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Among the largest fish species, the basking shark (Cetorhinus maximus) is found
circumglobally in temperate and tropical waters. Though historical documents have
recorded their presence in the California Current Ecosystem (CCE), basking sharks
are now only rarely observed in this part of their range. We compiled recent and
historical data from systematic surveys (1962–1997) and other sources (1973–2018) to
(i) examine temporal patterns of basking shark sightings in the CCE, and (ii) determine
the spatial, temporal, and environmental drivers that have affected basking shark
presence and distribution here for the last 50 years. We first calculated variation
in basking shark sightings and school size over time. We then generated species
distribution models using the systematic survey data and evaluated the performance
of these models against the more recent non-systematic sightings data. The sightings
records indicated that the number of shark sightings was variable across years, but
the number and probability of sightings declined in the mid-1980s. The systematic
survey data showed up to nearly 4,000 sharks sighted per year until the 1990s, after
which there were no sightings reported. In parallel, there was more than a 50% decline
in school size from the 1960s to the 1980s (57.2 to 24.0 individuals per group).
During the subsequent decades in the non-systematic data (>1990), less than 60
sharks were sighted per year. There were no schools larger than 10 reported, and the
mean school size in the last decade (2010s) was 3.53 individuals per group. Low sea
surface temperature and high chlorophyll a concentration increased sightings probability,
and prevailing climatic oscillations (El Nino-Southern Oscillation index, North Pacific
Gyre Oscillation, Pacific Decadal Oscillation) were also correlated with basking shark
presence. Lastly, we observed a significant shift in the seasonality of sightings, from
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the fall and spring during the systematic survey period to the summer months after
the 2000s. We conclude by offering suggestions for future research and conservation
efforts; specifically, coordinating the documentation of fisheries mortalities and sightings
throughout the Pacific basin would facilitate more robust population estimates and
identify sources of mortality. Additionally, monitoring shark fin markets and developing
region-specific genetic markers would help ensure that convention on international trade
in endangered species (CITES) regulations are being followed.

Keywords: species distribution model, population trend, schooling behavior, conservation, behavioral ecology,
environmental change

INTRODUCTION

Natural ecosystems are increasingly impacted by human activity,
leading to losses in biodiversity and population declines of many
species worldwide. Of particular concern is the decline of marine
top predators, including a number of shark species (Estes et al.,
2011; Pacoureau et al., 2021). The projected impacts of predator
loss are numerous and diverse, and many are species-specific.
Ecological consequences include trophic cascades, mesopredator
release, and potential declines in commercially important teleost
species and their prey (Heithaus et al., 2008; Polovina and
Woodworth-Jefcoats, 2013). Unfortunately, identifying potential
trends in shark population size can be challenging, as studies that
quantify these trends are often restricted to localized fisheries-
independent surveys, or more commonly, broader fishery-
dependent analyses of catch per unit effort (e.g., Simpfendorfer
et al., 2002; Lucifora et al., 2005; Drymon et al., 2011; Polovina
and Woodworth-Jefcoats, 2013; Peterson et al., 2017). For large
mobile species that have limited interactions with fisheries,
frequently occupy offshore areas, and are difficult to survey, there
is a lack of data that renders the underlying mechanisms and
magnitude of potential declines challenging to determine.

The basking shark (Cetorhinus maximus) is among the species
for which data gaps limit analysis of population trends. It is the
world’s second largest fish and one of three filter-feeding shark
species. Though many aspects of its biology remain unknown, it is
thought to be a long-lived organism with a low rate of population
growth (i.e., generation time of ∼20–30 years; McFarlane et al.,
2009). Circumglobally distributed in temperate and tropical
regions, basking sharks are capable of large-scale migrations,
traversing entire ocean basins beyond the legal protection of one
single country (Gore et al., 2008; Braun et al., 2018; Dewar et al.,
2018). During certain months, individuals aggregate in shallow
coastal hotspots, many of which are characterized by high frontal
activity or merging water masses (e.g., Sims and Quayle, 1998;
Skomal et al., 2004; Miller et al., 2015; Crowe et al., 2018). In
these locations, sharks can be observed feeding at the surface,
often on calanoid copepods (Calanus spp.), along visible tidal
lines that mark the front boundary (Baduini, 1995; Sims and
Quayle, 1998; Miller et al., 2015). Basking shark coastal hotspots
have been recorded primarily in the northern hemisphere and
in New Zealand (Francis and Duffy, 2002; Finucci et al., 2021),
though their seasonality varies by location. In regions in the
Northern Atlantic, the Eastern Coast of North America, and in

New Zealand, hotspots consistently form in late April through
early September (i.e., Sims et al., 2003; Speedie et al., 2009;
Lieber et al., 2013, 2020; Siders et al., 2013; Hoogenboom et al.,
2015; Gore et al., 2018; Finucci et al., 2021). Conversely, in
the Eastern North Pacific (ENP), hotspots were observed in the
mid-20th century during summer months along the southern
coast of British Columbia in Canada, but during winter months
in California’s Morro and Monterey Bays (Squire, 1967, 1990;
McFarlane et al., 2009). As a result, sharks in this region were
thought to represent a single ENP population that ranged from
Alaska between March and October, to as far south as Baja
California from October through May (Squire, 1990; McFarlane
et al., 2009; Dewar et al., 2018). However, historical and recent
observations suggest that this seasonality may have changed.
Fishermen in the early 1900s noted shark presence in central
California year-round (Squire, 1967), yet starting in the 1990s,
basking sharks have been primarily observed in June, July and
August (Baduini, 1995; Dewar et al., 2018). Factors driving shifts
in occurrence have not been determined.

Historically, their seasonal aggregation behavior made basking
sharks a periodic target for direct commercial fisheries in
temperate waters. Particularly in the early 20th century, they
were fished for their liver oil, fins, and meat. In the Atlantic,
Ireland’s Achill Island fishery alone captured over 1,000 basking
sharks annually from 1951 to 1955 and continued to operate
through 1965 (Went and Súilleabháin, 1967). Minor sport and
commercial fisheries in central California also emerged to target
basking sharks in the early twentieth century. Starting in 1924,
an average of 25 sharks were landed each season (September –
May), with a maximum of 100 sharks landed in a single year
until the fishery ended in 1938 (Phillips, 1948), partly because of
a decline in shark availability. The fishery re-emerged in 1946,
with roughly 300 sharks landed in the first year (Phillips, 1948;
Roedel and Ripley, 1950; Thomas, 2004; McFarlane et al., 2009).
Approximately 200 sharks were landed in each subsequent year
until fishing activity was suspended in 1950, again due in part
to a decrease in shark numbers (Squire, 1967; CITES, 2002;
McFarlane et al., 2009). In Western Canada, the basking shark
was considered a nuisance and subjected to a culling effort by
government agencies due to its frequent entanglement in fishing
nets (McFarlane et al., 2009). Approximately 1,000 sharks were
killed by eradication, entanglement, and sport fishing in Pacific
Canadian waters between 1945 and 1970 (McFarlane et al., 2009).
The overexploitation of basking sharks likely contributed to
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population declines in multiple locations by the mid- to late-
1900s (e.g., Squire, 1990; Sims et al., 2005a; Southall et al., 2005;
McFarlane et al., 2009; Witt et al., 2012). In the ENP specifically,
systematic surveys, sightings reports, and catch data all indicate
that since the mid-1900s, observations have decreased from
thousands of individuals per year to few, if any (Squire, 1967,
1990; Baduini, 1995; McFarlane et al., 2009; Dewar et al., 2018).

Targeted fishing for basking sharks in the ENP ended decades
ago (McFarlane et al., 2009; Dewar et al., 2018), and protective
measures for the species were established locally and globally
starting in the 1990s. Among these, the basking shark is now
listed under Appendix II under the Convention on International
Trade in Endangered Species (CITES, 2002). In addition, basking
sharks are listed as endangered globally (International Union
for the Conservation of Nature [IUCN], Rigby et al., 2021)
and, for the ENP population, endangered in Pacific Canadian
waters (COSEWIC, 2007). In the United States, the National
Oceanic and Atmospheric Administration (NOAA) designated
the basking shark as a Species of Concern in 2010, although the
program has since been discontinued. Basking sharks are also a
prohibited species in the Pacific Fisheries Management Council
(PFMC) Highly Migratory Species Fisheries Management
Plan (PFMC, 2018).

In some areas throughout their range, basking sharks appear
to be responding well to protective measures. For example,
basking sharks are still sighted regularly in the North Atlantic
(e.g., Witt et al., 2012; Miller et al., 2015; Gore et al., 2016).
Though sharks occur in fewer numbers than had been observed
prior to the establishment of targeted fisheries (Southall et al.,
2005), some studies (i.e., Witt et al., 2012) suggest a potential
population recovery in this region. In contrast, there is no
documented increase in sightings in the ENP, although analyses
are limited by the lack of systematic data collection.

Evaluating the status of the basking shark population in the
North Pacific is difficult due to multiple data gaps. While modeled
estimates of the population size suggest that less than 1,000
individuals may remain in the ENP (McFarlane et al., 2009), stock
structure has not been determined (McFarlane et al., 2009; Dewar
et al., 2018), rendering stock assessments impossible. Potential
sources of mortality are also unquantified. Though some threats
have been mitigated, basking sharks are vulnerable to a range of
gear types, particularly gillnets, and they have been incidentally
taken in coastal and high-seas fisheries (Bonfil, 1994; Darling and
Keogh, 1994; McKinnell and Seki, 1998; Larese and Coan, 2008;
Sandoval-Castillo et al., 2008; McFarlane et al., 2009; Dewar et al.,
2018). Additionally, given the high cost of their fins (Magnussen
et al., 2007), there is strong motivation to retain any landed
sharks. Finally, long-term, systematically collected datasets are
not available for recent decades. These considerable data gaps also
preclude formal stock assessments (Mieras et al., 2017).

An additional challenge to the management of basking sharks
is the lack of knowledge on habitat use. Basking sharks are known
to exhibit high interannual variability in occurrence, but the
forcing mechanisms behind this are not known (Jordan, 1887;
Dewar et al., 2018). Such information is critical to differentiate
whether variation in occurs due to changes in population
size or in movement patterns and distribution because of

environmental change. Understanding habitat is also necessary
to develop methods (e.g., dynamic ocean management; Hazen
et al., 2018; Abrahms et al., 2019a; Blondin et al., 2020) to
avoid ship strikes and incidental capture by reducing overlap
between vessels and basking sharks. Furthermore, identifying
the environmental drivers of basking shark movement patterns
can help forecast potential changes in habitat quality and
hotspot location associated with climate change. There is a
considerable amount of data in the North Atlantic indicating
that both biotic and abiotic factors (e.g., sea surface temperature,
plankton density, frontal activity) affect basking shark presence
and behavior (Berrow and Heardman, 1994; Sims and Quayle,
1998; Cotton et al., 2005; Witt et al., 2012; Siders et al., 2013;
Hoogenboom et al., 2015; Miller et al., 2015; Austin et al., 2019).
However, few studies on this topic (e.g., Squire, 1990; Baduini,
1995; Dewar et al., 2018) exist in the Pacific.

The aim of this study is twofold: (i) to compile recent
and historical data to re-examine temporal trends in basking
shark sightings and school size over time using the most up-
to-date information, and (ii) to determine the environmental
factors that affect basking shark abundance and distribution
in the ENP. We primarily focus on the California Current
Ecosystem (CCE), which runs from the southernmost point of
Baja California, Mexico to Washington, United States. With
sightings data collected from 1962 to 2018, our analysis uses
species distribution models to assess the impact of environmental
factors hypothesized to predict basking shark presence (sea
surface temperature, climactic oscillations, and chlorophyll
concentration), in addition to spatial (latitude and longitude)
and temporal (month and year) trends in occurrence. Species
distribution models can also offer insight into whether the
decline in sightings in the CCE could be driven by declining
suitability in environmental conditions. Additionally, because
important behaviors like feeding, mating and social interaction
have been proposed as other mechanisms driving coastal
basking shark aggregations, we examine variation in aggregation
size over time. We conclude by highlighting ongoing gaps
in our knowledge of the ENP population (i.e., population
demographics and behavioral information) and offer suggestions
to address these areas.

MATERIALS AND METHODS

Sightings Data
Basking shark sighting information along the west coast of
the United States was compiled by NOAA from a variety
of sources, including NOAA aerial surveys, fisheries data,
tagging and research efforts, and public observations. It is
important to note that for all data sources, sharks were
only sighted when near the surface. Sightings were defined
as a single report of any number of sharks observed in
given location and time point. We divided the dataset into
two categories: sightings obtained via NOAA systematic aerial
surveys (hereafter “systematic survey data”), and those that were
reported opportunistically (hereafter “non-systematic data”) by
other means (Supplementary Figure 1).
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FIGURE 1 | Maps of sightings data collected from 1962 to 2018, from systematic surveys (left; 1962–1997) and non-systematic data (right; 1973–2018) along the
western coast of the United States and Mexico. Presences are denoted in yellow. Those above 46◦ latitude were observed in the bay near Seattle, WA
(United States). Sightings from drift gillnet records have been excluded in this figure because of NOAA confidentiality policies. Centroids of blocks where sharks were
not found, based on systematic surveys by pilots who had reported a basking shark at least once, are marked in red. Numbers indicate shark hotspots identified in
both this and previous studies, in (1) Monterey Bay, (2) Santa Barbara, and (3) Baja California.

Most shark sightings (402/624) were reported during the
NOAA systematic surveys, which took place from 1962 to 2004
(Figure 1). During this time, commercial aerial fish spotters
flew along the southern and central California coast to estimate
tonnage of coastal pelagic fish species such as sardine (Sardinops
sagax). Surveys were conducted in a block design, each block
covering a 10-arcminute squared area, or 8 × 10 nautical miles
(Caruso et al., 1983). There were over 20,000 flights conducted;
however, not all pilots reported basking sharks. It was unknown
whether this was intentional on behalf of those pilots or due to
basking shark absence during their flights. Consequently, we only
included data from pilots who had reported a basking shark at
least once and accounted for potential variation between pilots
in our models (see analyses below). Due to pilot turnover, our
dataset was limited to years prior to 1997. The systematic survey
sampling method also provided information on school size and
basking shark absence, from blocks in each flight that were
surveyed in which no sharks were recorded (26,655 absences).

In addition to systematic survey data, other instances of
basking shark sightings (222/624) were collated by NOAA from
1973 to 2018 (Figure 1 and Supplementary Figure 1). These were
reported from tagging efforts (n = 20), gillnet observer records
(n = 51), leatherback sea turtle (n = 8) and porpoise aerial surveys
(n = 15; Forney et al., 2014), public sightings records (e.g., the
Spot-A-Basking Shark program by the Pacific Shark Research
Center; n = 58) and other NOAA reports (n = 70). The aerial
surveys in particular (Forney et al., 2014) offer the most direct
comparison to the systematic survey data given the similarity of
methods. These sea turtle and porpoise surveys reported basking
shark presence and school size from 1990 to 2013, beyond the
systematic survey period. Notably, corresponding absence data
were not available for any non-systematic observations. For our

analysis we generated pseudo-absences in R for each presence in
this subset of the data in a 10:1 ratio, using the randomPoints
function in the dismo package to conduct random background
sampling of the spatial extent (Hijmans et al., 2017; R version
4.0.2; R Core Team, 2020). However, given the wide variation
in sampling techniques, this subset of the data was primarily
used for model evaluation (see below) and to allow for further
exploration of temporal trends in sightings.

Most sightings in the systematic and non-systematic data
(n = 621/624) included information on number of sharks
observed, which were binned into categories (solitary, 2–10,
11–50, 51–100, and 101–500 sharks) to quantify changes in
aggregation size. For reports with multiple individuals sighted, we
then calculated the mean group size per decade. We compared
the values for the first and last decades of the systematic survey
data in which sharks were sighted (1960 and 1980) and the last
decade of the non-aerial survey data (2010).

Predictor Variables
Fine- and broad-scale environmental predictors selected for
our analysis were chosen based on previous studies. At a
fine-scale, predictors included sea surface temperature (SST)
and surface chlorophyll a (chl-a) concentration (Squire, 1990;
Cotton et al., 2005; Witt et al., 2012; Siders et al., 2013).
Water temperature is known to drive patterns in abundance and
distribution (Brown et al., 2004; Payne et al., 2016). Satellite
surface chl- a approximates phytoplankton abundance, and is
often used as a proxy for ocean productivity and thus surface
feeding conditions for basking sharks and other planktivorous
species (Curtis et al., 2014; Miller et al., 2015; Austin et al.,
2019). In the CCE, prior studies suggest that surface chl-a
concentrations are highly correlated with both egg production
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and the abundance of lipid-rich adult Calanus pacificus (e.g.,
Håkanson, 1987; Mullin, 1994; Nickels and Ohman, 2018), an
herbivorous copepod that is the preferred prey of basking sharks
in this region (Baduini, 1995). As many of our observations pre-
date the satellite era, we used the Hadley Centre Sea Ice and Sea
Surface Temperature data set (Rayner et al., 2003) to estimate
SST at sampled locations, calculated monthly at 1-degree spatial
scale from 1870 to near present. Additionally, because consistent
ocean color observations are only available starting in the late
1990s, we created a climatology of surface chl-a for each month
at each spatial coordinate from 1997 through 2019. Monthly
values were calculated from re-analyses developed through the
Ocean-Color Climate Change Initiative (OC-CCI) using multiple
ocean color sensors (Sathyendranath et al., 2019). We were
therefore able to determine whether sightings were related to
specific locations and season(s) where surface chl-a has been
high on average during the ocean color satellite era, although we
could not assess surface chlorophyll conditions for most basking
shark sightings (as they were from years prior to 1997). Both
environmental variables were obtained from NOAA’s ERDDAP
server (Simons, 2020), and extracted using the rerddapXtracto
package (Mendelssohn, 2020).

Broad-scale cues included predictors for prevailing climatic
oscillations in this region: the El Nino-Southern Oscillation index
(ENSO), North Pacific Gyre Oscillation (NPGO: Di Lorenzo
et al., 2008) and Pacific Decadal Oscillation (PDO: Mantua and
Hare, 2002). All were reported by month and year.

To account for other spatiotemporal processes not captured
by the selected environmental data, we included spatial (latitude,
longitude) and temporal (month, year) predictors. In addition,
because existing literature is currently contradictory with respect
to the seasonality of basking shark sightings (Squire, 1967; Dewar
et al., 2018), we added an interaction term to account for variation
in monthly sightings by decade within our dataset. Given the
possibility that localized cues (e.g., SST or chl-a) drove changes
in sightings over time, we also calculated the mean SST by decade
at all sighting locations to supplement the results of our models
(Supplementary Figure 2). We were unable to calculate mean
chl-a by decade prior to 2000 given that its values were calculated
from a climatology.

Analysis
We created three species distribution models using general
additive mixed models (GAMMs) to determine the effect of our
selected predictors on basking shark presence, using the mgcv
package (Wood, 2017). We used a cross-validation approach to
assess the performance of each GAMM (Table 1a). Because the
systematic survey data constituted most of our data and included
both presences and true absences, this subset of the sightings data
was used for cross-validation. Comparing model performance
allowed us to determine whether our selected environmental
predictors alone were sufficient to predict basking shark presence,
or whether unmeasured spatiotemporal processes were also
important (Brodie et al., 2020). In all models, (1) environmental
variables (fixed effects) and Pilot identity (random effect) were
included as predictors, (2) chl- a was fourth-root transformed
before analysis to reduce skewness, and (3) all variables were

smoothed using a thin-plate regression spline, except for month
where a cyclic cubic regression spline was used. Model 1 also
included year, latitude and longitude as an interaction term, and
month as a fixed-effects variable, which was allowed to vary by
decade to assess changes in seasonality over time (Table 1a).
Model 2 only included year as an additional predictor.

For cross-validation, the systematic survey data was divided
into an 80% training/20% testing split. To account for the strong
class imbalance due to the large proportion of absences, we
up-sampled the training data such that presences represented
8% of the dataset (versus ∼1.5% before up-sampling). We
assessed model skill using the Area Under the Receiver Operating
Characteristic (ROC) curve: (AUC) (Hanley and McNeil, 1982;
Runcie et al., 2019). The AUC metric varies between 0 and
1, with a value of 0.5 indicating that the model predictions
were no better than random, and a value of 1 indicating that
the model is capable of distinguishing presences and absences
perfectly (Elith et al., 2006; Parisien and Moritz, 2009; Runcie
et al., 2019).

We calculated the mean AUC on the withheld 20% of data
across five different, random testing/training splits to determine
model performance for each GAMM (Table 1a). For each split,
we also evaluated Model 3 on the non-systematic data, which
included presences and pseudo-absences. Because Models 1
and 2 contained year and decade terms, they were unable to
predict beyond the temporal constraints of the systematic survey
data to which they were fitted (1962–1997); Model 3 excluded
these terms and consequently could evaluate the non-systematic
data through 2018. We accounted for the Pilot predictor by
assigning a single pilot ID to the entirety of the non-systematic
data, selected from a pilot who had a relatively high positive
observation rate and an average number of records throughout
the systematic survey period.

RESULTS

Basking Shark Records
The complete dataset included 624 shark sightings. Sightings
were reported throughout the year, from 27.75◦ N to 49.82◦ N
and –125.66◦ W to –115.42◦ W, and spanned more than five
decades (1962–2018). There were eight pilots in our systematic
survey data who reported basking sharks. They varied in the
number of flights conducted by month and year, which we
accounted for using the Pilot identity term in our GAMMs.
Collectively, flights from these pilots covered every year from
1962 to 1995, and again in 1997 (Supplementary Figure 3).
Flights also generally took place from February to November,
with a greater number during the fall months (August to
November). Out of the 7,076 flights conducted, 262 of these
reported basking sharks, with the last presence observed in 1988.
There was a peak in the total number of sharks sighted per
year and the mean number per flight between 1960 and 1970,
as well as a second smaller peak around 1980. Shark sightings
were comparatively low in the 1970s and the mid to late 1980s
(Figure 2). Over this time, sightings were reported primarily
in the late fall through early spring (September through June;
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TABLE 1 | (a) Summary table of general additive mixed models [GAMMs] used in testing and training. (b) Output summary of GAMMs, including p-values and chi-square
values. Summaries represent an example from one round of testing and training; outputs from all five rounds were similar.

(a) Predictor variables Mean AUC
(training)

Mean AUC
(testing)

Mean AUC
(non-aerial data)

Model 1 SST + CHL + ENSO + PDO + NPGO + pilot (re) + year +
lon:lat + month, by decade

0.93 0.92 —

Model 2 SST + CHL + ENSO + PDO + NPGO + pilot (re) + year 0.90 0.88 —

Model 3 SST + CHL + ENSO + PDO + NPGO + pilot (re) 0.88 0.87 0.74

Model 1 Model 2 Model 3

(b) Predictor variables Chi Sq. p Chi Sq. P Chi Sq. p

s(MeanHadleySST) 124.94 <0.05 169.55 <0.05 310.97 <0.05

s(Lon,Lat) 509.0 <0.05

s(Month):Decade1960 188.43 <0.05

s(Month):Decade1970 284.47 <0.05

s(Month):Decade1980 16.66 <0.05

s(Month):Decade1990 3.26E-08 1

s(Year) 1175.32 <0.05 3455.56 <0.05

s(PDO) 83.87 <0.05 66.12 <0.05 116.93 <0.05

s(ENSO) 118.37 <0.05 171.62 <0.05 194.70 <0.05

s(NPGO) 22.64 <0.05 76.06 <0.05 441.51 <0.05

s(CHL) 108.03 <0.05 667.23 <0.05 1021.41 <0.05

s(Pilot) 282.65 <0.05 525.62 <0.05 731.88 <0.05

Supplementary Figure 4). The maximum total number of sharks
sighted in a year was nearly 4,000 individuals, in 1966. From
1962 to 1988, there were only 5 years of zero shark sightings.
However, after 1988, none were reported for the duration of the
systematic surveys (through 1997). In comparison, in the non-
systematic survey data, there was only 1 report prior to 1988 (in
1973). After 1988, there were 10 years in which no sharks were
reported (Figure 3).

Most non-systematic sightings were reported during the 2010s
(n = 114), and the relatively high number of sharks observed
during this time provides some opportunity for comparison
with the systematic survey data. The maximum number of
sharks reported each year was 57 individuals in 2011, from
a combination of public sightings schemes, NOAA reports,
and tagging efforts (Figure 3 and Supplementary Figure 1).
Non-systematic sightings were distributed throughout the CCE,
clustered near Monterey Bay, Santa Barbara, and Baja California
(Supplementary Figure 5). Interestingly, there were eight
sightings (7%) off Oregon and Washington as well. Sightings took
place primarily in summer months (April through October), with
a few sightings in the late fall and early winter (Supplementary
Figure 4). For example, in the 2010s, 94% of sightings were from
April-September with a peak of 25% in May. Though the non-
systematic data was not used to build the GAMMs, the mean SST
in shark sighting locations remained relatively consistent across
decades in this data from 1990 to 2018 (mean SST: 14–16◦C;
Supplementary Figure 2), although temperatures overall ranged
from 11.4 to 19.8◦C. We were only able to calculate chl-a values
at shark sighting locations starting in the 2000s, but mean chl-
a was relatively consistent between the 2000s and 2010s (mean:

1.55 and 1.27, respectively) with a wide range across individual
sightings, from 0.27 to 4.84.

Of the 624 records, 621 reported school size (402 for the
systematic data and 219 for the non-systematic data). Our
systematic surveys reported a variety of aggregation sizes, from
two individuals to up to 500. However, sightings in the high-
number bins (11-50+ sharks) decreased dramatically in the late
1980s (Figure 2). Between the 1960s and 1980s, there was a ∼58%
decline in the mean size of basking shark aggregations in the
systematic survey data (57.2 to 24.0 individuals). In the non-
systematic data we examined, there were no shark aggregations
larger than 10 (Figure 3). This includes the leatherback sea turtle
and porpoise surveys for which, of 20 sightings from 1990 to
2013, only two reported more than one shark with aggregations
of 2 and 3 individuals. For comparison, only 33% of reports in the
systematic survey data were of solitary sightings.

Species Distribution Models
Our models performed well on both testing and training datasets
derived from the systematic data, with AUC values ranging
from 0.87 to 0.93 (Table 1a). The model containing the largest
number of potentially relevant predictors (Model 1) emerged as
the top model in terms of average skill (AUC training = 0.93,
AUC testing = 0.92). This suggests that our predictions were
improved slightly by accounting for unknown spatiotemporal
processes. When Model 3 was applied to the non-systematic data,
it performed moderately well with a predictive power of 0.74.

All three models contained Pilot as a random-effects variable
and the same environmental variables. The effects of nearly all
variables (other than month-decade) were statistically significant
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FIGURE 2 | (Top) The total number of sharks sighted based on flights conducted each year in the systematic survey. Peaks in sightings are evident from 1962 to
1985, with few sightings after that time. (Middle) Number of sharks per sighting in the systematic survey data, with each sightings report binned according to the
size of the aggregation (solitary individuals, 2–10, 11–50, 51–100, and 101–500). Larger aggregations are present primarily prior to 1983, with smaller groups of
sharks reported after that year. (Bottom) Mean number of sharks sighted per flight per year during the systematic survey period, showing similar trends to the total
number of sharks sighted each year but accounting for variation in the number of flights conducted.

(p < 0.05; Table 1b). However, the relative influence of these
predictors differed based on the model AIC’s sensitivity to the
loss of each term (Supplementary Figure 6). The Pilot variable
was consistently highly influential, suggesting that observer bias
influenced some of the patterns in our data. Each model also
generally predicted a higher probability of basking shark presence
with increased chl-a concentration and cooler temperatures
(<14–15◦C; Figure 4), although chl-a appeared to be a stronger
predictor in Models 2 and 3, while SST was a weak predictor
in all models. When we also examined the mean SST values by
decade at shark sighting locations, there was significant variation
among sightings (11.4–19.8◦C). However, we found relatively
little difference between the mean SST values across decades
(range mean SST: 14.3 – 15.8◦C; Supplementary Figure 2) and
no trend over time. Notably, this is similar to temperatures
observed in the non-systematic data (2010–2018; mean SST:
15.8◦C, Supplementary Figure 2).

Any shift in SST should also capture some of the influence
of broader scale cues, such as PDO, ENSO, and NPGO.
For PDO, our models showed a bimodal pattern with an

increased probability of occurrence at slightly negative and
positive values. The probability of basking shark occurrence
was also higher at neutral to negative ENSO values, and
at negative NPGO values (Figure 4). Yet as with SST,
these climatic oscillations had moderate to weak influence
on our models compared to other predictors (Table 1b and
Supplementary Figure 6).

Model 1 allowed for the examination of year, decade,
month, and latitude/longitude. All were highly influential
predictors in this model compared to the environmental variables
(Figure 4, Table 1b, and Supplementary Figure 6). There was a
significant seasonal and monthly change in sightings probability,
and patterns of seasonal variation changed between decades.
Specifically, in the 1960s, Model 1 predicted a higher probability
of basking shark sightings in mid-spring and late summer.
This shifted to early summer and late fall in the 1970s. In
the 1980s there was lower variability between months, though
a slight increase in probability in early spring and late fall
(Figure 4). Across all decades, there was a lower probability in
the summer months.
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FIGURE 3 | (Top) The total number of sharks sighted opportunistically each year in the non-systematic survey data. Slight peaks in sightings occur between 1980
and 1990, and between 2011 and 2018. (Bottom) Number of sharks per sighting, binned as in Figure 2. All records report at most. All records report at most 10
sharks.

In additional to environmental variables, Model 2 also
examined the effect of year on basking shark sightings and
found that it affected sightings probability significantly (Table 1b)
and was a moderately influential predictor (Supplementary
Figure 6). There was a high probability of occurrence from
the late 1970s to the early 1980s. From 1975 to 1983 the
probability increased from an average of 0.31–0.68. After that
time, probability decreased to 0 for the rest of the systematic
survey period (Figure 4). These results, combined with those
from Model 1, indicate that there were additional spatial and
temporal processes affecting sightings probability that were
unaccounted for by the other environmental predictors. Chl-
a was also a strong predictor in Model 2 (Table 1b and
Supplementary Figure 6).

In terms of spatial distribution, across the entire aggregated
systematic survey period (1962–1997), all models also predicted
a higher probability of shark sightings directly along the
coastline from Monterey Bay down to Santa Barbara, as well
as off northern Baja California (Figure 1 and Supplementary
Figures 7, 8). When we mapped the model predictions by
decade, we found that this distribution varied over time.
Specifically, all our models predicted a higher probability of
basking shark sightings in the Monterey Bay area during the
1960s (Figure 5A and Supplementary Figure 8a). During the
1970s, basking sharks were predicted to be sighted further
south, near Santa Barbara and Baja California (Figure 5B
and Supplementary Figure 8b), although there were still a
few observations north of Santa Barbara. In the 1980s, the
last decade in which a basking shark was sighted in the
systematic surveys, the probability of basking sharks sighting
increased primarily near the Santa Barbara area (Figure 5C and
Supplementary Figure 8c).

DISCUSSION

Published information on the behavior, movement patterns,
distribution, and abundance of basking sharks in the CCE is
sparse. Using a cumulative analysis of historic and contemporary
sightings datasets, we conducted a detailed examination of
basking sharks in the CCE. We assessed sightings numbers
and school size to determine patterns in basking shark
behavior and distribution over time. We also generated the
first habitat models for this species in the ENP, exploring the
influence of environmental and other spatiotemporal variables on
sightings probability.

This research builds on the few studies that have been
conducted previously, many of which have also reported a decline
in observations. Squire (1967) analyzed log records of aerial
surveys conducted in from 1948 to 1950, noting the number
of basking sharks and seasonality of sightings in the Monterey
area. During this time, basking sharks arrived here in large
numbers, with one instance of a reported shoal reaching over
1,000 individuals. In a later paper, Squire (1990) assessed a
different set of aerial survey records in the CCE from 1962 to 1985
and found a notable decrease in abundance of sharks observed
after 1970. Similarly, based on opportunistic sightings and aerial
survey data, Baduini (1995) determined that abundance of
basking sharks after 1967 was much less than that observed by
fish spotters from 1948 to 1951. In a 2009 report, McFarlane
et al. (2009) provided a comprehensive report of sightings trends
and historic threats to basking sharks in Western Canada and
California, compiling data available up until 2007. These authors
also found evidence of a dramatic decline in sightings over
time and advocated for further research on the ENP basking
shark population.
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FIGURE 4 | Partial response plots for the temporal and environmental predictors from each of the three models, fitted to the systematic survey data (parameters for
each model are fully outlined in Table 1). The y-axis represents predicted probabilities of basking shark sightings. There was little variation in each of the five
iterations of model testing and training. This is a representative example of one iteration.

In addition to examining trends in basking shark sightings,
previous studies have also explored potential drivers of seasonal
habitat use, though with mixed results. Squire (1967) recorded

peaks of apparent abundance in March and October and noted
that shark sightings occurred most frequently when temperatures
were below 14◦C. In a subsequent paper, Squire (1990) reported
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FIGURE 5 | Maps of the western United States and Mexico extending from San Francisco (top of map) to Baja California (bottom of map), showing predicted shark
sightings probability from our best-fit model (Model 1) for each decade for which there were presences throughout the systematic survey period (A–C: 1960s, 1970s,
1980s). Black dots represent basking shark presences recorded during the systematic surveys. White represents areas for which there is no model prediction. Maps
from Models 2 and 3 can be found in the Supplementary Materials.

the same seasonal peaks in sightings during spring and fall in
Monterey and Morro Bays. Interestingly, this study also observed
that occurrence of sharks was low during periods of high
phytoplankton abundance, concluding that residence in the CCE
is likely not for feeding. Conversely, Baduini (1995), in a study
of foraging ecology, later found that in Monterey Bay, peak shark
abundance corresponded to greater zooplankton abundance. Yet
here groups of sharks were reported in July and August rather
than spring and fall. Similarly, in 2010–2011, Dewar et al. (2018)
observed that satellite-tagged sharks left coastal regions in the
summer and fall. They also suggested that changes in movement
patterns and habitat use were linked to prey availability and
oceanography (Dewar et al., 2018). Generally, however, it is
important to note that no habitat modeling has been conducted
prior to our study. Without information on the environmental
drivers of basking shark distribution, it has been difficult to
determine the degree to which yearly variation in sightings is due
to environmental changes or population-level trends.

Spatial and Temporal Trends
Expanding the temporal scale of previous studies, our analyses
confirmed that over the course of less than 50 years (1962–
2018), there was substantial change in the number, timing,
and spatial distribution of CCE sightings. Consistent with
the published reports indicating declines in local basking
shark abundance throughout the ENP (Squire, 1990; Baduini,
1995; McFarlane et al., 2009), we found that the number of
sharks sighted yearly declined by the 1980s and remained
low in subsequent years. Moreover, our systematic survey
data showed a corresponding decrease in the size of basking
shark aggregations from 1962 to 1997. This trend apparently
continued in the non-systematic data through 2018, which
included 23 observations from aerial surveys for leatherback sea
turtles and porpoises that were comparable methodologically
to our systematic survey data (Forney et al., 2014). Between

1990 and 2013, these surveys recorded sightings of mostly
solitary individuals.

We also found that seasonality shifted over time. Our model
predictions indicate that sightings were generally bimodal in
the 1960s to the 1980s with the timing of these peaks varying
each decade, although primarily in the spring and fall in the
CCE. Given that the peak of sightings in Western Canada
historically occurred during the summer, it was hypothesized
that the ENP population spent May through September further
north. However, this pattern has evidently changed. Based on our
non-systematic data and other studies, basking shark sightings
occurred primarily during summer months starting in the 1990s
(Baduini, 1995; Dewar et al., 2018) with the majority of records
from the late spring through early fall. This is also the season
they are sighted in the temperate waters of the North Atlantic
(e.g., Sims et al., 2003; Doherty et al., 2017; Johnston et al.,
2019; Dolton et al., 2020). It is possible that these recent changes
were biased to some degree by season; for example, more people
may undertake recreational activities on the water during the
summer. Regardless, such a marked seasonal difference in CCE
sightings is noteworthy.

The spatial patterns of sightings in our data suggest that
coastal areas from Monterey Bay to Baja California remain
important habitat for basking sharks in the CCE (Squire, 1990;
Baduini, 1995; Dewar et al., 2018). Our models predicted a slight
change in spatial distribution from 1960 to the 1990s. Sighting
probability was higher near the Monterey Bay area in the 1960s
and shifted further south to Baja California and Santa Barbara
by the 1980s. However, non-systematic sightings in the 2000s,
as well as tagging data, were distributed throughout the study
region, from just north of Monterey to Baja California, with some
hotspots near Monterey Bay, Santa Barbara, and off the coast
of San Diego (Supplementary Figure 5). Interestingly, there
did not appear to be a corresponding change in temperature
associated with this shift; though SST was highly variable, the
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mean temperature across decades remained relatively consistent
in both datasets (Supplementary Figure 2).

Based on hotspot formation along the shelf and slope in
the Atlantic (e.g., Southall et al., 2005; Gore et al., 2016;
Lieber et al., 2020), basking shark habitat appears similar across
ocean basins and is likely linked to forcing mechanisms that
concentrate prey, which is known to be critical to successful
foraging in filter feeders (Sims and Quayle, 1998; Croll et al.,
2005; Doniol-Valcroze et al., 2007; Block et al., 2011; Miller
et al., 2015). However, foraging behavior may drive different
patterns in vertical distribution by region, season, or individual;
for example, reports of basking shark foraging at the surface
are widespread (e.g., Sims et al., 2005a,b; Gore et al., 2008;
Miller et al., 2015), but some studies also suggest that basking
sharks may feed where prey is concentrated at depth (e.g.,
Siders et al., 2013; Westgate et al., 2014; Hoogenboom et al.,
2015; Dewar et al., 2018). Given the limited amount of
information available for vertical basking shark behavior in the
CCE (i.e., Dewar et al., 2018), it is possible that basking shark
distribution shifted more than our results suggest if the sharks
were responding to prey fields or other environmental cues
below the surface.

Environmental Drivers
The influence of the environment on the distribution and
seasonality is challenging to determine, particularly as survey
coverage was uneven through time. The consistent significance
of our Pilot variable in each model suggests that observer bias
played a strong role in influencing the patterns observed in this
study. Yet while it is important to consider the impact of observer
bias in the interpretation of our results, our analysis nonetheless
offers some important environmental insights.

We selected surface chl-a as an indicator of zooplankton
density based on previous work on basking shark and other
marine zooplanktivore habitat use (e.g., Curtis et al., 2014; Dewar
et al., 2018 and others). Consistent with our results, some research
has concluded that chl-a positively correlates with basking shark
presence in the CCE as well as the North Atlantic (e.g., Baduini,
1995; Witt et al., 2012; Doherty et al., 2017; Austin et al., 2019),
though this may depend on the months in which shark presence is
examined (Siders et al., 2013). However, other studies have found
no such effect (Squire, 1990; Dewar et al., 2018; Austin et al.,
2019). For example, Dewar et al. (2018) noted that one tagged
individual moved offshore in the CCE even while chl-a remained
high, while another did so as chl-a and SST began to decline.
There is thus clear variability in the influence of chl-a on basking
shark distributions within the CCE and elsewhere. This could be
because surface chl-a may only partially capture basking shark
feeding behavior, since as mentioned above, basking sharks are
also thought to feed below the surface (e.g., Siders et al., 2013;
Westgate et al., 2014; Hoogenboom et al., 2015). Even in the
CCE, Dewar et al. (2018) speculated that dense aggregations of
copepods at 450–500 m near Santa Barbara may be a potential
prey source, although most observed sharks still surfaced daily.
Our models did not account for any subsurface movement
patterns in response to deeper prey fields, and we cannot assume
that all basking sharks in the CCE feed primarily at the surface

or that basking shark foraging depths have not changed over the
course of the study.

In addition to chl-a, SST was also a significant variable in
all our models and is likely another key driver of large-scale
movement patterns. Basking sharks have been found across a
broad range of SST, from 8 to 24◦C, with differences in their
apparent thermal preference. For example, in Newfoundland
and the Bay of Fundy, Lien and Fawcett (1986) and Siders
et al. (2013) reported most basking sharks when waters were
8–12◦C and 13.2–13.8◦C, respectively, while other studies have
reported sightings at higher temperatures (e.g., 15–17.5◦C;
Skomal et al., 2004; Cotton et al., 2005), reaching up to 24◦C
(Owen, 1984; Dewar et al., 2018). The influence of SST on
abundance is also variable, with some studies finding a high
correlation (Cotton et al., 2005) and others finding little to none
(Hoogenboom et al., 2015; Finucci et al., 2021, respectively),
with some evidence suggesting that the importance of SST
depends on the month (Siders et al., 2013). For sightings in
the CCE, SST has been relatively low and consistent over time
(Supplementary Figure 2), despite shifts in seasonality. Squire
(1967) also reported low basking shark abundances above 14◦C
in 1951, and our model results suggested a higher probability of
sightings when the SST was less than 14–15◦C. This temperature
is slightly lower than the mean SST across decades in the
systematic survey data (Supplementary Figure 2), likely because
randomly generated pseudo-absences were frequently correlated
with higher temperatures. However, it aligns with the non-
systematic survey data, in which SST fell within a very narrow
range (mean SST: ∼15.5◦C). Thus, our collective results suggest
a higher probability of shark presences at temperatures < 16◦C.
Yet while SST was a significant predictor of sightings probability
in this study, its influence was relatively low (Supplementary
Figure 6). The broad range of SST and differences across regions
suggest that SST itself may have a lower overall importance
than other environmental parameters that covary with SST, such
as seasonal zooplankton abundance. Additionally, as with chl-
a, SST captures primarily surface ocean conditions, which may
not capture the thermal environment driving basking shark
movement patterns (Siders et al., 2013).

Finally, we found that the three climate indices (ENSO,
NPGO, PDO) were significant environmental predictors in all
models though with relatively low predictive value. Other studies
(i.e., Witt et al., 2012; Hoogenboom et al., 2015) have shown that
climatic oscillations in the North Atlantic (i.e., North Atlantic
Oscillation) predict interannual sightings variability of basking
sharks, probably due to the effect of NAO on the abundance of
dominant prey species. In the CCE, ENSO has been attributed
to changes in basking shark sightings, as the peaks in sightings
from 1975 to 1981 were reduced after the 1982-1983 El Nino
perturbations (Squire, 1990). This is consistent with model results
showing a higher sightings probability at negative ENSO values,
when temperatures are cooler and productivity in the CCE is
higher. In contrast, our model results for NPGO predicted a
higher probability of basking shark presence at negative NPGO,
which is associated with lower productivity (Harvey et al., 2020).
The relationship between PDO and basking shark sightings was
challenging to interpret given its bimodal nature. More work is
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TABLE 2 | Recommendations for future research on and conservation of basking sharks in the CCE and broader Eastern North Pacific (ENP).

Research priorities Purpose Suggested action items

Systematic monitoring effort Improve understanding of distribution,
abundance, and movement patterns of sharks
throughout the ENP

• Create a sightings network through ongoing commercial, research
and recreational surveys (i.e., whale-watching vessels)

• Include demographic and behavioral information in survey forms
(i.e., size, sex, number of sharks observed; common behaviors
exhibited [swimming in formation, feeding, breaching etc.])

• Establish a user-friendly database online to collate international
sightings throughout the ENP

• Opportunistically tag basking sharks when observed in the CCE, via
satellite or visual identification tags

Genetic sampling Contribute to understanding of population
structure1 and composition of basking shark
aggregations

• Collect slime when feasible2

• Collect e-DNA when feasible
• Use existing samples for forensic identification of fins on the market

(see “Conservation measures”)

Improved data collection for
dynamic predictors (i.e., prey field,
areas of physical forcing, frontal
activity)

Allow for better modeling of essential habitat for
basking sharks in the CCE

• Undertake systematic surveys of zooplankton abundance at large
spatial and temporal scales, and collect monthly samples of
zooplankton composition and abundance throughout hotspot
regions in the CCE (i.e., Monterey Bay, Morro Bay, Santa Barbara,
Baja California)

• Contextualize current sightings and tagging data using more
recently developed remote-sensing and field-based tools to
quantify frontal activity and bathymetry

Conservation measures

Prevent harassment and boat
strikes

Mitigate ongoing local threats, and increase
knowledge of such threats for boaters

• Distribute best-practice guidelines for vessels in the proximity of
basking sharks to marinas, boat launches, aquariums, etc.

• Work with and incentivize recreational vessels to limit potential boat
strikes

Identify locations of ongoing
incidental or targeted fisheries
mortality

Quantify sources of mortality for the ENP stock
to assess potential for population recovery and
identify regions where efforts could reduce
mortality.

• Encourage reporting of bycatch and discards3

• Engage RFMOs and countries throughout the Pacific
• Monitor markets selling shark fin throughout the Pacific

Research presence and source of
basking shark fins in markets and
match to CITES records

Ensure that CITES regulations are being
followed by member nations.

• Increase international public awareness and advocacy for basking
shark protection

• Encourage policy-makers and non-governmental organizations to
coordinate internationally and reinvigorate basking shark monitoring
and protection

• Consider if additional protections are warranted (e.g., uplisted to
CITES Appendix I), and if so, engage with appropriate delegates

1Lieber et al., 2020.
2Lieber et al., 2013.
3McFarlane et al., 2009.

needed to understand the effect of these large-scale phenomena
on basking shark abundance in the CCE.

The significance of these collective environmental predictors
in our models and studies in other locations portend further
change in basking shark space use due to climate change. Given
the broad range of SST, the specific temperature may be less
important below and above certain thresholds, particularly as
basking sharks appear to avoid higher SST by diving to deeper
cooler waters (Skomal et al., 2009; Braun et al., 2018; Dewar et al.,
2018). Additionally, as with previous studies in the region, we
found high interannual variability in the apparent abundance of
basking sharks that is independent of environmental conditions
in the CCE. Consequently, the distribution of this population
is likely influenced heavily by spatiotemporal processes not
accounted for in this study, although is possible that the sightings
patterns observed were also influenced by declines in basking
shark abundance (discussed in more detail below). Future efforts
defining the essential habitat for basking sharks in the CCE will

need to consider additional, more dynamic variables (Table 2)
that better measure factors influencing prey abundance in three
dimensions (Baduini, 1995; Dewar et al., 2018). Additional work
is also needed to characterize the entire range of this population.

Decline in Basking Shark Sightings
Our findings offer key insights into local basking shark
abundance trends in the CCE, with implications for the broader
ENP population. Most striking is the decrease in CCE sightings
after the 1970s and 1980s, the drivers of which remain unclear.
The decline cannot be attributed to sample design. While our
most recent data was not systematically collected, the decline was
first evident in systematic survey data. Squire (1967) reported
sightings on 51.5% of flights during aerial surveys conducted
from 1948 to 1950, whereas our systematic survey reported
sightings on only 3.7% of flights from 1962 to 1988, after
which no sharks were reported. Aerial surveys from 1962 to
1985 also showed a decline in abundance levels (Squire, 1990).
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Alternatively, this decline could be caused by a shift in the
vertical distribution of sharks, since these data are contingent
on sharks being at the surface. Yet though basking sharks
do exhibit high variability in diving and subsurface feeding
behavior, the predominant pattern in coastal regions globally is
that sharks are at or near the surface feeding on convergence
zones (Sims et al., 2005b; Gore et al., 2008; Skomal et al., 2009;
Miller et al., 2015; Dewar et al., 2018). Though there are some
exceptions in the North Atlantic (Siders et al., 2013; Westgate
et al., 2014; Hoogenboom et al., 2015), basking sharks in the
CCE have historically been observed surfacing regularly (Squire,
1967, 1990; Baduini, 1995; Dewar et al., 2018) and there is no
evidence to suggest that vertical movement patterns changed
(McFarlane et al., 2009).

Another potential hypothesis to explain reductions in basking
shark sightings is that the sharks have migrated from the CCE due
to changes in habitat suitability (i.e., high chl-a concentrations
and cooler SST). Sims and Reid (2002) found that the decrease
in basking shark catches in Irish fisheries from 1948 to 1975
correlated with a long-term zooplankton decline in the region
and suggested that basking sharks had moved to more productive
areas. However, McFarlane et al. (2009) argue that habitat
availability for this species in the CCE is unlikely to have
changed, given that basking sharks are often associated with
humpback whale (Megaptera novaeangliae) distribution (Wallace
and Gisborne, 2006) and humpback whale populations have
actually increased over the same time period (COSEWIC, 2003).
Furthermore, our analysis indicates that year was the strongest
predictor of basking shark sightings, especially compared to
the environmental predictors, with a significant decline in both
sightings and group size.

The most parsimonious explanation for the reduction in
basking shark sightings in the CCE and ENP is a decline in the
population. McFarlane et al. (2009) came to the same conclusion
based on sightings patterns in Western Canada from the same
population. A likely contributor to the declining population is
fisheries mortality. As mentioned above, basking sharks were
historically targeted in fisheries, taken incidentally as bycatch and
killed in Western Canada’s eradication program (McFarlane et al.,
2009; Dewar et al., 2018). While the full range of the population
is not known, basin-scale migrations are possible and additional
sources of fisheries mortality likely came on the high-seas as well
as off Japan, where there was a targeted fishery that stopped due
to reduced occurrence of sharks (Bonfil, 1994; McKinnell and
Seki, 1998; CITES, 2002). Additionally, there is precedence for
reduced population size due to fisheries mortality for basking
sharks in other regions; for example, in the United Kingdom (e.g.,
Sims et al., 2005a). Though little is known about basking shark
reproductive biology, there were also likely time lags associated
with directed and incidental mortality, which may explain the
reduction in sightings beginning in the late 1980s and continuing
to the present. Sexual maturity is thought to be at 12–16 years
in males, and 16–20 years in females, with a gestation period
of 1–3.5 years (Compagno, 1984) and a generation time of
approximately 20–30 years (McFarlane et al., 2009). Therefore,
population-level effects from mid-century fishing could have
taken multiple decades to become apparent.

Consistent with a decline in population is a reduction in
aggregation size in known hotspots (Chute, 1930; Roedel and
Ripley, 1950; McFarlane et al., 2009). While there was variation
in group size across all datasets, the 1948–1950 aerial survey
reported occasional schools of hundreds to thousands of sharks
(Squire, 1967) and the 1962–1985 aerial survey reported some
schools of hundreds up to the early 1980s with an average
of 21.8 sharks per sighting (Squire, 1990). In contrast, in the
non-systematic data there were no groups of more than 10
individuals, including the aerial surveys for turtles and porpoises
that ran until 2013 and reported primarily solitary individuals
(Forney et al., 2014). While group size is inconsistently reported,
studies suggest that other regions have had significantly larger
aggregations over these same time periods. For example,
Crowe et al. (2018) reported 10 large aggregations of 30–1,398
individuals from 1980 to 2013 in the Northeast Atlantic. Gore
et al. (2018) observed 25 instances of >11 individuals off the coast
of Scotland in 2016, and Wilson (2004) reported schools of up to
50 sharks in the Gulf of Maine in 2002.

The reduction in aggregation sizes in the CCE could have
broader implications for basking shark recovery throughout
the ENP. Recent studies in the Northeast Atlantic have found
that basking sharks surfacing together are on average more
genetically related than expected by chance (Lieber et al., 2020).
It is therefore possible that aggregations, particularly among
related individuals, may facilitate social information transfer,
optimal foraging, and assortative mating (Lieber et al., 2020).
For example, Baduini (1995) found that zooplankton density in
the ENP was greater inside feeding areas when groups of 4+
sharks were observed, in comparison to areas with single animals.
Consequently, aggregations may enhance foraging. Additionally,
if aggregations are important for mating, a reduced group
size could limit the population’s rebound potential. This is
known as the Allee effect, when a population at low densities
suffers a decrease in growth rate and consequently faces an
increase likelihood of extinction (Courchamp et al., 1999).
Comprehensive genetic, behavioral, and demographic research
will be required to explore hypotheses for the suspected decline
of the basking shark population in the ENP (Table 2).

Conservation Implications
Many of the historical threats to this population (i.e., targeted
fisheries and incidental takes) have ceased in the CCE, with the
last reported take in 2004 (McFarlane et al., 2009). However,
threats outside of the CCE need to be considered. There
are a variety of potential sources of mortality and sublethal
effects throughout this population’s range, of which the CCE
and Western Canada represents only a portion. Based on
electronic tagging data (Gore et al., 2008; Dewar et al., 2018;
Johnston et al., 2019), basking sharks that occur in the ENP
enter international waters and may traverse the Pacific ocean
basin. Hazards in coastal areas include development, habitat
alteration, harassment, and ship strikes given their habit of
moving slowly at the surface (McFarlane et al., 2009; Speedie
et al., 2009). Another concern is incidental take in fisheries,
especially in nets. In the Pacific, basking sharks have been
documented both in coastal waters and on the high-seas in
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large-mesh drift gillnets, artisanal gear and in trawls (Berrow
and Heardman, 1994; COSEWIC, 2007; Larese and Coan,
2008; Sandoval-Castillo et al., 2008; McFarlane et al., 2009).
In addition, other directed fisheries appear to have recently
emerged. Given that the number of marketed fins is more than
accounted for in the CITES trade documents (Magnussen et al.,
2007), fisheries mortality persists, although where those sharks
originated is not always known given the lack of adequate
species-specific data (Magnussen et al., 2007; Dewar et al.,
2018).

Future Directions
The data available for our analyses had limitations that should
be considered and improved for ongoing studies (Table 2).
For example, we did not have enough data to account for
changes in seasonality by year rather than decade, limiting our
inferences regarding the drivers of shark sighting seasonality.
We were also restricted in our selection of predictors for our
species distribution models. For instance, we excluded high-
resolution SST and data from zooplankton sampling surveys,
which were missing information on the full temporal and spatial
scale, respectively. Yet such information may provide important
insights regarding prey abundance. Surface chl-a is not always a
good proxy for lipid-rich boreal copepods (Brodeur et al., 2003),
although records from the CCE suggest it positively correlates
with C. pacificus abundance and production (Håkanson, 1987;
Mullin, 1994; Nickels and Ohman, 2018). Because our models
incorporate monthly predictors, we were unable to observe
any fine-scale lags between primary and secondary productivity
that may be affecting shark foraging behavior and movement.
Furthermore, as mentioned above, it is likely that basking
sharks in the CCE also feed at depth, limiting the efficacy
of surface chl-a as an indicator of shark presence and prey
abundance. More dynamic variables that predict convergence
zones would likely also better reflect the spatial distribution of
basking shark prey (see Finucci et al., 2021). Similarly, our model
did not account for offshore or non-environmental cues that
may drive basking sharks to coastal waters. For example, work
on blue whales in the CCE has suggested that both long-term
memory and resource tracking drive the migratory movements
of some marine megafauna (Abrahms et al., 2019b). Larger-
scale studies of basking sharks would better be able to identify
whether similar drivers of distribution exist within this species.
In addition, the aerial survey is no longer in operation, ending
the best available time-series. Finally, the population structure
and extent of the basking shark range is unknown but critical
for any future stock assessment. Characterizing population
structure will require additional research, monitoring, tagging
and genetic analyses, as well as international coordination across
studies (Table 2).

In parallel, it will be important to coordinate conservation
measures across international boundaries to protect basking
sharks from ongoing threats (Table 2). In the EEZ of the
United States, Mexico, and Western Canada, basking sharks
are protected and few, if any, incidental takes have been
documented since the early 2000s (COSEWIC, 2007; McFarlane
et al., 2009; Dewar et al., 2018). Here, actions to protect

basking sharks could be expanded to reduce ships strikes
by educating boaters on best practices. Outside of these
three EEZs, markets selling shark fins should be closely
monitored and efforts to develop forensic genetic methods
should be undertaken. Such methods have successfully revealed
the presence of threatened or protected baleen and toothed
whales in retail markets and restaurants (e.g., Baker et al.,
1996), and to document trade of basking shark products in
Hong Kong, Japan, and the United States (Magnussen et al.,
2007). In addition to enforcing current local and international
regulations, such as CITES, another option to consider would
be to upgrade the CITES listing to I, which would restrict
international trade. Given the highly migratory nature of
basking sharks, efforts at population recovery, particularly
in the ENP, will require international cooperation for both
research and management.
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