 
residuals for significant departures from a horizontal trend over 
time that would indicate a violation (Fieberg & DelGiudice, 2009; 
Therneau & Grambsch, 2000).

3  | RESULTS

We documented two natural mortalities of YOY white sharks 
tagged with PATs. One shark died and sank to the sea floor 63 days 
after tagging. The second was apparently consumed by a predator 
36 days post‐release along with the PAT tag. Indications of this pre-
dation event were (1) the extinguishing of light, (2) a marked change 
in vertical behaviour, and (3) thermal inertia characterized by a near 
constant temperature across a wide range of depths. This PAT tag re-
mained inside of the predator for 19 days at which point the tag was 
expelled and once again began registering daylight prior to initiating 
transmission at the surface. We documented nine tagged YOY white 
sharks that interacted with gillnets (n = 8) or long‐lines (n = 1). Of 
the sharks that interacted with fisheries, six died, one was released 
alive, and two were reported missing by fishers who retrieved the 
tag (but not the shark) from their nets. Thus, we considered the six 
sharks that died to be mortalities, whereas we censored the remain-
ing three sharks that interacted with gillnets on the day the shark 
or tag was captured in the net. Sharks tagged in California resulted 
in all (n = 2) natural mortalities and three of the fisheries mortali-
ties. Three of four sharks tagged in Mexico died of fisheries‐related 
mortality. Five of six fisheries‐related mortalities we documented 
occurred in Mexico.

3.1 | PAT data with known‐fate models

Data from four sharks (11%) were potentially problematic for de-
termining fate and meeting the assumptions of known‐fate mod-
els without information beyond the PAT data (see Discussion and 
Appendix S1). However, information from secondary SPOT tags and 
assuming fishers always reported sharks that died in their nets re-
moved this uncertainty and allowed us to determine fate in all cases. 
Our assumption with respect to fishers is reasonable given the col-
laborative relationship between fishers and researchers in our study 
areas, and because fishers were compensated for returning tags.

3.2 | Survival and competing risks

Survival rate for the monitoring period since release (4–270 days) 
for juvenile sharks tagged in California was 0.808 (SE = 0.079, 
95% CI [0.666–0.979], n = 33, Figure 2a). We estimated annual 
survival of juvenile white sharks tagged in California to be 0.632 
(SE = 0.146, 95% CI [0.403, 0.993], n = 33, Figure 2b). For sharks 
tagged in California, annual mortality rate from natural causes was 
0.079 (SE = 0.058, 95% CI [0.00, 0.174], n = 2 events), whereas the 
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annual rate of interaction with gillnets was 0.469 (SE = 0.131, 95% 
CI [0.253, 0.685], n = 8 events). Given that not all sharks interact-
ing with gillnets were known to have died, we estimated the fish-
ing mortality rate as 0.289 (total mortality—natural mortality). We 
tagged four sharks in Mexico and three were killed in interactions 
with fisheries (two gillnets, one long‐line) all within 27 days of tag-
ging (range of monitoring 2–27 days). The remaining shark tagged in 
Mexico survived the entire 90‐day monitoring period.

3.3 | Factors influencing mortality risk

The null models were inferior to the models including total length 
(for sharks tagged in California; ΔAICc = 3.14) and location (for 
sharks tagged in California and Mexico; ΔAICc = 6.00), indicating 
that these variables provided substantial information about mor-
tality risk. There were no violations of the proportional hazards as-
sumption in these models based on analysis of the distribution of 
Schoenfeld residuals (total length: χ2 = 0.488, p = .485; location: 
χ2 = 0.803, p = .370). Graphical evaluation of the residuals also in-
dicated that the proportional hazards assumption was met (Figure 
S1). Mortality risk of juveniles tagged in California decreased with 
increasing total length at tagging (hazard ratio = 0.93, SE = 0.03, 95% 
CI [0.88, 0.98], p = .011, n = 33; Figure 3). Mortality risk was greater 
for juvenile white sharks when they were in Mexican waters relative 
to Californian waters (hazard ratio = 9.05, SE = 0.70, 95% CI [2.29, 
35.78], p = .002, n = 37).

4  | DISCUSSION

We believe our results provide the first empirical estimates of an-
nual juvenile survival and spatial variation in mortality risk derived 

by satellite‐tracking wild sharks. Our data suggest juvenile mortal-
ity of white sharks in the NEP mainly resulted from interactions 
with fisheries, whereas natural mortality was relatively rare. Large 
bodied, k‐selected species in general (Pianka, 1970) and pelagic fish 
specifically (McGurk, 1986) tend to experience relatively low natu-
ral mortality. Interestingly, our empirical estimate of annual natu-
ral mortality (0.079) was similar to previously reported estimates 
derived through modelling approaches (e.g. 0.047–0.068, Cortés, 
2016; Mollet & Cailliet, 2002). The increasing abundance of pinniped 
prey in the Pacific coast of North America during approximately 

F I G U R E  2   Estimated Kaplan–Meier survival probabilities and 95% confidence intervals for 33 juvenile white sharks satellite‐tagged in 
California waters. Shown are (a) estimated survival probability for the monitoring period and (b) estimated annual survival probability
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F I G U R E  3   Relationship of instantaneous mortality risk (log 
hazard) and length at tagging of 33 juvenile white sharks satellite‐
tagged in California waters estimated with Cox proportional 
hazards model; 95% confidence interval shown with grey shading
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the last 50 years (Wade et al., 2007) suggests food for adult white 
sharks in the NEP is relatively plentiful, which could help females 
provision young at birth. Less is known about the diet of juvenile 
white sharks in the NEP, but our documentation of low natural mor-
tality and lower mortality risk for larger juveniles (when they were 
older and provisioning themselves) may indicate that food resources 
are sufficient to keep starvation rates low.

We acknowledge that sampling issues also could have influenced 
our results. First, our sample size is modest, resulting in large con-
fidence intervals. Although we studied survival of juvenile sharks 
tagged in California over a 16‐year period, our within‐year sample 
sizes were quite low (range 0–9 sharks). Thus, our data should pro-
vide a valuable estimate of mean juvenile survival across that period, 
but they are clearly not sufficient to estimate mortality within years, 
or to understand inter‐annual variation in juvenile mortality. Large, 
long‐lived species in terrestrial systems often have highly variable 
juvenile survival rates (e.g. Derocher & Stirling, 1996; Gaillard, Festa‐
Bianchet, & Yoccoz, 1998). It is possible that juvenile white sharks 
experience similar fluctuations in natural mortality not captured by 
our estimates. If our estimates are used to parameterize future mod-
els of white shark population growth, the wide confidence intervals 
reported should be used to incorporate environmental stochasticity.

Second, although we tracked juvenile sharks from young ages 
(<1 year old), we acknowledge we could have missed some mortality 
of the youngest sharks prior to our most intensive tagging efforts. 
Parturition for white sharks in the NEP likely begins in May (Domeier, 
2012; Oñate‐González et al., 2017). Given that our tagging success 
was greatest in August, and that the median date of tagging for YOY 
sharks was 30 July, some YOY sharks may have died prior to the 
peak of our tagging season. Assuming juveniles are well provisioned 
at birth, they should have sufficient reserves that starvation would 
be relatively rare in the first several months, perhaps mitigating the 
problem. However, these first months could be a risky period for 
predation mortality and fisheries interactions, which could have 
resulted in underestimation of mortality. Indeed, mortality risk was 
greater for smaller sharks based on length at tagging, which should 
be approximately correlated with age. The single predation event we 
documented involved a shark captured in early July that was in the 
lowest quartile for length at tagging (142 cm).

Mortality was largely due to interactions with fisheries for sharks 
tagged in California and Mexican waters. Previous work has shown 
that juvenile white sharks have a high probability of survival when 
retrieved alive in gillnets and that mortality can be decreased by 
reducing the time that captured sharks spend in nets (i.e. soak du-
rations; Lyons et al., 2013). Oñate‐González et al. (2017) suggested 
that larger juvenile white sharks might be better able to free them-
selves from nets, which was consistent with our finding that mortality 
risk was negatively related to length at tagging. In Mexican waters, 
in addition to full protection for white sharks, a fishing closure be-
tween 1 May and 31 July for all sharks and rays was established be-
ginning in 2012, which has probably helped protect juveniles since 
it coincides with the period when young white sharks are close to 
the Baja coast (Santana‐Morales et al., 2012). In California waters, 

the 1994 inshore gillnet ban within three nautical miles of shore ap-
pears to have had a positive effect in terms of shifting gillnet effort 
to areas further offshore that are used less by young sharks (Lyons 
et al., 2013). However, our results also indicate that despite efforts 
to protect sharks by California and Mexico, and the potential for 
post‐release survival, incidental gillnet capture continues to be the 
primary source of mortality for juveniles. The lower mortality risk 
we documented in California waters suggests that full closure of gill-
net fishing close to shore is a more effective management strategy 
than simply banning targeted fishing to reduce mortality risk due to 
bycatch. Our results, combined with those of previous researchers, 
suggest that the following management regulations and fisheries 
practices are important to minimize bycatch mortality for juvenile 
white sharks in the NEP: (1) continued protection from targeted fish-
ing, (2) prohibiting gillnet fishing close to shore in nursery areas, and 
(3) mandatory release combined with efforts to reduce soak dura-
tion for sharks caught in gillnets.

Mortality risk was substantially greater off the coast of Baja, 
Mexico compared with California. Juvenile white sharks captured 
and tagged in southern California waters often travel south into wa-
ters off the coast of Baja, especially during fall and winter (Weng 
et al., 2007, 2012). Juvenile white sharks select warmer tempera-
tures than commonly occur in southern California during fall and 
winter, which likely provides at least a partial explanation for south-
ward movements of juveniles in these seasons (White, 2016). These 
previous findings, combined with our current results, suggest that 
colder water temperatures in southern California, especially during 
non‐El Nino years, could present an ecological trap for white sharks 
whereby juveniles seeking warmer temperatures during fall and win-
ter could greatly increase their risk of mortality due to interactions 
with fisheries in Mexico. Water temperature in the Pacific varies be-
tween warm and cool as part of the 16–20‐year cycle of the Pacific 
Decadal Oscillation. Highly temporally stochastic vital rates can 
strongly impact population growth, even for parameters with rela-
tively low elasticity for mean values (Mills, Doak, & Wisdom, 1999). 
Previous elasticity analyses have suggested that mean juvenile sur-
vival actually has the strongest influence on population growth of 
white sharks. Thus, increased variation in juvenile survival due to the 
proposed interaction between water temperature and spatial varia-
tion in mortality risk could have important consequences for popu-
lation growth of white sharks in the NEP where ocean temperatures 
vary annually due to climatic oscillations. Alternatively, increases in 
ocean temperatures (Levitus, Antonov, Boyer, & Stephens, 2000) 
associated with climate change could result in fewer juvenile white 
sharks moving south from California in future years, thereby reduc-
ing fishing mortality risk.

In terms of determining fate and meeting assumptions of known‐
fate models, several instances could have been ambiguous without 
additional information from fishers and secondary tags (see details 
in Appendix S1). There were two cases where sharks were captured 
and died in gillnets that may have been difficult to identify with cer-
tainty without information from fishers and secondary tags. There 
were also two cases where sharks survived, but with PAT data alone 
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there may have been uncertainty. One case was resolved using sec-
ondary tag data (Appendix S1). With another shark, the tag detached 
from the shark and was not recovered such that we had to determine 
fate using only transmitted data. We censored this shark on the last 
date we knew the shark was alive, but acknowledge there is a slight 
possibility that the tag detached during a fatal gillnet capture. If so, 
this would violate the assumption of censoring being independent of 
fate. However, given that we documented only this single, slight po-
tential violation of assumptions, we believe that known‐fate survival 
modelling is an appropriate and valuable use of PAT data for marine 
organisms. Nonetheless, care is needed to ensure that assumptions 
are met and reliable estimates are obtained.

Use of PAT data to estimate natural and fishing mortality rates 
will provide valuable information to managers that is currently lack-
ing. Specifically, our ability to estimate and separate natural and 
fisheries mortality is a clear advantage of PAT data relative to SPOT 
data (Byrne et al., 2017; Drymon & Wells, 2017). Empirical estimates 
of annual fishing mortality will be important for stock assessment 
and to set harvest regulations for sharks and a variety of other le-
gally harvested fish species because these estimates could refine 
important biological reference points such as FMSY, the fisheries 
mortality rate that produces the maximum sustained yield (Punt, 
2000). Indeed, Tsai et al. (2011) noted the potential for incorrect as-
sumptions about the effects of fishing when estimates of biological 
reference points are made without reliable data on important demo-
graphic parameters, such as fishing and natural mortality rates. PAT 
data also provide advantages over data from acoustic tags for sur-
vival estimation. Acoustic tracking requires that animals swim close 
enough to receivers to be detected, meaning that it is rarely feasible 
to continuously monitor survival with sufficient temporal and spatial 
scope for wide‐ranging marine organisms like sharks. Heupel and 
Simpfendorfer (2002) provided useful estimates of juvenile survival 
for blacktip sharks within a nursery, but were forced to censor ani-
mals (43%) that left the bay where acoustic receivers were located. 
PAT data allowed us to monitor survival regardless of where sharks 
travelled, as evidenced by our ability to detect spatial variation in 
mortality risk across an international boundary. Furthermore, use of 
acoustic data requires the additional assumption that tag failure is 
non‐existent as loss of signals were interpreted as fishing mortality 
(Heupel & Simpfendorfer, 2002).

Our results provide an important step towards filling a crit-
ical knowledge gap in the population dynamics of white sharks. 
Estimates of juvenile survival, combined with initial estimates of 
population size (Chapple et al., 2011; Sosa‐Nishizaki, Morales‐
Bojórquez, Nasy‐Lucas, Oñate‐González, & Domeier, 2012) and 
apparent survival (Kanive et al., 2015) of adults and subadults are 
important components that could facilitate an empirically based 
population model for white sharks in the NEP. Empirical estimates 
of annual fertility are not available for white sharks. However, 
assuming previous elasticity analyses are accurate, fertility has 
minimal influence on population growth of white sharks relative 
to juvenile and adult survival (Cortés, 2002; Mollet & Cailliet, 
2002). Estimates of juvenile white shark survival will also facilitate 

application of a recently developed method to derive abundance 
estimates referred to as close‐kin population‐estimation, which in-
volves genetic parentage analysis and requires accurate estimates 
of juvenile survival (Hillary et al., 2018). Previously, satellite‐track-
ing data have mainly been used to understand distribution and 
movements of marine organisms. Our work and that of Byrne et al. 
(2017) highlight the value of satellite‐tracking data for advancing 
the understanding of population dynamics of sharks. Similar to te-
lemetry data in terrestrial systems, the ability to track the fates of 
individual animals has the potential to revolutionize our capacity 
to study and model population dynamics for marine species.
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