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Young-of-the-year (YOY) and juvenile-stage white sharks may use southern California nearshore beach habitats more extensively than previously known, within meters of some of the most heavily used beaches in the world. Such knowledge forms a critical component of species management and conservation plans, in addition to public safety and risk mitigation planning. We used data derived from a combination of satellite tag locations (13 animals over 3 years) and passive acoustic monitoring (34 animals over 8 years) to examine the occurrence, relative abundance, and residency patterns of YOY white sharks in southern California waters. Our results suggest that southern California contains spatiotemporally dynamic centers of primary nursery habitat. Tagged YOY white sharks formed loose aggregations at “hotspot” locations that were interannually variable, where individuals exhibited temporal fidelity, higher levels of residency, and spatially restricted movements, with multiple YOY individuals simultaneously displaying this behavior. While models of biotic and abiotic variables suggested relative abundance of tagged sharks may be predicted by sea surface temperature, salinity and productivity (chlorophyll-A), these predictors were not consistent across all years of the study. Thus, novel approaches that incorporate technologies to derive high resolution environmental data, paired with more comprehensive telemetry datasets are therefore required to better understand the extrinsic factors that drive habitat selection and residency patterns in juvenile white sharks.
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INTRODUCTION

Many coastal shark species are known to select nearshore habitats (e.g., bays, lagoons, and estuaries) during early life stages with neonates and young-of-the-year (YOY) exhibiting reduced space use within these areas (Heupel et al., 2004, 2007; Hueter et al., 2005; Speed et al., 2010; Oh et al., 2017). In some cases, pregnant females give birth in these habitats, while other species may give birth elsewhere and YOY individuals find their way into these areas (Chapman et al., 2015). These protected, shallow, nearshore habitats are thought to offer protection from predation, enhanced prey availability, and typically warm temperatures to allow for faster growth and higher survivorship (Heupel et al., 2004; Hueter et al., 2005; Speed et al., 2012). For most temperate and subtropical species, parturition is seasonal, usually associated with periods of increased temperature, daylength, and primary productivity. Some oceanic species [e.g., shortfin mako (Isurus oxyrinchus), salmon sharks (Lamna ditropis), and blue sharks (Prionace glauca)] are known to use less discrete areas as nursery habitats in open water, that are selected for their warmer conditions and higher productivity (Bustamante and Bennett, 2013; Carlisle et al., 2015; Logan et al., 2020). Neonates and YOYs of oceanic species are considered to be more wide ranging, and their distributions may be more vertically limited compared to adults (Afonso and Hazin, 2015; Carlisle et al., 2015; Hoyos-Padilla et al., 2016; Vandeperre et al., 2016; Coffey et al., 2017). However, while white sharks exhibit an offshore, oceanic phase as adults, YOY individuals [<175 cm total length (TL)] are predominantly found in coastal habitats, which suggests that although birthing in white sharks has not been observed and parturition habitats are unknown, parturition may occur proximally to the nearshore environment (Dewar et al., 2004; Weng et al., 2007a,b; Jorgensen et al., 2012; Domeier and Nasby-Lucas, 2013; Lyons et al., 2013; Harasti et al., 2017; Curtis et al., 2018; Logan et al., 2018; Bruce et al., 2019; White et al., 2019; Bradford et al., 2020; Spaet et al., 2020b).

The Southern California Bight (SCB) extends from Point Conception, CA, United States (34.4° N) to Cabo Banda, Baja California, MX, United States (31.7° N) (Schiff et al., 2016), encompassing a coastline that stretches approximately 560 km. Fisheries catch records of juvenile white sharks (123–300 cm TL) in the SCB suggest this area (Klimley, 1985; Domeier, 2012; Lowe et al., 2012) and Baja, Mexico (Santana-Morales et al., 2012; Oñate-González et al., 2017) serves as a nursery for the Northeast Pacific population. Catch locations of juvenile white sharks in southern California typically occurred less than 20 km from shore and in water depths less than 100 m, and seem to be aggregated at particular locations along the coastline (Lowe et al., 2012; Lyons et al., 2013). While capture locations were fishery dependent, most individuals were captured as bycatch in fisheries targeting nearshore fishes such as California halibut (Paralichthys californicus) and white seabass (Atractoscion nobilis), species typically associated with sand substratum or ecotone to rocky reefs. YOY white sharks previously fitted with satellite transmitters in southern California have been shown to remain in southern California waters during summer months, but exhibit southerly migrations to the coastal waters of Baja, Mexico during winter months (Weng et al., 2012; White et al., 2019). Estimated daily positions and tracks from juvenile white sharks tagged with pop-up archival tags (PAT tags) indicate individuals spent substantial time in offshore areas (Weng et al., 2007b). This apparent westward distribution of sharks from the coast is likely attributed to the poor spatial resolution of this technology (Dewar et al., 2004; Weng et al., 2012). Conversely, Smart Position Or Temperature Transmitter (SPOT) tagged YOY and juvenile white sharks have consistently displayed nearshore habitat use (Lyons et al., 2013; Weng et al., 2007b; White et al., 2019; Spaet et al., 2020b).

In addition to historic fishery catch location data and SPOT tag geo-position data, there has been considerable anecdotal visual observations of YOY and juvenile white sharks using beach habitat (<200 m from the shoreline) throughout southern California (Lowe et al., unpublished data). These observations are in contrast to the resolution of SPOT tags, which showed tagged individuals displaying surface-oriented behaviors within approximately 7 km of the shore (White et al., 2019) and suggest juvenile and YOY white sharks may use nearshore beach habitats (<200 m from the shoreline) more extensively than previously documented. Such actualities are likely to be an important consideration in management and conservation initiatives for the species, at both the state and federal level. For example, while white shark capture is prohibited in California fisheries, YOY white shark mortality may be increased via bycatch in shore-based recreational fisheries (Benson et al., 2018), potentially inhibiting recovery for this protected species. Additionally, contaminant exposure may be increased for this important age class of white sharks if they are spending considerable time in waters with high amounts of runoff from the densely populated southern California coastline (Lyons and Wynne-Edwards, 2021), with potential long-term ramifications to the population. To address the question of nearshore habitat use, we employed a large, nearshore passive acoustic receiver array, spanning the southern California coastline and offshore islands to quantify interannual distribution and shifts in nearshore beach habitat use of YOY white sharks fitted with coded acoustic transmitters, and examined the extent of pelagic and non-acoustically monitored habitat via YOY white sharks fitted with SPOT tags.



MATERIALS AND METHODS


Study Location and Monitoring Area

The area acoustically monitored spanned from Santa Barbara County to San Diego County, with additional acoustic receivers around the northern Channel Islands and Santa Catalina Island (Figure 1). For the purposes of these analyses, the southern California coastline was considered as the area between Point Conception (34.442° N, 120.453° W) and San Diego (32.751° N, 117.161° W). Acoustic receiver coverage increased in southern California over the study period (2010–2018; Table 1).
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FIGURE 1. Study area and locations of all receivers used in the study (2014–2018). Receiver locations are color coded according to latitude.



TABLE 1. Receiver and tag deployment details across all years included in the study.
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Tag Models and Procedures


Acoustic Tags

A total of 44 YOY white sharks were tagged with coded acoustic transmitters between January 2010 and December 2018. Sharks were tagged with Vemco V16 or V13 coded acoustic transmitters (Vemco|Innovasea, NS, Canada; transmitter family V13-1x-069k, V13-2x-069k, V16-4x-069k, V16-5x-069k, and V16-6x-069k) via one of three ways.


(i) Incidental catch: In collaboration with local commercial gillnet fishers, incidentally captured YOY white sharks were brought to the nearest port in a large fish tote (1.2 × 1.2 × 1.2 m) with flowing seawater. Researchers met fishers to physically assess, measure, and surgically implant a plasma-sterilized V16 transmitter into the shark into the abdominal cavity of the shark through a small incision (5 cm). The wound was closed with 2–3 interrupted sutures. Tagged YOY white sharks were then transported approximately 2 km offshore and released. Approximate elapsed times from researchers taking possession of the shark to offshore release were <30 min.

(ii) Targeted catch: YOY white sharks were caught in shallow inshore waters either via a purse-seine, or via targeted quick-extraction with a gillnet. Once restrained by the net, YOY sharks were transferred to a custom-made staging tank and ventilated, before being sexed, sized, and outfitted with a surgically implanted V16 transmitter as described in (i). Approximate handling times in all instances were <20 min.

(iii) Dart tagging: YOY white sharks swimming close to, or at the surface (at least 2 m visibility) were approached by either a small boat or jet-ski from behind, with the aim of minimizing stress and flight response from the targeted animal. When possible, sex of individual was determined using a pole-mounted dip camera. As physical measurement of animals was not possible via this tagging method, shark size (TL, cm) was estimated by comparison to an object of known size (the watercraft) from orthogonal aerial drone footage. Comparative methods such these have been shown to produce valid estimates of size (May et al., 2019). YOY sharks were tagged with either a V13 or V16 using a 3 m long pole, or with a modified pole-spear fitted with a tag applicator. Tags were inserted into the dorsal musculature at the base of the first dorsal fin using a titanium dart tethered to the tag. Approximate time from first sighting of an animal to tag deployment was <5 min. Minimum expected tag-retention for transmitters deployed in this manner was 1 year (Lowe et al., unpublished data).





Satellite Tags

Thirteen YOY white sharks caught via incidental or targeted efforts (see above), tagged between 2006 and 2009, were outfitted with SPOT tags (position only), mounted to the dorsal fin (mini SPOT 5AM-S182C and AM-S183E; Wildlife Computers, WA, United States) to allow real-time monitoring of tagged sharks’ geographic position whenever the tag was able to transmit a signal to the ARGOS satellite network. These data were included to facilitate analysis of YOY movement and habitat use patterns when not in acoustically monitored locations.

All capture and tagging procedures were carried out in accordance with State and Federal permits. All experimental protocols were approved under CSULB IACUC protocol #364.



Data Analysis

To spatially examine tagged shark occurrence, relative abundance and residency patterns at monitored locations, a fishnet shapefile with a grid size of 0.01 by 0.01 degrees (generating grid cells approximately 1.2 km2 in area), including all monitored nearshore and offshore locations in southern California was generated in ArcMap (version 10.5.1). Each grid cell was assigned a zone ID (hereby “zone”) value which allowed for the direct comparison of shark presence both within and across monitored areas due to heterogeneous distribution and density of receivers throughout the study area.


Satellite Data

A total of 997 ARGOS locations were obtained from the 13 deployed SPOT tags. To minimize uncertainty in the location estimates, ARGOS locations were filtered to include only location quality classes 1, 2, and 3, which have estimated errors of less than 1500 m (Costa et al., 2010). As we were only interested in the geographic location of position estimates derived from SPOT tags, and the proximity of these location estimates to nearshore habitat, as well as acoustically monitored zones, we did not attempt to interpolate movement paths (tracks) of SPOT tagged YOY white sharks (e.g., through Hidden Markov or State-Space models). SPOT locations were also limited (filtered) to southern California, and locations from the same shark that were less than 1 min apart were removed, resulting in 337 high quality locations. Bathymetric maps from NOAA were used to extract underlying depth at each SPOT location using the “marmap” package in R (Pante et al., 2019). A shapefile of shore types from the California Department of Fish and Wildlife was used to determine the distance from shore and the nearest shore habitat type (beach, hardened shore, or rocky shore) associated with each location using the “rgeos” package in R. Additionally, SPOT locations were aggregated by grid cell zones described above. All analyses of the satellite tag data were carried out in R (version 3.6.0).



Acoustic Monitoring

We determined seasonal and annual occurrence, relative abundance, and residency patterns of tagged YOY white sharks in nearshore southern California waters and associated offshore islands using passive acoustic telemetry for all tagged sharks detected between January 1, 2010 and December 31, 2018. Acoustic detection data were acquired from a wide-spread acoustic receiver array (up to 75 receivers) comprised of Vemco VR2 and VR2W receivers, deployed between Goleta/Santa Barbara and San Diego, spanning a linear distance of 450 km (Figure 1), but also included offshore island monitoring sites. From north to south, these included locations proximal to the following locations/landmarks: Santa Barbara, Ventura, and Offshore Islands [San Miguel, Santa Rosa, Santa Cruz, Anacapa (collectively referred to as CINMS hereafter), and Santa Catalina Island), Santa Monica Bay (SMB), Long Beach – Huntington Beach (LB-HB), Newport Beach – Laguna (NBL), Dana Point – San Clemente (DP-SC), Oceanside, and San Diego (Figure 1). Receivers were largely installed and maintained by CSULB, but also included receivers of collaborators [University of California San Diego (UCSD), Channel Islands National Marine Sanctuary (CINMS)].

Acoustic receivers were deployed in shallow (∼ 3–40 m depth) coastal waters within 1000 m of the shoreline (50% within 400 m), across a range of environments, including calm protected habitats (e.g., embayments and harbors), exposed high energy sand substrata (beach habitat), and both rocky reef and kelp forest habitats. Receiver detection range varied by site and habitat. Based on the acoustic transmitter and types used, and empirical testing of receiver performance (Stirling et al., unpublished data), a nominal detection range of 500 m was estimated for all receivers in the array.

As receivers used in this study were deployed for other projects (e.g., Wolfe and Lowe, 2015; Logan and Lowe, 2018; Burns et al., 2019; Clevenstine and Lowe, 2021) and there was increased effort in tagging effort over time, receiver deployments varied by location and number over the course of this study, with a general increase in the total number deployed over the study period (Table 1).



Acoustic Data Acquisition and Processing

For tagged shark relative abundance and residency, raw receiver data were filtered to include only individuals that were detected more than two times per day, per zone. While it was not possible to precisely determine the age of tagged sharks, we were only interested in the presence or absence of YOY (<175 cm TL) sharks. Thus, detection data were filtered to only include detections of YOY sharks within 365 days of individual tagging dates (i.e., sharks detected >365 days from tagging were no longer YOYs).



Tagged Shark Relative Abundance

To standardize shark relative abundance metrics, relative abundance (shark density) was calculated as the number of unique tagged sharks that were detected in each zone each day, and receiver density was calculated as the number of receivers deployed in a particular zone each day.

From this dataset, several Generalized Additive Models (GAMs) were run using the “mgcv” package (Wood, 2011) in R to examine the relationship of shark relative abundance patterns to biotic and abiotic variables. Information pertaining to acquisition of environmental data used is supplied as Supplementary Material. Models were run separately for each year, as opposed to running a single large model with year interactions, to ensure that the models had a reasonable number of predictors to achieve most accurate interpretation of model results. All models were run using a Poisson family distribution and a log-link function.

For each model, tagged shark relative abundance was the response variable. Predictor variables included zone (categorical), receiver density (numeric), season (categorical; where December to February were considered Winter, March to May were considered Spring, June to August were considered Summer, and September to November were considered Fall), sea surface temperature (smoothed, numeric in °C), depth gradient (numeric in meters), sea surface salinity (smoothed, numeric in psu), and chlorophyll-A (smoothed, numeric in mg/m3). Sea surface temperature, sea surface salinity and chlorophyll-A were allowed to vary nonlinearly within the GAMs (with 10 maximum nodes to prevent overfitting), due to the seasonality of each predictor. A total of five models were run per year:


(1) Relative abundance ∼ zone + receiver density + season + s(temperature) + depth gradient + s(sea surface salinity) + s(chlorophyll-A)

(2) Relative abundance ∼ zone + receiver density + season + s(temperature)

(3) Relative abundance ∼ zone + receiver density + season + depth gradient

(4) Relative abundance ∼ zone + receiver density + season + s(sea surface salinity)

(5) Relative abundance ∼ zone + receiver density + season + s(chlorophyll-A).



Variables were assessed for covariance and models 2–5 were run to ensure that no single environmental predictor was driving significant results. After models were run, results were checked using gam.check() to ensure that the models met the assumptions required of GAMs, and that models did not overfit or underfit the data. Visual assessment of the GAM results was also used to ensure overfitting did not occur.



Shark Residency

A Residency Index (RI) with values ranging from 0 (no residency) to 1 (high residency), was used to examine individual shark presence within each zone following the method from Kessel et al. (2014):
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Where, RI, Residence Index; S, distinct number of days detected in the zone; T, distinct number of days detected in any zone, within 365 days from individual tagging date.

Following Kessel et al. (2014) animals with less than 20 residence events (residence event considered to be any day a shark was present in a zone) across the entire array in any given year were excluded from the analyses. This approach allows for a degree of standardization where detection days (days where a shark can feasibly be detected) and monitoring days (days a transmitter can be “listened” for) are variable across a study population and array, respectively. Following Oh et al. (2017), individual sharks with RI values <6% were considered non-resident in that zone, while individual sharks with RI values >6% were considered to display resident behaviors within that zone.

Generalized Linear Mixed Models (GLMMs) were used [“lme4” package in R (Bates et al., 2011)] to examine drivers of YOY white shark resident behaviors. GLMMs were chosen because a nonlinear relationship was not expected, and to include both fixed and random factors under a Gaussian distribution. RI values of individual sharks at each zone were modeled as the response variable, and AICc was used to assess the best fitting model. Fixed effects included mean zone depth (calculated using the “marmap” package in R), total length (categorical), the distance from tagging site to the zone, and region. Random effects included tagging year, and shark ID. p-Values of fixed effects were obtained using the Anova function in the “car” package in R, with Type II Wald Chi-square tests (Kuznetsova et al., 2017; Fox and Weisberg, 2019). To calculate the deviance explained for each random effect, we used the following equation: [(variation of random effect)/(variation of random effect + total residual variation of the model)] (Bates et al., 2014).



Activity Space Estimation at Residency Hot Spots

Due to the linear expanse over which the receiver array was spread (linear distance ∼ 450 km), the variability of receiver coverage across zones, and the variability in receiver distribution and density, common approaches to analyzing space use (such as Minimum Convex Polygons and Kernel Utilization Distribution models) are likely to yield over-estimated areas of core space use (Silva et al., 2018).

To estimate core activity space of sharks at nearshore residency hotspots, we used receiver detection data to calculate centers of activity (COA) (Simpfendorfer et al., 2002), via the COA function from the Animal Tracking Toolbox (ATT) in the “VTrack” package (Udyawer et al., 2018) in R for all tagged sharks that were resident in a zone, for each individual year of the study. Position estimates weighted by the number of detections within the residency hotspot location within a 12-h time frame were calculated for each individual shark. Sharks with less than 5 relocations (COA locations) were not included in the analyses.

Core (50%) activity spaces for YOY white sharks were calculated within VTrack (both individually and pooled) using Brownian Bridge Kernel Utilization Distributions (BBKUD). COA estimation prior to kernel probability distribution allows spatial biases that are inherent in passive acoustic telemetry derived from fixed receiver stations to be accounted for Udyawer et al. (2018). BBKUD estimation was used as it incorporates estimated rates of movement of tagged animals (analogous to the smoother sig1 in the “ADEHabitat” R package). Thus, variation in movement patterns and behavior within an array are accounted for with a flexible, rather than fixed approach, ultimately aimed at reducing Type I and Type II errors. Imprecision of locations (h) was set at 200 m as a conservative estimate of potential COA location error.



RESULTS


Satellite Data

Smart Position Or Temperature Transmitter tag track durations ranged from 10 to 142 days (median = 48 days, mean = 65 days, SD = 48 days), with SPOT tags providing locations on 2–47 of those days (median = 13, mean = 18 days, SD = 16 days). YOY white sharks fitted with SPOT tags yielded ARGOS locations in 287 individual zones. Forty-three zones had two or more ARGOS locations, 27 of which were locations for the same sharks, and 16 of which had locations from two sharks. Broadly, SPOT tag locations showed similar spatial distributions to that seen from the acoustic data, such as a high density of locations surrounding SMB and nearshore areas in southern California. Additionally, SPOT tag locations were also recorded in nearshore areas not monitored by the acoustic receiver array, as well as areas further from the shore (Figure 2).
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FIGURE 2. (A) Map of SPOT tag (ARGOS) locations colored by the individual shark ID. Lines represent the shortest path between subsequent locations for an individual shark. (B) Histogram showing proportion of ARGOS locations with respect to distance from shore. (C) Histogram of proportion of ARGOS locations with respect to underlying water column depth. N.b. the break in the y-axis after 1200 m, as there were no locations with associated depth between 1500 and 4000 m. (D) Box plot showing proportion of ARGOS locations with respect to shore habitat type. Box extents show interquartile range of proportions. Solid lines show median values.


Smart Position Or Temperature Transmitter tag data indicated that tagged sharks used shallow, nearshore environments often. SPOT tag location distribution peaked ∼ 2–3 km from shore, with >85% of SPOT tag locations occurring in waters <200 m deep, and 64% in waters less than 100 m deep. Analysis of shoreline habitat type indicated that across the study area (including offshore islands), available habitat was comprised of coastal marsh (33%), hardened shores (14%), beaches (31%), and rocky shores (22%). Sixty three percent of SPOT tag locations were associated with sandy beach habitats. There was evidence of site fidelity, as 18 zones contained multiple locations (where the same shark was detected more than once on the same day) from individual sharks. Time elapsed between such ARGOS positions ranged between 2 and 100 min. Of these 18 zones, 11 were in SMB, and all were within 10 km of shore. We also observed spatial overlap among individuals, as multiple zones contained detections from multiple sharks. Sixteen zones were used by more than one shark and five zones were visited by three different sharks (Shark IDs: 08_02, 08_04, and 08_09, see Supplementary Table 1). While no zones had SPOT tag locations from more than one transmitter on the same day, we did see evidence of spatiotemporal overlap between individuals’ area use (Figure 2). Six zones had SPOT tag locations from two different animals within the same year, with one zone having SPOT tag locations from two different animals within the same month.



Acoustic Data

Acoustically tagged sharks ranged from 128 to 175 cm TL (Supplementary Table 2).

Sharks were detected in monitored zones from San Diego County (32° N) to Santa Barbara County (34° N), as well as in monitored zones at offshore islands (CINMS, Santa Catalina) (Figure 3). Thirty-four (77%) of the 44 YOY white sharks outfitted with acoustic transmitters were considered in our analyses (10 tagged sharks were not detected twice on any receiver within a 24-h period). Of these sharks 50% were caught (netted) and outfitted with internal transmitters, while 50% were outfitted with an external (darted) transmitter. Four YOY white sharks were detected on a single day, while 13 were detected across fewer than 20 days in the calendar year from their respective date of tagging (Supplementary Table 1).
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FIGURE 3. Map of receiver station locations in southern California, with presence-absence plot inset of YOY white sharks acoustically detected during the study period, where each individual is centered on a generic year, and the vertical red bar denotes tagging date of that year, rather than chronologically (2010–2018). Shading indicates latitude of receiver(s) a shark was detected on. The first two digits for each individual in this inset plot indicate tagging year (e.g., 10_17 and 18_12 indicate these two individuals were tagged in 2010 and 2018, respectively).


The majority (99%) of acoustic detections from 2010 to 2018 were along southern California beaches (as opposed to offshore islands), with the bulk of detections (85%) between Long Beach and Huntington Beach (LB-HB). Acoustic detection patterns of individuals varied widely with the number of zones visited ranging between 1 and 26 (mean ± SD = 6 ± 6 zones). The number of days a shark was detected within a year from tagging was highly variable among individuals (median: 35 days, range: 1–219 days). Mean number of days detected for all tagged sharks was 50.9 ± 56.8 days. Across all receivers, YOY white sharks were detected in monitored nearshore beach habitat ∼ 9.5–14% of monitored days in each year of the study. Positive relationships were seen between the number of days an animal was detected and total detections of that animal (r2 = 0.49), as well as between the number of days an animal was detected and the number of zones it visited (r2 = 0.53; Supplementary Figure 1). Ninety-four percent of detections were from YOY sharks outfitted with external transmitters (n = 17) (Supplementary Figure 1C).



Shark Relative Abundance

Shark relative abundance was variable across each year of the study (Figure 4), and was strongly correlated with the number of YOY sharks tagged that year (r2 = 0.794: Pearson’s product-moment correlation; t = 5.196, p = 0.0013: Supplementary Figure 2). The best fitting GAM (in terms of AIC score) varied across years, but the all-inclusive model (model 1) was most consistent, with showing the lowest AIC score across 4 of the 9 years for which models were run [years: 2011, 2015, 2016, and 2018 (Supplementary Table 3)]. In addition, all models run for a particular year showed similar trends in terms of the statistical significance of the parameters modeled. Therefore, to increase interpretability and consistency, we report the results from the all-inclusive model only (refer to Supplementary Table 4 for all models run). Generally, tagged YOY relative abundance patterns were not explained consistently by any predictor variable included across all years (Supplementary Figures 3–6 and Supplementary Table 4). Significant effects of environmental variables upon YOY shark density were largely observed in concert with limited sample sizes and large confidence intervals, further impacting interpretability of the influence of environmental conditions.
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FIGURE 4. Relative abundance of tagged YOY white sharks (calculated as the total number of sharks per zone per day) across southern California. Regions of importance have been enlarged to view detail. Grid cells are approximately 1.2 km2 (all years – by location). (A) Base-map of broader study area. Black boxes indicate spatially distinct areas where YOY sharks were detected. (B–G) Indicate location of zones where YOY sharks were detected. Zones are colored according to cumulative relative abundance.


Season was found to have a significant effect upon shark relative abundance in 5 of the 9 years of data included in the study. 2011, 2013, 2014, and 2016 were years where season was not a significant predictor of shark relative abundance, but no clear trend between season and shark relative abundance was present.

Temperature had a significant effect on YOY density in four different years (2011, 2015, 2016, and 2018). Shark relative abundance tended to be lower in relation to broader temperature extremes (below 12–15°C and above 20–23°C). Notably, in 2015, shark relative abundance was greatest above 25°C (Supplementary Figure 3).

Receiver density varied across years and was highest during years where VPS (Vemco Positioning System) arrays were deployed in specific locations, for example, in 2011 and 2016 (see methods for applicable references). However, no consistent relationship between probability of occurrence and receiver density was evident from year to year. In 2018, receiver density appeared to have a positive effect upon shark relative abundance at receiver densities of one and two receiver per zone.

Depth gradient displayed a negative relationship with shark relative abundance in two different years (2014 and 2016; p = 0.019 and 0.009, respectively), and, shark relative abundance appeared higher when depth gradient was between 0.0025 m/depth gradient grid cell (0.017° resolution) and <0.01 m/depth gradient grid cell (0.017° resolution).

Chlorophyll a (Chla) was included as a predictor variable as a proxy for local environmental productivity. Chla appeared to be a significant predictor of shark relative abundance in only 2015 (p = 0.005), and shark relative abundance appeared to decrease with higher Chla levels (Supplementary Figure 5).



Residency Analyses

Young-of-the-year white sharks exhibited resident events at a total of 99 (out of 156) monitored zones across all years of the study. Zones with greatest residency were variable from year to year (Figure 5) and in general, reflect the geographic areas with the greatest acoustic detections. Maximum RI for a zone in an individual year (all sharks for that year combined) ranged from 0.23 to 0.44 (Figure 5). Mean (±SE) zone RI, across all zones and across all years, was 0.01 ± 0.004 (median = 0.0005, mode = 0.0001). Within the LB-HB region, Sunset, Surfside, and Bolsa Chica beach areas (latitude = ∼ 33.5° N; Figure 5G) had the highest mean overall residency across the study period (RI’s = 0.28, 0.23, and 0.09, respectively). Overall RI’s for all other zones, averaged across all years, were ≤0.05. While habitat in these areas supported resident YOY sharks across multiple years (Figures 5D–F), the high overall RI values for these zones is also likely influenced by comparatively strong resident behaviors seen in 2015, which were in the order of three times greater than any other year in the study (Supplementary Figure 7).
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FIGURE 5. Residency indices for young of the year white sharks in southern California. Grid cells are approximately 1.2 km2. Note the scale bar for residency values changes across years. (A–F) Indicate location of zones of highest YOY white shark residency for each year of the study, colored by RI value. (G) Base-map showing cumulative residency values for all zones across all years. Inset scatter plot shows approximate latitude of the zone of highest residency for each YOY white shark included in residency analyses.


Twenty-one animals were considered in residency analyses, of which only four were outfitted with internal transmitters. Maximum RI value (highest residency within a given zone) for an individual shark ranged from 0.55 (37 days detected) to 0.18 (118 days detected) (Supplementary Table 2). For all animals combined, overall RI values and number of days detected were weakly related (r2 = 0.0321). By comparison, overall RI and the number of zones visited showed a stronger relationship (r2 = 0.433), indicating that affinity to specific areas (from observed residency values) are unlikely an artifact of the number of days detected (Figure 5). Mean RI for individual sharks across all zones visited ranged from 0.5 (±0.014) to 0.04 (±0.009). Ten YOYs (45%) exhibited mean RI’s > 0.2.

Residency events were seasonally variable across study years with peak resident days in the late summer through the fall in 2010–2013 (August – late October), while peak resident days occur in early to mid-summer in 2015–2018 (May – July) (Supplementary Figure 7).

Total resident events (summed number of resident days recorded in each zone) within the array for sharks with mean RI > 0.2 ranged from 128 (shark ID 15_06) to 38 (shark ID 18_04) (Figure 6). Greatest mean RI (0.5) was attributed to a 2015 (externally) tagged shark (shark ID 15_01) with 103 resident events within the array. Lowest mean RI (0.04) was attributed to a 2015 (internally) tagged shark (shark ID 15_19) with 118 resident events within the array.
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FIGURE 6. (A) Resident days per zone per individual shark. Boxes indicate interquartile range of residency values of individual sharks, box lines indicate medians, whiskers indicate minimum, and maximum residency values (excluding outliers). Colored circles represent latitude for each zone resident by a shark, referenced by inset map (B).


The best fitting GLMM according to AICc retained all fixed and random factors in the model. As a result, water temperature significantly increased residency time within a zone [X2 = 17.33, p < 0.001 (Supplementary Figure 8)]. Prior to 2015, the fall and winter months (September – December) significantly increased residency time within a zone, whereas after 2015 residency times began to increase earlier in the year (February – April) (X2 = 83.46, p < 0.001). Additionally, both random effects (SharkID and Year), accounted for approximately 46.5 and 42.7% of the overall model variability, respectively (Supplementary Figure 8).



Activity Space Estimates

Activity space estimates were calculated for a total of 23 sharks (Table 2). Sharks with less than five relocations were not included in these analyses. Two of these 23 sharks were not sharks included in the residency analyses, as they were resident for less than 20 days in their respective years (Table 2). The number of resident days for animals included in activity space estimates ranged from 3 to 209 days (median = 46). For all sharks across all years, mean (±SE) estimated 50% core activity space was 30.79 ± 19.32 km2. This estimate is likely increased by the influence of two individuals that exhibited markedly larger activity spaces (Table 2). Notably, these two individuals (shark ID’s 15_10 and 18_11) were bycaught sharks, outfitted with internal tags. Resident YOY white sharks were largely found to exhibit relatively small core activity spaces in nearshore beach environments, as calculated using BBKUDs (Figure 7 and Table 2). Combined core activity spaces generally aligned with the areas of peak residency within a given year (Figure 7). Individual truncated core activity space (space-use estimates adjusted for terrestrial overlap) ranged from 401.4 to 0.7 km2. COA position estimates were on average less than 100 m apart. Tight clustering of COA’s suggests strongly resident behaviors, concentrated in relatively small areas, with limited dispersal. Core activity space within residency regions was found to vary by individual, as well as by year (Table 2).


TABLE 2. Individual core activity space estimates derived from Brownian Bridge Kernel Utilization Densities and clipped (adjusted for terrestrial overlap) estimates.
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FIGURE 7. Activity space estimates for animals, overlaid for each year [(A) 2010, (B) 2011, (C) 2013, (D) 2015, (E) 2017, (F) 2018]. Base map shows the locations of BBKUD plots for each panel with reference to the southern California coastline and wider study area. Geographic locations of core activity in each year reflect areas of peak shark density and residency.




DISCUSSION

This study presents the first quantification of interannual residency patterns of YOY white sharks from this Northeast Pacific population, in southern California waters. More specifically, this study is the first to qualify and quantify habitat use preferences, and patterns of space use of YOY white sharks while resident in southern California. The present study utilizes comparatively high resolution spatial and temporal analyses derived from 10 years of acoustic monitoring, as well as satellite telemetry, to characterize YOY white shark habitat use and its possible drivers across southern California. Our results indicate that the relationship between shark presence and ocean temperatures may not be as static or as simple as previously hypothesized.

Previous studies that have addressed YOY white sharks from this Northeast Pacific population have identified the SCB as an important resource that provides nursery habitat for these sharks, and that habitat selection is driven by temperature, depth, and distance to shore (Klimley, 1985; Dewar et al., 2004; Weng et al., 2007b; Lowe et al., 2012; Lyons et al., 2013; White et al., 2019). However, the geographic range of YOYs and juveniles of this population extends to at least the southern tip of Baja California ∼1200 km (Weng et al., 2012), with specific nursery habitat identified toward the southern extent of the latitudinal range of this population, in Bahía de Sebastián Vizcaíno, Mexico (Oñate-González et al., 2017; Tamburin et al., 2019; García-Rodríguez and Sosa-Nishizaki, 2020). These studies, based upon data derived from satellite telemetry, remote sensing, and fisheries interactions, have been restricted to broad-scale observations of environmental drivers of habitat use and selection.

Our analyses of broad-scale movements using satellite telemetry data, and shark relative abundance and residency patterns from acoustic data, showed that YOY white sharks use shallow, nearshore habitats (within <500 m of the shoreline) at numerous locations across southern California. Often, these locations were beach environments, situated alongside some of the most densely populated and heavily urbanized areas on the United States Pacific west coast (Figures 2, 4, 5). Although our acoustic array was deployed across a variety of environments that included beach habitat, calm protected habitats, exposed high energy habitats, and both rocky reef and kelp forest habitats (Figure 1), >90% of monitored locations were associated with beach habitat, despite the fact that these habitats comprised only 31% of the available shoreline (including offshore islands) throughout the study area. Thus, a caveat of acoustic data is that it is limited to presence (or absence) of tagged animals at monitored locations, as associated habitat use patterns can only reflect observations within the extent of monitored habitat. Even with an acoustic array distributed across a large geographic area, acoustic analyses alone have the potential to under-represent movement patterns and habitats selected. Thus, we incorporated satellite (SPOT tag) telemetered data into our analyses to account for this potential bias, and examine the extent to which SPOT tag-derived ARGOS locations occurred within nearshore vs offshore environments, as well as habitat type associated with ARGOS locations.

The mean duration of SPOT tag transmissions (65 days) was notably short. While we can only speculate as to why this may be, one possibility is that damage to small, thin dorsal fins of YOY white sharks caused by SPOT tag attachments may have inhibited tag performance and transmission capability (Jewell et al., 2011). One SPOT tagged shark was recaptured approximately 1 year after tagging, and its dorsal fin was severely deformed from the weight of the SPOT tag, with the tag bent at a 95° angle from upright.

ARGOS locations (classes 1–3) revealed that although there was some utilization of habitat at offshore islands (CINMS) and some utilization of offshore waters, tagged YOY white sharks were largely observed in relatively shallow coastal locations (largest proportion of locations ∼ 2–3 km from shore, 64% of locations in waters less than 100 m deep) associated with expanses of insular shelf (Figure 2). Of all ARGOS locations, 63% were also associated with beach habitat shorelines (Figure 2D and Supplementary Figure 9). A previous study using SPOT tag data in juvenile white sharks (including YOYs) established that the likelihood of an ARGOS location (i.e., surface swimming behavior) from a tagged shark is not influenced by the local depth of the water column (Lyons et al., 2013). Thus, apparent YOY white shark propensity toward shallow coastal habitat, and in particular beach habitat, as indicated by SPOT tag ARGOS locations, is not explained by an increased likelihood for surface swimming in such environments.


YOY Relative Abundance

Tagged shark relative abundance (number of tagged sharks detected in a given zone) was interannually variable (range: 0–9 sharks per receiver per zone; Supplementary Figure 6). Across all years, relative abundance of tagged sharks correlated with the number of sharks tagged in each respective year. Similarly, the observed annual locations of zones displaying peak relative abundance largely reflected geographic concentration of tagging effort that year, where YOY white sharks formed loose aggregations. Tagging effort was in-turn largely concentrated in areas where juvenile white sharks had been sighted, and throughout the study, many of the sharks tagged within a given year were tagged within the same general vicinity, over a period of a few days to a few weeks. Thus, the geographic location of zones with peak densities showed broad, spatial interannual variability (see Figures 4, 8 and Supplementary Figure 6).
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FIGURE 8. Total detections by year, latitude and month (seasons) – detection patterns show seasonality, and interannual latitudinal variability, with August serving as the month with peak overall detections across all years combined.


Peak relative abundance locations did not display the same temporal and spatial stability as has been described for primary nursery habitat elsewhere in this species’ range. Juvenile white sharks (n.b. not YOY) from the east Australia population have been documented to use two geographically separated areas in Port Stephens, New South Wales, and Corner Inlet, Victoria (∼852 km linear distance separation) as primary nursery habitat, with a possible third location further north in Queensland (Bruce and Bradford, 2012; Werry et al., 2012; Bruce et al., 2019). This, in itself, bears a resemblance to the broad patterns already described for the Northeast Pacific YOY and juvenile white shark population, with the highlighted importance of the SCB, and the identified specific nursery habitat in Bahía de Sebastián Vizcaíno separated by a similar linear distance. The locations of the Australia white shark primary nursery habitat were found to be temporally stable (showed interannual consistency), with juvenile white sharks utilizing the New South Wales habitat from September to January (spring to mid-summer), and the Victoria habitat from January to May (summer through the fall). A more recent analysis (although only one of the included animals was a YOY) further supported the finding that these same two geographic areas functioned as nursery habitat (Spaet et al., 2020b). However, Spaet et al. (2020b) found the geographic extent of each nursery area to be considerably larger, and the seasonality of habitat use in each location showed a shift from December to March, and November to February, respectively. This difference may be explained by sample size in the two studies (n = 22 vs n = 103) and size-class included [175–260 cm (median = 215 cm) vs 147–350 cm (median = 220 cm)], as well as interannual differences (biotic and abiotic) in each of the nursery areas.



YOY Residency

By definition (Heupel et al., 2007), neonate or YOY sharks utilizing nursery habitat display above average residency (site fidelity) to a specific area or location. The geographic extent of such an area may be species or population specific. In concert with YOY relative abundance, residency patterns were spatiotemporally variable at an annual level, with resident days peaking in the summer (May to August), but often with animals continuing to display residency throughout the fall. This temporal pattern differs to that previously reported in YOY white sharks (Weng et al., 2007b), in that peak residency shifted to earlier in the year in the second half of our study period. The seasonal timing of peak residency is likely influenced by plasticity of extrinsic variables [e.g., temperature, prey availability, atmospheric anomalies such as El Niño Southern Oscillations (ENSOs)], as well as the individual intrinsic factors that determine when an individual may arrive at a location (White et al., 2019). From 2010 through 2018 we observed zones of high residency in eight different broad geographic locations in southern California, with multiple YOY sharks displaying concurrent, comparatively high residency at these locations. In general (with exception of 2010, where receiver coverage was limited) RI values in zones of peak residency were an order of magnitude greater than the mean RI value for the respective year, and several orders of magnitude greater than the modal RI value (0.0002). This seasonal YOY residency in nearshore habitats, is not unique, rather it falls in line with descriptions of juvenile white sharks from elsewhere in the species range, including Australia, South Africa, as well as the northwest Atlantic (Bruce and Bradford, 2012; Werry et al., 2012; Dicken and Booth, 2013; Skomal et al., 2017; Curtis et al., 2018; Spaet et al., 2020b).



Peak Residency Locations and Space Use

What is perhaps more novel, and of importance from this study, is the proximity of many of these high YOY white shark residency zones to some of the most (human) frequented and densely populated beach areas within the species’ geographical range, and in the world (Tobler et al., 1995). While the two primary nursery habitat areas described in eastern Australia are also in close proximity to towns and cities (Bruce and Bradford, 2012; Werry et al., 2012), the extent of urbanization and the population density of these towns and cities compared to the southern California urban conurbation are strongly divergent. For example, 2010 census data for Redondo Beach, California (administrative area 16.09 km2), which was the approximate location for peak density and residency in 2012, reported a population density of 4156 people per km2 (United States Census Bureau, 2012). In contrast, Port Stephens (administrative area 979 km2) has a population density of 72 people per km2 (Australian Bureau of Statistics, 2016).

Fifty-two percent of calculated COA’s were situated within 200 m of the shoreline, and 82% within 300 m. With a (conservative) COA positional error 200 m used in core activity space estimations, our data show that when utilizing nearshore habitat, tagged YOY white sharks spend extended periods time in waters anywhere from the shore-break to 500 m offshore (Figure 7) and reflects spatially restricted residency in most individuals (range = 0.7–401.44 km2, mode = 1.34 km2). The comparatively high mean (±SE) activity space estimates for all animals combined (30.8 ± 19.3 km2) was likely driven by two more widely ranging individuals, that showed limited residency across more than one geographically separate area (Table 2). These two YOYs were sharks caught in gillnet fisheries (>5.5 km offshore), as opposed to being targeted and tagged (whether internally or externally) at an inshore location. Both were resident within monitored zones less than the median number of days for all animals included in activity space estimate analyses (43 days). The large activity space estimates of these two individuals are reflected in the large kernel utilization density plots (see Figures 7D,F), and are most likely representative of animals exhibiting transient or partial migratory behaviors, rather than resident, site affiliated behaviors generally displayed by YOY sharks tagged at inshore locations. Nonetheless, mean core activity space for all sharks combined is markedly smaller than that reported in western North Atlantic YOYs (Curtis et al., 2018). This disparity may reflect the availability and distribution of shallower shelf habitat. If YOY white sharks seek and select for such habitat type, there are simply more suitable habitat possibilities within the range of the North Atlantic YOYs, compared to that available in Northeast Pacific YOYs in southern California waters.



Environmental Drivers of YOY Relative Abundance and Residency

Juvenile white shark presence and residency has been shown to be significantly influenced by a range of biotic and abiotic variables across the species’ range, including temperature, depth, barometric pressure, and season (Weng et al., 2007b; Bruce and Bradford, 2012; Dicken and Booth, 2013; Skomal et al., 2017; Curtis et al., 2018; White et al., 2019; Spaet et al., 2020b). However, a recent analysis determined environmental factors to be poor predictors of juvenile white shark presence in eastern Australian beach habitat (Spaet et al., 2020a).

In the present study, none of the abiotic variables examined were found to have a consistent relationship with YOY relative abundance across years. However, of the variables examined, temperature and sea surface salinity were the most consistently identified drivers of shark presence, though the direction (positive or negative) and magnitude of the relationships varied. In the case of temperature, YOY densities were generally lower in conjunction with temperature extremes, with the exception of 2015 (an El Niño year – see Supplementary Figure 3). The resolution of remote sensing derived SST and salinity data do not show large temporal variation (i.e., monthly and seasonally) across southern California at a geographic meso-scale (for example across the expanse of SMB, or the LB-HB region; for reference see Figures 1, 7). It follows therefore that no discernable change could be observed at an individual zone level. Finer, micro-scale changes in temperature may be an important factor in the selection of specific habitat where sharks show residency, as YOY white sharks display limited endothermic capability, and may be sensitive to fractional changes in °C across the body (Domeier, 2012; White et al., 2019; Anderson et al., 2021). Our model results show that even with our inclusion of higher resolution point temperature data (where available), there are likely aspects of temperature that we were unable to quantify in our analyses.

Perhaps unsurprisingly, our models of environmental drivers of residency pointed to both temperature and month (ergo season) significantly influencing residence event duration. Our results are consistent with reported seasonal fishery captures in southern California (Lowe et al., 2012; Lyons et al., 2013), but also suggest that residence event duration was greatly subject to interannual variability, as well as intrinsic plasticity in individual animals.



CONCLUSION

A 2018 review of research priorities for white sharks highlighted the identification of critical habitats for the species and their changes across ontogeny as being of high importance (Huveneers et al., 2018). Our results demonstrate that unlike the spatiotemporally stable primary nursery habitat described for other populations globally, southern California presents a broader habitat resource that supports spatiotemporally dynamic primary nursery habitat. It is unknown where parturition occurs in the Northeast Pacific white shark population, but it is generally regarded to likely take place offshore or in deeper water, after which neonates make their way to more sheltered inshore environments (Klimley, 1985; Domeier, 2012). The data presented here demonstrate that in each year, YOY white sharks arrive at these nearshore (beach) locations, remaining within them for extensive periods (days to months), and that these locations can vary, or may be used repeatedly across years. Thus, they are not areas of temporary residency outside of primary habitat areas (Werry et al., 2012), but are in-fact dynamic primary nursery habitat in their own right. This dynamism appears to be a feature unique to Northeast Pacific YOY and juvenile white sharks utilizing the broader southern California nearshore habitats, as it has yet to be described elsewhere.

As with other stages of ontogeny, YOY white sharks likely exhibit behavioral patterns of temporary residency and traveling (Bruce and Bradford, 2008), moving between and stopping at discrete resource patches. It is likely these discrete patches form aggregation and residency “hotspots” for juvenile white sharks, including YOY sharks. Ninety-five percent of tagged YOY sharks exhibiting resident behavior were animals tagged as part of loose aggregations at inshore locations, while only 4 of the 14 fisheries-bycaught animals (29%) were included in our residency analyses. Sharks caught in offshore fisheries were likely in a transient or migratory behavioral state, at the time of capture, which appeared to largely continue post-release. While fisheries-caught sharks were detected in monitored zones, they largely did not display the site-fidelity and restricted activity spaces of YOY sharks tagged at inshore locations.

Standard approaches to discerning the resource qualities that drive nursery habitat selection can only arrive at broad scale parameters, that inadequately address these questions. It is clear that broad, meso-scale approaches to analyzing the environmental correlates of shark occurrence are insufficient. This conclusion is supported by recent analyses that found environmental conditions to be poor predictors of juvenile white shark occurrence in eastern Australia (Spaet et al., 2020a). Thus, novel approaches that incorporate technologies to derive high resolution environmental data (Lowe et al., 2018), paired with more comprehensive telemetry datasets (acoustic and satellite) are therefore required to facilitate accurate predictive modeling of white shark occurrence. Such data are vital for informing both conservation and management policy, at all administrative levels.
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Year Total unique Total unique zones Mean unique Tags deployed Principle tagging Total YOY’s
receivers covered receivers per zone (year™) location(s) tagged
2010 39 17 2.3529412 2 SMB 2
2011 46 27 1.7037037 1 Ventura 3
2012 86 44 1.9772727 4 Ventura, SMB 7
2013 99 56 1.7857143 1 SMB 8
2014 162 89 1.9213483 0 NA 8
2015 163 78 2.1794872 14 Surfside, Ventura 22
2017 148 93 1.7526882 5 Long Beach, Ventura 27
2018 163 100 1.94 7 Santa Barbara, Oxnard 34
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OPS/images/fmars-08-645142-t002.jpg
Shark ID Tag year Core activity Mean core Clipped core Mean SE (core) Days Mean RI Tag type

region (county) activity space activity space (core) value (all
(50% contour) (50% contour) zones)
(km?) (km?)
10_17 2010 Los Angeles 69.97 30.74 30.74 NA 29 0.33 Internal
11_03 2011 Los Angeles 202 222 222 NA 3 0.05* Internal
13_01 2013 Los Angeles 1.96 1138 1.13 NA 74 0.08 Internal
15_01 2015 Ventura 1.47 1.47 45 0.5 External
15_02 2015 Ventura 1.54 1.64 80 0.33 External
15_03 2015 Ventura 1.63 1.63 77 0.38 External
15_04 2015 Los Angeles 0.7 0.7 34 0.25 External
15_05 2015 Los 5.2 2.61 209 0.03 External
Angeles/Orange
15_06 2015 Los Angeles 1.75 1.75 133 0.2 External
15_07 2015 Los Angeles 1 1 82 0.25 External
15_08 2015 Los Angeles 1.34 1.34 47 0.25 External
15_09 2015 Los Angeles 565 4.23 47 0.1 External
15_10 2015 Los Angeles 593.93 219.59 15 0.07* Internal
15_11 2015 Los Angeles 1.4 1.4 89 0.11 External
15_12 2015 Los Angeles 2.35 2.35 45 0.2 External
15_15 2015 Los Angeles 212 1.34 35 0.2 External
15_19 2015 Los 5.61 3.1 18.66 16.75 118 0.04 Internal
Angeles/Orange
17_02 2017 Los 2.14 0.9 183 0.06 Internal
Angeles/Orange
17_04 2017 Los 171 11.16 6.03 5.13 185 0.05 Internal
Angeles/Orange
18_03 2018 Santa Barbara 21.26 14.45 37 0.1 External
18_04 2018 Santa Barbara 0.94 0.94 36 0.14 External
18_07 2018 Santa Barbara 1 1.1 26 0.33 External
18_11 2018 Los 821.42 401.44 104.48 99.04 22 0.08 Internal
Angeles/Orange

N.b.; YOY sharks with activity space estimates that were not included in residency calculations are marked with an asterisk next to their respective mean Rl value. Mean
and SE values correspond to all sharks within a year group.
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