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EXECUTIVE SUMMARY 
 

The North Pacific loggerhead (Caretta caretta) is a vulnerable Regional Marine Unit 
(RMU) according to the IUCN Red List. The most pressing risk to North Pacific loggerhead 
populations is incidental capture, or bycatch, in fisheries throughout their range. An area of 
particular threat to this RMU is the Baja California Peninsula, where Peckham et al. (2007) 
estimated that more than a thousand loggerheads perish in artisanal fisheries in the Gulf of Ulloa 
annually. Thus, it is critical to more accurately understand and predict the density and timing of 
loggerhead occurrence in the California Current Large Marine Ecosystem (CCLME) to inform 
the most efficacious spatial extent and timing for protective measures, such as fisheries closures, 
to reduce sea turtle bycatch. Previous studies have found a tight parabolic relationship between 
loggerhead presence in the east Pacific and water temperature, suggesting that sea surface 
temperature (SST) could be used as an effective proxy to describe the habitat of loggerheads 
habitat. 

To create a robust predictive species distribution model, we integrated four datasets 
(2003–2023): aerial surveys, shipboard surveys, satellite-tagged individuals, and citizen sightings 
with environmental co-variates of loggerhead presence. Using both generalized additive models 
and MaxEnt models, we found that in addition to SST, loggerhead presence in November–March 
during El Niño years within the southern CCLME is positively associated with chlorophyll-α, net 
primary productivity of carbon, sea surface elevation, magnitude of seafloor depth gradient, east-
west gradient of seafloor depth, magnitude of wind velocity, west-east seawind and north-south 
seawind components. Loggerhead presence within the southern CCLME is negatively associated 
with the magnitude of seafloor depth gradient, particulate inorganic carbon, and north-south 
gradient of seafloor depth.  

To our knowledge, this is the first species distribution model for loggerheads in the 
eastern Pacific. Our analysis revealed an important overlap between the predicted hotspots of 
loggerhead occurrence and two designated conservation areas: the Fishing Refuge Zone in the 
Gulf of Ulloa, Mexico, and the Pacific Loggerhead Conservation Area in Southern California. 
This concordance underscores the importance of these areas for the conservation of loggerhead 
sea turtles. However, our results also suggest that these measures could be expanded 
geographically and temporally more dynamically. Our study also demonstrates the power of 
citizen engagement in reporting species sightings, potentially increasing the predictive power of 
our models. We recommend incorporating species distribution modeling and additional 
environmental variables to inform dynamic fishery closures and protect the multiple uses of 
North American coastal waters. 
 
The research questions for this project were: 
 

1) Can we use environmental indicators to predict the presence of loggerhead sea turtles off 
the North American West Coast?  

 
2) How can environmental indicators be used to adjust the spatial and temporal extent of 

fisheries closures to reduce sea turtle bycatch? 
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INTRODUCTION 
 

The North Pacific Loggerhead 
The North Pacific loggerhead (Caretta caretta) is a vulnerable Regional Marine Unit, 

according to the IUCN Red List (Wallace et al., 2023; Figure 1). Regional management units 
(RMUs) are specific to sea turtles, allowing for conservation coordination at regional scales to 
address varied threats of different sea turtle life stages (Wallace et al., 2010).  

The loggerhead sea turtle, like all other marine turtles found in U.S. waters, was first 
protected under the U.S. Endangered Species Act in 1978 (Bowen et al., 1995; NMFS & 
USFWS, 2020). In 2011, the National Marine Fisheries Service (NMFS) and the U.S. Fish and 
Wildlife Service (USFWS) determined that “the loggerhead sea turtle was made up of nine 
distinct population segments (DPS)” and that each DPS could be placed under protection through 
the U.S. Endangered Species Act (NMFS & USFWS, 2020). As the North Pacific loggerhead 
DPS constitutes a distinct genetic population, the North Pacific loggerhead DPS was then placed 
on the U.S. Endangered Species Act in 2011 (Bowen et al., 1995; Conant et al., 2009; Nichols et 
al., 2000; NMFS & USFWS, 2020). The North Pacific loggerhead is a highly migratory species 
and uses many different habitats, including some beyond Exclusive Economic Zones (EEZs) 
(Havice et al., 2018; Wallace et al., 2010; Wallace et al., 2011).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. North Pacific loggerhead regional management unit. Adapted from Wallace et al., 
2023. 

In the North Pacific, loggerhead hatchlings depart from the West Pacific, almost entirely 
from Japanese nesting beaches (Okuyama et al., 2011; Turner Tomaszewicz et al., 2015). After 
“frenzy” swimming toward offshore currents, the Kuroshio Current and its extension passively 
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transport small juvenile loggerheads in the Central North Pacific (CNP) (Okuyama et al., 2011). 
In addition to this passive movement, juvenile loggerheads are known to actively swim against 
currents to find productive foraging areas in the CNP (Briscoe et al., 2016; Christiansen et al., 
2016; Polovina et al., 2006).  

Juveniles then begin along developmental foraging migration in the CNP, with an 
unknown portion that cycles further eastward, moving into the eastern Pacific, with great 
abundances of loggerheads found in the Baja California Peninsula (BCP) (Briscoe et al., 2016; 
Hatase et al., 2002; Peckham et al., 2007; Seminoff et al., 2014). The eastern Pacific provides a 
productive foraging habitat for juvenile loggerheads (Bowen et al., 1995; Seminoff et al., 2004). 
The most productive neritic foraging area for the North Pacific loggerhead is off the BCP 
(Briscoe et al., 2016; Kobayashi et al., 2011; Peckham et al., 2007; Seminoff et al., 2014; Turner 
Tomaszewicz et al., 2015; Turner Tomaszewicz et al., 2017). Juvenile loggerheads found in the 
BCP are estimated to spend at least the first two decades of their lives there (Nichols, 2003; 
Turner Tomaszewicz et al., 2015; Wingfield et al., 2011). Upon sexual maturity, they return to 
Japanese nesting beaches for reproduction (e.g., Nichols et al. 2000) and stay in western Pacific 
neritic and/or oceanic waters for the remainder of their lives, never returning to the eastern 
Pacific (Hatase et al., 2002; Nichols et al., 2000; NMFS & USFWS, 2011; Watanabe et al., 
2011). 

Loggerhead sea turtles in the California Current Large Marine Ecosystem (CCLME) are 
either a result of loggerheads following the North Pacific Gyre in the CNP being able to move 
into the eastern Pacific, maybe through utilizing advantageous environmental conditions, termed 
a “thermal corridor” or loggerheads migrate northward from the BCP, Mexico (Briscoe et al., 
2021; Peckham et al., 2011; Welch et al., 2019). However, even though loggerhead sea turtles 
are known to occur in Southern California—especially during El Niño years when environmental 
conditions are most favorable to their entry into the CCLME—the specific route and mechanism 
that allows their entry remains unknown (Eguchi et al., 2018). Allen et al. (2013) found that 
loggerhead turtles sampled in the Southern CCLME are not northward migrants originating from 
waters off the BCP but rather most likely came from the CNP, further supporting the “thermal 
corridor” hypothesis (Allen et al., 2013; Briscoe et al., 2021). Migratory routes taken by juvenile 
loggerheads may closely follow currents where loggerhead prey items are abundant (Allen et al., 
2013; Cuevas et al., 2020; Pikesley et al., 2013; Polovina et al., 2000). This year-round presence 
and high abundance of loggerheads in the BCP is unique from other East Pacific foraging areas, 
as loggerheads have an ephemeral presence in Southern California (Eguchi et al., 2018; Seminoff 
et al., 2014).  

 
Environmental Co-Variates 

Past research has successfully used sea surface temperature (SST) to predict the 
occurrence of loggerhead sea turtles (Howell et al., 2008; Polovina et al., 2000; Polovina et al., 
2001; Polovina et al., 2004). Unfortunately, emerging evidence suggests that climate change is 
causing large shifts in SST patterns that may render existing predictive models of loggerhead 
thermal habitat outdated (Siders et al., 2023). Thus, there is a growing need for comprehensive 
predictive tools informed by multiple environmental variables (Eguchi et al., 2018). The present 
study addresses this need by investigating the predictive power of various environmental 
indicators in predicting loggerhead sea turtle presence in the southern CCLME and informing the 
spatial extent and timing for fisheries closures to mitigate sea turtle bycatch.  
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Loggerheads are known to forage on a wide range of organisms, including gelatinous 
organisms that are passively transported along oceanic currents and, therefore, will be 
concentrated along convergent fronts that are visible in satellite imagery (Polovina et al., 2000; 
Polovina et al., 2001). However, most loggerhead foraging activity is focused on the ocean floor, 
consuming a variety of invertebrates, mollusks, and crustaceans (Bjorndal, 1997). Loggerheads 
are also known to feed on pelagic red crabs (Pleuroncodes planipes), which in the eastern Pacific 
are associated with warm periods and upwelling events (Eguchi et al., 2018; Nichols et al., 2000; 
Robinson et al., 200; Welch et al., 2018). Particulate inorganic carbon (CaCO3) is ubiquitous in 
the ocean and, importantly, is the major component of Molluscan and Crustacean shells 
(Broecker & Peng, 1982; Gbenebor et al., 2016; Weiss et al., 2002). Therefore, new insights into 
foraging areas for loggerheads may be gained from remotely mapped suspended CaCO3, as many 
of the major prey items of the North Pacific loggerhead are comprised of CaCO3 (Balch et al., 
2005).  

Loggerheads prefer warm waters with high concentrations of chlorophyll-α at the surface 
(Polovina et al., 2000; Polovina et al., 2001; Polovina et al., 2004). This is because high 
chlorophyll-α concentration means primary producers are abundant, creating areas of high 
loggerhead prey abundance (Barceló et al., 2013). For example, the pelagic red crab 
(Pleuroncodes planipes), a major prey item of North Pacific loggerheads, is highly correlated 
with areas of high upwelling activity, creating areas of increased chlorophyll-α concentrations 
(Robinson et al., 2004). 

Wingfield et al. (2011) found that Ulloa Bay is defined by an “upwelling shadow” due to 
its bathymetric and physical oceanographic features, causing this area to support very high levels 
of primary and secondary productivity (Wingfield et al., 2011). In addition, Zaytsev et al. (2003) 
found that upwelling in the BCP is greatest in areas with sharp slopes and narrow shelfs. The 
CCLME is home to many highly migratory species because of its unique and productive 
upwelling resulting from seasonal wind changes (Hazen et al., 2017; Wingfield et al., 2011; 
Zaytsev et al., 2003). North Pacific loggerheads spend the majority of their time close to the 
surface (Polovina et al., 2004).  

 
Species Distribution Models 

Species distribution models (SDMs) combine species sightings with environmental co-
variates to describe existing patterns of species dispersion and can be used in a limited capacity 
to predict future species distributions (Elith & Leathwick, 2009). SDMs can elucidate critical 
spatial relationships for effective conservation prioritization (Guisan et al., 2013; Srivastava et 
al., 2019). Additionally, SDMs using remotely sensed variables can be low-cost, powerful 
solutions as such data are often freely and publicly available (Maxwell et al., 2015).   

Understanding the relationship between species’ environmental requirements and 
distribution is not a new field of study, but in recent years, the number of studies employing 
SDMs has increased due to concern over climate change causing changes in range and species 
distributions (Peterson & Soberón, 2012; Zurell et al., 2020). Climatic warming has already 
caused, and will continue to amplify, changes in species distributions as different species’ ranges 
will be significantly altered (Chen et al., 2011).  

Understanding changes in species distributions over time is essential to creating effective 
conservation management tools (Guisan & Thuiller, 2005; Putman et al., 2013). Management 
interventions can be most effective when species distributions are well understood (Winton et al., 
2018). Dynamic fisheries management can respond to rapidly changing environmental 
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conditions, such as changing the timing of fishing seasons or seasonal gear restrictions (Dunn et 
al., 2016; Hazen et al., 2017). Dynamic fisheries management informed by SDMs may have 
advantages over fixed time-area closures because they are intrinsically informed by 
environmental variables and, therefore, can be used to protect smaller areas for shorter periods 
while still achieving the same conservation goals (Dunn et al., 2016; Hazen et al., 2017; Maxwell 
et al., 2015).  

 
Fishery Time-Area Closures 

Incidental capture has been widely documented to be the primary cause of sea turtle 
population declines worldwide (Crowder & Heppell, 2011; Lewison et al., 2004; Peckham et al., 
2015). For the North Pacific loggerheads, incidental capture in fishing gear is the greatest threat 
to their population’s recovery throughout their wide and dispersed geographic distribution 
(Casale & Tucker, 2017; Finkbeiner et al., 2011; Gilman et al., 2007; NMFS & USFWS, 2020). 
In the east Pacific, loggerheads are found in the coastal waters and incidentally caught in the 
fisheries of the U.S. and Mexico (Peckham et al., 2007; Seminoff et al., 2014; Welch et al., 
2019). 

Established in 1976, the Magnuson-Stevens Fishery Conservation and Management Act 
forms the bedrock of marine fisheries oversight in U.S. federal waters (U.S. Department of 
Commerce et al., 2007; U.S. Department of Commerce et al., 2015). An important amendment in 
2006, known as Section 610, conferred upon the Secretary of Commerce the unilateral authority 
to identify foreign nations implicated in the incidental capture, or bycatch, of protected living 
marine resources (PLMRs) under specific stipulations (Senko et al., 2017; U.S. Department of 
Commerce et al., 2007; U.S. Department of Commerce et al., 2015). This notable provision 
aimed to address mounting concerns about the adverse effects of bycatch within and outside U.S. 
waters on protected marine species, such as the North Pacific loggerhead, whose range is not 
restricted to a given country’s EEZ (Senko et al., 2017). 

 An area of particular fishery management interest is the Gulf of Ulloa, along the Pacific 
coast of the BCP, Mexico, which serves as a North Pacific loggerhead foraging hotspot; it is also 
a site of significant bycatch-related mortality (Peckham et al., 2007; Peckham et al., 2011; 
Peckham et al., 2015). A shockingly high number (up to 1000) of juvenile to subadult 
loggerheads are estimated to perish yearly, most likely due to fishery interactions (Peckham et 
al., 2007). Seminoff et al. (2014) estimated that fishery interactions or natural threats take up to 
11% of the BCP loggerhead population annually. Using this estimate, North Pacific loggerheads 
that spend 20 years in the BCP have a predicted survivorship rate of 10% (Turner Tomaszewicz 
et al., 2015).  

In July 2012, a notable event unfolded along the Pacific coast of the BCP, Mexico, with a 
mass stranding of North Pacific loggerhead sea turtles coinciding with reports of significant 
bycatch in the region’s artisanal gillnet fishery fleet (Senko et al., 2017; U.S. Department of 
Commerce et al., 2015). This might have been caused partly by Mexico’s nationwide 
elasmobranch moratorium during the summer of 2012, causing subsistence fishers to shift 
fishery gear from surface targeting gear to bottom-set nets, which are more likely to incidentally 
capture loggerheads (Senko et al., 2017).  

Subsequently, in 2013, NOAA NMFS, for the first time, invoked Section 610 of the 
Magnuson-Stevens Act to identify Mexico for the bycatch of a PLMR, specifically the North 
Pacific loggerhead (Senko et al., 2017; U.S. Department of Commerce et al., 2015). Under this 
provision, Mexico was granted a two-year period to develop a regulatory program aimed at 
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reducing or eliminating loggerhead turtle bycatch in a manner comparable to that of the United 
States fisheries fleet (Senko et al., 2017; U.S. Department of Commerce et al., 2015). In 2015, 
NOAA NMFS negatively certified Mexico for its failure to effectively mitigate the high rates of 
loggerhead sea turtle bycatch mortalities in the Gulf of Ulloa, BCP, Mexico (U.S. Department of 
Commerce et al., 2015). 

In response, Mexico created the “Fishing Refuge Zone” in the Gulf of Ulloa in April 
2015 to reduce loggerhead sea turtle bycatch mortalities (Diario Oficial de la Federación, 2016; 
Figure 3). The Fishing Refuge Zone can be considered a static closure because it is enacted year-
round and establishes a mortality cap of 90 turtles; then, within the Specific Fishing Restrictions 
Area, the Mexican Government has adopted specific gear restrictions to best reduce sea turtle 
mortalities such as no J hooks, seasonally larger gillnet mesh sizes aligning with time of high sea 
turtle density, and some in-vessel video monitoring (Diario Oficial de la Federación, 2016).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Map of Mexican loggerhead sea turtle conservation area. The red highlighted region is 
where the mass stranding event of North Pacific loggerheads occurred in July 2012. 
 

Moving to the northern range of the North Pacific loggerhead, Southern California is an 
ephemeral habitat for this species (Eguchi et al., 2018; Welch et al., 2019; Zaba & Rudnick, 
2016). There was an increase in loggerhead sightings offshore of Southern California in 2015 
that occurred at the same time as a warm water period as a result of a marine heat wave (Eguchi 
et al., 2018; Welch et al., 2019; Zaba & Rudnick, 2016). Additionally, southern California's 
loggerhead sea turtle bycatch records largely occur during El Niño conditions (Allen et al., 2013; 
Carretta, 2022; Eguchi et al., 2018; NMFS, 2000). In 2004, NOAA NMFS enacted a mandated 
fishery time-area closure, Federal Register 72 FR 31756, to reduce loggerhead bycatch 
mortalities within the drift gillnet fishery fleet off Southern California (NOAA NMFS, 2004; 
NOAA NMFS, 2007). This area can be considered a dynamic fisheries management area as the 
closure of the California drift gillnet fishery is triggered by changing environmental conditions, 
which may be different each year (NOAA NMFS, 2004; NOAA NMFS, 2007). Closures of the 
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“Pacific Loggerhead Conservation Area” are enacted in the summer (June–August) when the 
conservation area has warmer than average SST during an officially declared El Niño year 
(NOAA NMFS, 2004; NOAA NMFS, 2007; Welch et al., 2019; Figure 2). This is due to the 
tight parabolic relationship between North Pacific loggerhead presence in the eastern Pacific and 
warm SSTs (15–25 °C) (Howell et al., 2008; Polovina et al., 2000; Polovina et al., 2001; 
Polovina et al., 2004). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure 2. Map of United States loggerhead sea Turtle conservation area affecting the California 
Drift Gillnet Fishery. 
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Study Objective 
 

 
The biggest mortality risk to the North Pacific loggerhead in North American waters is 

incidental capture in fishery gear, especially in artisanal fisheries in the EP and WP EEZs and in 
industrial fisheries in the high seas. Dynamic fishery time-area closures in the United States 
aimed at reducing loggerhead mortalities are largely based on sea surface temperature. Siders et 
al. (2023) found that climate change is causing rapid spatial and temporal changes in SST, which 
may cause these tools to be less effective at mitigating mortalities as the thermal habitat of 
loggerheads shifts into novel areas. It is possible that more accurate and precise models of 
loggerhead habitat could be informed by including additional environmental variables. 

 
The research questions for this project are: 

1) Can environmental indicators predict loggerhead sea turtle presence off the North 
American West Coast?  
 
This question was answered by running Generalized Additive Models and MaxEnt 
models in R Studio version 03.0+386 and ArcGIS Pro 3.1, inputting live sea turtle 
sightings from the MTEAP at NOAA SWFSC, and remotely sensed environmental 
variables from NOAA ERDAPP, which are free and publicly available. 
 

2) How can environmental indicators inform the spatial extent and timing for fisheries 
closures to reduce sea turtle bycatch? 
 
This question was answered by comparing existing fishery time-area closures and 
predicted hotspots of seasonal loggerhead presence in the Southern CCLME. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



12 
 

METHODS 
 

Loggerhead Sightings 
A single sampling method may be insufficient to fully describe sea turtle distributions 

and habitat use, so it is often preferable to combine datasets with high temporal and spatial 
resolution (Zampollo et al., 2022). In the current study, four independent datasets were integrated 
to predict loggerhead presence in the southern CCLME: aerial line-transect surveys, California 
Current Marine Mammal Assessment Program’s ship line-transect surveys, observations of the 
locations of satellite-tagged individuals, and sighting reports from the public. These four datasets 
were collected by the Marine Turtle Ecology & Assessment Program (MTEAP) at NOAA 
Southwest Fisheries Science Center (SWFSC). These data sources provided GPS locations and 
dates of loggerhead sea turtle sightings.  

Initially, data from aerial surveys yielded the largest sample size (N = 884 sightings); 
these surveys followed the line-transect survey protocols outlined in Thomas et al. (2010). The 
aerial line-transect sightings in this study occurred only in Southern California, USA, and the 
Gulf of Ulloa, BCP, Mexico (Eguchi et al., 2018; Seminoff et al., 2014; Figures 4 and 5). 

Data also came from members of the public who submitted sighting reports to the West 
Coast Stranding Hotline at (562) 506-4315. Since 2022, sighting reports from the public were 
obtained through a voluntary survey hosted under ArcGIS survey 123. Stickers made by Dr. 
Michelle Maria Early Capistrán were strategically placed throughout San Diego to interest 
participants who could simply scan a QR code and report sea turtle sightings. In data filtering, all 
entries with the following terms were removed: “hawksbill,” “Carlsbad,” and “green.” 
Loggerheads are found in the offshore waters of California, so a buffer of 10 miles off the coast 
of California was created to exclude likely non-loggerhead sightings. Additionally, a buffer with 
a 2-mile radius was placed around the Channel Islands, as these would be primarily Green Sea 
turtle sightings (pers. comm., Jeffrey Seminoff). When observation descriptions described 
sightings of multiple animals, the coordinates were repeated for each animal count so that later 
models had an accurate number of individuals. For example, the term dozens in this study was 
interpreted as twelve individuals to quantify the minimum number of individuals sighted.  

Data compiled by Eguchi et al. (2018) included opportunistic loggerhead sightings from 
the NOAA SWFSC California Current Marine Mammal Assessment Program's ship surveys, in 
which scientists were searching for marine mammals but also documented loggerhead sightings. 
The California Current Marine Mammal Assessment Program's ship surveys started in 1991, 
covering much of the waters in Southern California, USA (Eguchi et al., 2018).  

Finally, four satellite-tagged individuals have been tracked in the southern California 
Bight (SCB) since 2015 by NOAA SWFSC MTEAP (NMFS permit #14510), three (Ruth, Char-
Char, and Coco) after release from rehabilitation centers at the Aquarium of the Pacific and 
SeaWorld, San Diego, and one (Matteo) that was hand captured in offshore waters of the SCB 
(pers. comm., Jeffrey Seminoff). In this study, GPS locations tagged individuals from different 
days were quantified as unique sightings, as we were aiming to understand the probability of 
loggerhead presence in a given area or habitat. Coco had 44 locations, Matteo had 99 locations, 
Ruth had 90 locations, and Char-Char had 93 locations (pers. comm., Jeffrey Seminoff). 

 
 
 



13 
 

Table 1. NOAA SWFSC MTEAP collected twenty years of North Pacific loggerhead sightings 
from four independent data streams and the number of individual sightings (N=1719). 

Dataset Years Number of individuals  
(Caretta caretta) sighted 

Aerial Surveys 2005–2007, 2011, 2015, 2018 884 

Ship-based Surveys 1991–2015 139 

Satellite-Tagged 
Individuals 
  
Public Sightings 

2015–2016, 2021 
  
2003, 2005–2006, 2008–2010, 
2013–2016, 2019–2020, 2023 

326 
  
370 
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Figure 4. Eguchi et al. (2018) produced maps “showing the survey lines of the aerial survey 
conducted in 2011 (A) and 2015 (B) and sighted loggerhead sea turtles(C). Data from marine 
mammal ship-board surveys are colored by survey year. The study area for the aerial survey is 
outlined with solid black lines, and the completed aerial survey track lines are shown in blue. 
Each colored point Along the track lines shows an individual loggerhead sighting. Additionally, 
the dashed line shows the Pacific Loggerhead Conservation Area triggered during official El 
Niño years.” 
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Figure 5. Map of live loggerhead sightings used for predictive species distribution models. 
Points are colored based on the data source and the contribution of each data source. 
 
 
 



16 
 

Environmental Co-variates  
Following the protocol outlined in Liang et al. (2022), environmental co-variates were 

obtained from NOAA’s ERDDAP, Version 2.23, for the two study sites: the southern CCLME 
(Xmin: -115.517414; Ymin: 23.11274; Xmax: -110.290654; Ymax: 27.7526) and southern 
California (-132.11243, -108.75468, 21.83586, 47.90313) (Table 2). 

 
Table 2. This study used data on environmental variables from remotely sensed variables 
collected from the NOAA NMFS SWFSC’s ERDAPP online server. All variables had the same 
coordinate reference system (GCS WGS 84). * Denotes variables used in the MaxEnt model for 
the southern CCLME but not in the GAM for the Southern California area. 

Environmental 
Variable 

Source Period Spatial 
Resolution 

Temporal 
Resolution 

Units 

Chlorophyll-α* Aqua 
MODIS, 
NPP, West 
US, 
Experimental  

2002–
present 

 0.0125 degrees Monthly 
Composite 

mg m-3 

Net Primary 
Productivity of 
Carbon 

Aqua MODIS 2003–2016 0.0125 degrees Monthly 
Composite 

mg C 
m-2 
day-1 

Extended 
Reconstructed Sea 
Surface 
Temperature (SST) 

ICOADS 3.0 1993–2002, 
2023 

2° × 2° 
horizontal grid  

Monthly 
Composite 

°C 

Sea Surface 
Temperature (SST) 

Aqua MODIS 2003–2022 0.0125 degrees Monthly 
Composite 

°C 

Sea Surface Height 
(SSH) 

HYCOM 1992-
present 

0.25 degrees 
 

Monthly 
Composite 

Centim
eters 

Magnitude of Sea 
Floor Depth 
Gradient  

Estimated 
Seafloor 
Depth 
Gradients: 
srtm30plus 

2019-
present 

0.01666 
degrees 

N/A Meters 

East-West Gradient 
of Sea Floor Depth* 

Estimated 
Seafloor 
Depth 
Gradients: 
srtm30plus 

2019-
present 

0.01666 
degrees 

N/A Meters 
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North-South 
Gradient of Sea 
Floor Depth* 

Estimated 
Seafloor 
Depth 
Gradients: 
srtm30plus 

2019-
present 

0.01666 
degrees 

N/A Meters 

Magnitude of the 
Wind Velocity* 

Sea Surface 
Wind, NOAA 
NCEI 
Version 2.0 

1987-
present 

0.25 degrees Monthly 
Composite 

m/s 

Zonal (East-West) 
Wind Component* 

Sea Surface 
Wind, NOAA 
NCEI 
Version 2.0 

1987-
present 

0.25 degrees Monthly 
Composite 

m/s 

Meridional (North-
South) Wind 
Component* 

Sea Surface 
Wind, NOAA 
NCEI 
Version 2.0 

1987-
present 

0.25 degrees Monthly 
Composite 

m/s 

Particulate 
Inorganic Carbon 
(CaCO₃)* 

Aqua MODIS 2003-
present 

4.64 km Monthly 
Composite 

mol m-3 

 
Data Conversion 

We downloaded the raw datasets from the NOAA ERDAPP online server, and then in R 
Studio, version 202023.03.0+386, we converted all NETCDF files into rasters using the “raster” 
package (Figure 6). Then, in R, we ran correlations between environmental variables to ensure 
there was no redundancy. Some data were obtained at a daily time step, so we had to merge all 
the daily data into a raster that was monthly averages of the environmental variable of interest. 
Once we had created rasters of monthly averages, we created seasonal stacks of rasters, winter 
and summer, to predict loggerhead occurrence over a given period (Figure 6). In this study, 
winter months are defined as November-March, and summer months are defined as April–
October. 

For southern California, we created a study area raster consisting of 0.25 decimal degree 
grid cells to count the number of loggerhead sea turtle sightings per cell. Then, we made random 
pseudo-absence points by subsetting cells with zero loggerhead counts and randomly sampling 
monthly raster times, matching the quantity and time of presence data in Southern California 
(Figure 6). We chose this method because past research has found SDMs fitted an equal number 
of pseudo-absences to the known presence points to produce the most accurate models (Barbet-
Massin et al. 2012). 

We then were able to sample the environmental variables (“sample tool”) for each sea 
turtle sighting in ArcGIS Pro 3.1; we also tested the environmental variables at the GPS locations 
of all the pseudo-absence points at the same monthly averaged rasters as the actual presence 
sightings. Next, we extracted the environmental variables at each cell's GPS location (longitude 
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and latitude) within the study area raster from the merged summer and winter rasters, 
respectively (Figure 6). 

 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Figure 6. Workflow for scraping data, merging files, and creating loggerhead prediction surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



19 
 

Spatial Autocorrelation (Global Moran’s I) 
The Moran's Index (I) measures spatial autocorrelation of inputted data points (Kumari et 

al., 2019). Cliff & Ord (1973) outline that “the Global Moran's I tool evaluates the spatial pattern 
of a dataset and determines whether it is dispersed, clustered, or random, based on the locations 
and values of the features.” The resulting Global Moran's I range from -1 to +1, +1, indicating 
that the inputted feature is more spatially clustered. The global Moran's I statistic is given as 
follows:   
 
 
 
 
 
 
 
 
 
 
Where Cliff & Ord (1973) define the variables as the following: 
“n is the number of points, and  
Zi is the deviation of an attribute for each point 
i from its mean ((xi−x)), and  
wi,j is the spatial weight of each point i and j.” 

In ArcGIS Pro 3.1, we employed the geoprocessing tool "Global Moran’s I" to quantify 
the spatial autocorrelation among environmental co-variates at loggerhead presence locations. 
Aerial transects introduce uneven spatial coverage or observer bias, so understanding the 
potential biases in this dataset of loggerhead sightings arising from the sampling design, we 
mitigated these effects by implementing row standardization. Furthermore, we chose Euclidean 
distance for analyzing aerial line transect survey data because its simplicity allows for easy 
distance calculation between sighting points. 
 
Generalized Additive Model and Prediction 

In this study, we first performed a generalized additive model (GAM) for Southern 
California only, with seven environmental co-variates (primary productivity, SST, SST anomaly, 
estimated seafloor depth gradients ETOPO, estimated seafloor depth gradients srtm30plus, sea 
surface height, SST smoothed frontal gradients; Table 2). The pseudo-absence and presence 
points were combined into a single data frame to run a GAM. We implemented the results of our 
GAM to predict the expected response for new predictor (Southern California study area) values. 
Created by Hastie & Tibshirani (1986), the GAM can be used to “create a prediction matrix, 
which maps the vector of response values (dependent variable values) to the vector of fitted 
values (predicted values).” Hastie & Tibshirani (1986) define these functions as the following: 
“the vector of predictions is then ˆµp=Xpˆβ, and µp∼N(Xpˆβ, Xp(XTWX+ j λjSj)−1XpTφ)”. 
Therefore, in R, we used the “predict.gam(x, new data, type, se)” function to predict seasonal 
loggerhead occurrence in a given cell (0.25 x 0.25 decimal degrees) over the study period. 
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MaxEnt Model 
We used the MaxEnt spatial statistics geoprocessing tool built in ArcGIS Pro 3.1 for 

presence-only modeling of seasonal loggerhead sea turtle occurrence within the southern 
CCLME. Exploratory maps were also made to predict the monthly probability of loggerhead sea 
turtle occurrence in the southern CCLME, where there was sufficient data (Appendix A-G). 
MaxEnt is an SDM based on maximum entropy; the model applies machine learning to assign a 
probability of a species presence (0 to 1) in a given grid cell of the study area using the inputted 
environmental variables with known presence points and “randomly selected background 
locations” (Phillips et al. 2006; Phillips & Dudík 2008). Our model input consisted of 1719 
georeferenced live loggerhead turtle sightings (compiled by MTEAP at NOAA SWFSC) and 
twelve environmental variables (chlorophyll-α, net primary productivity of carbon, extended 
reconstructed sea surface temperature, sea surface temperature, sea surface height, the magnitude 
of seafloor depth gradient, the east-west gradient of seafloor depth, the north-south gradient of 
seafloor depth, magnitude of the wind velocity, zonal wind component, meridional wind 
component, particulate inorganic carbon; Table 2).  

The omission curve can help to determine the right threshold for their SDM, as it shows 
how the omission rate changes for different thresholds (Girerd, 2022). SDM omission occurs 
when a presence is incorrectly assigned as an absence (Girerd, 2022).  

To evaluate our MaxEnt models, we compared the ROC (receiver operating characteristic 
curve) using the AUC (area under the receiver operating characteristic curve), which ranges from 
0 to 1. AUC values < 0.5 indicate model performance is worse than random, and AUC values 
>0.9 indicate high model performance (Jiang et al., 2018). However, it is important to be 
cautious when interpreting AUC values, as they can be misleading for various reasons (Gonzalez 
et al., 2011). AUCs evaluate a model's performance across the ROC curve, with extremes at low 
and high thresholds. Our study focuses on thresholds where the predicted probability of 
occurrence exceeds 0.50, indicating model performance is better than random chance (Gonzalez 
et al., 2011). The ROC indicates model performance regardless of the threshold researchers 
selected (Jiang et al. 2018).  

In this study, we employed two spatial statistics geoprocessing tools for presence-only 
modeling of species distributions, acknowledging their distinct advantages and limitations. While 
MaxEnt shares similarities with GAMs, notable differences influence their prediction surfaces. 
Notably, MaxEnt models a probability distribution across all grid cells within a study area, 
assigning non-negative probabilities to all grid cells, including those with no data, which is 
helpful because GAMs treat grid cells with no true presence as absences, which may not be true 
to real conditions (Phillips et al., 2006). Another important distinction between GAMs and 
MaxEnt, particularly relevant to our study due to sparse loggerhead sightings at sea, is that 
MaxEnt employs a generative approach (machine learning) while GAMs utilize discriminative 
methods (Phillips et al., 2006). Therefore, a generative approach may yield better SDMs even 
with “limited data” (Phillips et al., 2006). 
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RESULTS 
 

Southern California Spatial Autocorrelation (Global Moran’s I) 
The Global Moran's Index values obtained for all environmental variables at loggerhead 

presence locations are greater than zero, suggesting positive autocorrelation or a highly clustered 
pattern (Table 3). Furthermore, the obtained p-values are less than 0.001 (p ≤ 0.001) for all 
environmental co-variates, meaning environmental values associated with loggerhead presence 
are not due to random chance (Table 3).  

 
Table 3. Global Moran’s I, p-values, and z-scores for environmental variables. The p-values are 
statistically significant, and the z-scores are positive for all environmental variables. This 
indicates that the spatial distribution of values for all environmental variables in this study is 
clustered. 

Environmental 
Variables 

Moran's 
Index 

Expected 
Index 

Variance z Score p Value 
 

Sea Surface 
Temperature (SST) 0.490318 -0.002123 0.000243 31.582521 p < 0.001 

Depth Gradient 0.427571 -0.002119 0.000241 27.706316 p < 0.001 

Primary Productivity 0.271885 -0.002123 0.000232 17.976380 p < 0.001 

Surface Elevation 
Mean (SSH) 0.259293 -0.002123 0.000242 16.809571 p < 0.001 

Frontal Edge 
0.074322 -0.002123 0.000239 4.943577 p < 0.001 

Bathymetry 0.733957 -0.002119 0.000243 47.257729 p < 0.001 
 
Southern California Generalized Additive Model 

For the GAM applied to Southern California, we investigated the relationship between 
seven environmental co-variates (primary productivity, SST, SST anomaly, estimated seafloor 
depth gradients ETOPO, estimated seafloor depth gradients srtm30plus, sea surface height, SST 
smoothed frontal gradients) and the presence of North Pacific loggerheads. Our findings revealed 
a positive association between loggerhead occurrence in Southern California and bathymetry and 
frontal edges, while a negative association was observed with surface elevation mean and 
primary productivity (Table 4). Effects of SST were assumed quadratic with a minimum of 
around 15°C (Table 4). The predictive R2 of the Southern California SDM is 36%, with 1492 
sightings (746 true sightings and 746 pseudo-absence points). This suggests that loggerheads 
exhibit ephemeral presence in Southern California, with the highest likelihood found in near-
shore, highly productive, and relatively flat seas (Table 4). The predicted loggerhead occurrence 
during El Niño years is highest in the coastal areas from Southern California to the upper portion 
of the Baja California Peninsula (Figure 8). Low predicted loggerhead occurrence during El Niño 
years occurs further offshore (Figure 8).  
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Table 4. Southern California generalized additive model. Population-level coefficient estimates, 
standard error, standard score, and p-value from a generalized additive model relating loggerhead 
presence with environmental co-variates. 
Environmental Variables Estimate Std. Error z Value p Value 

Sea Surface Temperature (SST)  -1.213e-01  1.706e-02 -7.111 1.15e-12*** 

Primary Productivity  -3.963e-03 5.401e-04 -7.339 2.15e-13 *** 

Surface Elevation Mean (SSH) -8.369e-03 1.182e-03 -7.081 1.44e-12 *** 
Frontal Edge 

1.316 3.545 0.371 0.71 

Bathymetry 1.138e-03  7.463e-05 15.248 < 2e-16 *** 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Relationship of variable and loggerhead presence in Southern California during El 
Niño years with 95% confidence interval. (A) Loggerhead presence was statistically higher in 
locations with sea surface temperatures of 17.5 to 22.5 (z = -7.111, df = 1433, p< 0.001) (B) 
Loggerhead presence was statistically higher in areas of low primary productivity (z = -7.339, df 
= 1433, p < 0.001). (C) Loggerhead presence was statistically higher in waters with shorter wave 
heights (z = -7.081, df = 1433, p < 0.001). (D) Loggerhead presence was slightly higher closer to 
the edge of frontal eddies (z = 0.371, df = 1433, p < 0.1). (E) Loggerhead presence was 
statistically higher closer to the shore (z = 15.248, df = 1433, p < 0.001).  
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In our study, the remotely sensed sea surface temperatures we sampled for our 

loggerhead sea turtle sightings ranged from 15.14 to 20.26°C; the sightings data skewed toward 
higher temperatures. Additionally, this study's range of sea surface temperatures found at sea 
turtle sighting locations is smaller than Eguchi et al. (2018). This is likely because sea surface 
temperatures were sampled from remotely sensed environmental rasters of monthly averages 
rather than more instantaneous measurements that were taken through the in-situ shipboard 
surveys conducted by the California Cooperative Oceanic Fisheries Investigation used by Eguchi 
et al. (2018). 

 
Figure 8. Relationship between sea surface temperature and loggerhead sea turtle sightings in 
Southern California.  
 
 The predicted probability for loggerhead sea turtle occurrence during El Niño years in 
Southern California is highest in the nearshore environment (Figures 8 and 12). This could be 
due to the non-random spatial distribution of observers, but evidence from four loggerhead 
turtles satellite-tracked off southern California also suggests a strong coastal affinity (Figure 5). 
All four satellite-tracked loggerheads were tagged from 2015–2021, with positions last recorded 
between 399 km to 730 km of the shore (NOAA unpublished data). Additionally, kernel density 
analyses highlight that loggerhead turtles are largely neritic foragers in the southern CCLME 
compared to juveniles in the CNP (Peckham et al. 2011; Sandoval-Lugo et al. 2020.)  
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Figure 8. Generalized additive model of predicted loggerhead occurrence in Southern California 
during El Niño years.  
 
MaxENT Model of Southern CCLME 
 In the MaxEnt model for the southern CCLME, we investigated the relationship between 
twelve environmental variables (chlorophyll-α, net primary productivity of carbon, extended 
reconstructed sea surface temperature, SST, sea surface height, magnitude of seafloor depth 
gradient, east-west gradient of seafloor depth, north-south gradient of seafloor depth, magnitude 
of wind velocity, zonal wind component, meridional wind component, particulate inorganic 
carbon) and North Pacific loggerhead presence. Our model of predicted loggerhead presence in 
winter (November–March) during El Niño year used 1397 input features and 1001 presence 
points and classified 879 of those 1001 points as presence (Table 5). Our model had an area 
under the receiver operating characteristic curve (AUC) of 0.95, indicating high performance, 
given a threshold of 0.5 (which is the automatic threshold for MaxEnt in ArcGIS Pro; Table 6, 
Figures 9 and 10). 
 
Table 5. Winter model count of presence and background points. 
 From Input Point 

Features 
Used in Training 

Model 
Classified as 

Presence 

Number of Presence Points 1719 1001 879 

Number of Background Points 1092 826 52 
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Table 6. AUC and omission rate 
AUC 0.9504 

Omission Rate 0.1219 
 

 
Figure 9. ROC plot of predicted loggerhead presence in winter (November–March). 

 
Figure 10. Omission curve of predicted loggerhead presence in winter (November–March).  
 

Our analysis revealed a parabolic relationship between loggerhead occurrence and sea 
surface temperature within the southern CCLME. During El Niño years in winter (November–
March), loggerhead presence was positively associated with chlorophyll-α, net primary 
productivity of carbon, sea surface elevation, the magnitude of seafloor depth gradient, east-west 
gradient of seafloor depth, magnitude of wind velocity, west-east seawind, and north-south wind 
component (Figure 11). Conversely, loggerhead presence during Winter in El Niño years within 
the southern CCLME was negatively associated with the magnitude of seafloor depth gradient, 
particulate inorganic carbon, and north-south gradient of seafloor depth (Figure 11). These 
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results indicate that loggerheads are more likely to be found in the southern CCLME in relatively 
flat, warm (15–25°C) waters that are near-shore, highly productive, with low particulate 
inorganic carbon content, and high seawind speeds (Figure 11). The predicted loggerhead 
presence in Winter (November-March) during El Niño years is highest in the coastal areas from 
Southern California and the Bay of Ulloa (Figure 12). Low predicted loggerhead presence during 
El Niño years in Winter (November-March) occurs further offshore and in the northern portions 
of California (Figure 12).  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Response of environmental variables in the winter (November–March) During El 
Niño Years. 
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Figure 12. Predicted hotspots of North Pacific loggerhead presence (November–March) and 
existing conservation management areas. 
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DISCUSSION  
 

To our knowledge, this is the first species distribution model for loggerheads in the 
eastern Pacific and one of only a few species distribution models of sea turtles globally. Our 
analysis revealed a noteworthy overlap between the predicted hotspots of loggerhead occurrence 
and two designated conservation areas: the Fishing Refuge Zone off the Gulf of Ulloa, Mexico, 
and the Pacific Loggerhead Conservation Area in Southern California during warm water 
periods. This convergence underscores the importance of these existing fishery closure areas for 
protecting loggerhead sea turtles from adverse fishery interactions. By identifying areas of high 
loggerhead occurrence that coincide with existing conservation zones, our study provides 
valuable guidance for conservation practitioners and policymakers. It reinforces the importance 
of integrating predictive modeling techniques into conservation planning and prioritization. 
Moreover, the overlap between predicted hotspots and designated conservation areas underscores 
the interconnectedness of marine ecosystems and the importance of coordinated conservation 
efforts across international boundaries, as this species crosses geopolitical boundaries.  

In this study, we employed a two-step approach to model the species distribution of 
North Pacific loggerhead sea turtles off the West Coast of North America. Initially, we utilized a 
generalized additive model (GAM) to focus on the Southern California region. Subsequently, we 
employed a machine-learning technique, MaxEnt, to predict the seasonal occurrence of North 
Pacific loggerheads throughout the southern CCLME. We aimed to explore a range of 
environmental and oceanographic factors beyond sea surface temperature (SST) to describe 
existing patterns and inform future distributions for loggerhead presence in the southern 
CCLME.  

 
Limitations of This Study  

In comparing our study with previous research, it is important to acknowledge the 
inherent limitations of SDMs, as famously articulated by Box (1976): "All models are wrong, but 
some are useful." Using GAMs allowed for powerful insights into loggerhead sea turtle 
distribution, but it is important to recognize their potential shortcomings. GAMs may exhibit 
poorer predictive performance in new areas than other modeling techniques (Bahn & McGill, 
2013). Our findings reveal a predictive R2 of 36% for the GAM SDM. This level of predictive 
performance is consistent with similar studies, such as that by Liang et al. (2023), who also 
reported a predictive R2 of 32% using a comparable methodological approach integrating 
satellite-tagged leatherback turtles and fisheries observations data from South American 
organizations to create a leatherback species distribution model. The relatively low predictive 
performance of GAMs in such cases can be attributed to the challenge of extrapolating coarse-
scale data, such as monthly averages of environmental data we used in this study, to predict 
species distributions in new areas (Bahn & McGill, 2013). Despite these limitations, our study 
contributes valuable insights by providing a nuanced understanding of loggerhead habitat in 
Southern California, despite the smaller training dataset compared to the test dataset, which may 
have influenced predictive power while offering new insights into potential loggerhead habitat in 
the region. 

Our SDMs did, however, employ relatively large datasets (n=1719) and were derived 
from several sources compared to other SDMs recently created for marine turtles. Zampollo et al. 
(2022) also employed MaxEnt to model Mediterranean loggerhead species distribution using 49 
loggerhead turtle sightings. Liang et al. (2023) utilized 85 individual leatherback tracks to model 
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the species distribution model of the East Pacific leatherback. More recently, Lopez et al. (2024) 
used boosted regression trees, a different machine-learning algorithm, to build a species 
distribution model of the east Pacific leatherback, inputting 1145 presence points using fisheries 
bycatch data.  

 
Spatial Patterns 

Temporally, our results align with the El Niño triggered implementation of the southern 
closure area in southern California, USA. There is a higher bycatch probability during an El 
Niño, but our results and other previous bycatch records in the southern CCLME demonstrate 
that their presence is not restricted to El Niño events (Eguchi et al., 2018; Welch et al., 2018). 
Our results suggest that factors other than SST influence the area's loggerhead presence. The 
environmental drivers identified by our MaxEnt model for loggerhead sea turtle presence in the 
southern CCLME during El Niño years align with previous research on the foraging ecology and 
habitat preferences of loggerheads in this region (Eguchi et al., 2018; Nichols et al., 2000; 
Polovina et al., 2000; Polovina et al., 2001; Welch et al., 2018). Our study also highlights the 
relationship between loggerhead habitat and several key environmental variables, such as surface 
chlorophyll-α concentration and aggregating prey items of loggerheads (Barceló et al., 2013). 
Similar to our findings, Zampollo et al. (2022) found the seasonality of loggerheads in the 
Mediterranean was characterized by chlorophyll-α, particulate inorganic carbon (CaCO₃), and 
SST variables, considering these environmental factors as proxies for loggerhead prey (Zampollo 
et al., 2022). Our findings corroborate the notion that variation among juvenile foraging 
strategies contributes to their ephemeral presence in southern California (NMFS and USFSWS, 
2020).  

Notably, loggerhead turtles are not confined solely to the U.S. closure area, as evidenced 
by their presence well south of its boundaries (Figure 12). This discovery challenges previous 
assumptions rooted in the spatial bias of aerial surveys and community sightings data, which 
primarily focused on the U.S. coastline (Eguchi et al. 2018; Seminoff et al. 2014). Moreover, 
findings from Briscoe et al. (2021) suggest that the Southern California Bight might serve as a 
crucial stopover for some loggerheads upon their arrival along the North American coast. While 
some individuals might proceed directly to Baja, others appear to favor the Southern California 
Bight initially (Briscoe et al., 2021). 

Moreover, if loggerheads do indeed transition southward from the Southern California 
Bight to Baja, it implies the existence of a migratory corridor encompassing the area between 
Southern California Bight and Ulloa (Briscoe et al., 2021). This corridor would facilitate the 
developmental migration of loggerheads across relatively near-shore habitats between the United 
States and Mexico. El niño events can create a rapid influx of warm water to enter into the 
California current, causing nearly the entire coast of the CCLME to function as a cohesive 
bioregion, with new migrants in the area due to the reduced primary productivity and higher 
salinity during these periods (Chavez et al., 2002; Checkley & Barth, 2009). Such environmental 
conditions would logically encourage loggerheads to utilize the entire area as they navigate and 
transition between North American habitats. 

In light of our findings and the existing body of literature, it is evident that loggerhead 
sea turtle presence in the southern CCLME during El Niño years is influenced by a complex 
interplay of environmental factors, including prey availability, oceanographic conditions, and 
geomorphological features (Eguchi et al., 2018; Welch et al., 2019; Wingfield et al., 2011). 
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These insights are critical for informing conservation and management strategies to protect 
loggerhead habitats and mitigating fishery impacts in this ecologically significant region. 
 
Implications of Climate Change 

Climate change is anticipated to lead to profound shifts in environmental conditions, 
altering highly migratory species' distribution and migration routes (Chen et al., 2011; Hazen et 
al., 2012). These changes are expected to intensify as climatic warming progresses, causing 
species ranges to change significantly in response to changing environmental conditions (Chen et 
al., 2011; Hazen et al., 2012). The North Pacific loggerhead turtle is already vulnerable to 
climate impacts due to its depleted status and susceptibility to other threats (Fuentes et al., 2013). 
Moreover, Hazen et al. (2012) projected that future loggerhead habitat will decline by over 20 
percent, increasing its already tenuous status. 

Anthropogenically induced SST warming is anticipated to result in more frequent and 
intense El Niño events (Cai et al., 2023). This heightened SST and increased frequency of strong 
El Niño events may increase the likelihood of loggerhead presence in Southern California. 
Additionally, climate change will bring warmer winters, leading to an increased “tropicalization” 
of coastal waters of North America, meaning we expect more sea turtles to migrate further 
northward than ever before (Osland et al., 2021). 

 
Fisheries Management  

The establishment of the Pacific Loggerhead Conservation Area off California was partly 
catalyzed by the success of TurtleWatch, one of the earliest and longest-running online tools for 
voluntarily mitigating sea turtle bycatch (Howell et al., 2008). TurtleWatch creates thermal 
habitat for loggerhead sea turtles every day in the northern Pacific (Howell et al., 2008). This 
online tool was created to encourage voluntary action by shallow-set pelagic longline fishers, as 
fishers can peruse a map depicting the likely occurrence of loggerheads north of the Hawaiian 
Islands (Howell et al., 2008). TurtleWatch is another example of dynamic fishery management, 
as Maxwell et al. (2015) estimate that this tool restricts “62 to 86 percent less time-area through 
its dynamic approach” than a static fishery-area closure, restricting fishing activities within a 
defined geographic area for a specific period, encompassing the same area.  

Siders et al. (2023) evaluated the efficacy of the TurtleWatch tool and found that from 
April to September, tracked sea turtles, and fishery locations shifted to warmer waters, and from 
July to September, there was no overlap with the predictive TurtleWatch map and real fisheries 
interactions. This suggests that a species distribution model incorporating more environmental 
co-variates of loggerhead presence might increase the efficacy of time-area closures, especially 
in light of climate change. Assuming climate change will increase loggerhead presence in 
Southern California underscores the urgent need for dynamic fishery time-area closures informed 
by multiple variables to effectively reduce mortalities from bycatch (Osland et al., 2021).  

Welch et al. (2019) created “The Temperature Observations To Avoid Loggerhead 
(TOTAL) tool” to further inform loggerhead thermal habitat in the Pacific Loggerhead 
Conservation Area. TOTAL uses monthly temperature anomalies smoothed over six months as 
an indicator of loggerhead presence in the Pacific Loggerhead Conservation Area and sets a 
threshold based on demonstrated loggerhead bycatch levels, providing a dynamic metric for 
guiding conservation activities (Welch et al., 2019). Expanding on this successful concept, we 
aim to improve species distribution models for loggerhead sea turtles by integrating additional 
environmental variables beyond sea surface temperature. This expansion may involve exploring 
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the impacts of oceanographic currents, prey abundance, and habitat structure on loggerhead 
habitat utilization. Furthermore, ongoing refinement and validation of dynamic fishery 
management tools, such as TurtleWatch, could benefit from including a more comprehensive set 
of environmental co-variates. This enhancement would elevate the precision of time-area 
closures, thereby bolstering efforts to mitigate loggerhead bycatch effectively. 
 
Management and Conservation Implications 

The actions taken by both the United States and Mexico in response to the loggerhead sea 
turtle bycatch within their waters carry significant implications for the conservation of this 
species throughout the Pacific Ocean. Loggerhead sea turtles are highly migratory species, so 
conservation measures implemented in one country's waters can directly affect loggerhead 
populations in neighboring jurisdictions (Wallace et al., 2023). By aligning conservation efforts 
and sharing best practices, countries can collectively enhance the effectiveness of conservation 
measures and maximize the conservation benefits for loggerhead sea turtles. 

Established over twenty years ago, the Pacific Loggerhead Conservation Area in 
Southern California represents a critical foraging habitat during favorable environmental 
conditions for loggerheads. Our findings also suggest that the Fishing Refuge Zone off the Gulf 
of Ulloa, Mexico, coincides with high predicted loggerhead presence, indicating it is also an 
important foraging ground for juvenile loggerheads. The overlap between predicted loggerhead 
hotspots and conservation areas underscores the value of ongoing management frameworks for 
promoting loggerhead population recovery.  

Our analysis suggests that incorporating additional environmental variables into the time-
area closure could enhance its efficacy in reducing loggerhead bycatch. The existing closure 
measures, triggered by sea surface temperature anomalies during El Niño years, represent an 
important strategy for aligning fishing activities with periods of reduced loggerhead presence 
offshore. However, by integrating more environmental factors, such as primary productivity, 
oceanographic currents, seawind speed, and prey availability, into the closure criteria and 
removing the closure’s dependence on an officially declared El Niño, we can further refine the 
spatial and temporal boundaries of the conservation area to better match loggerhead habitat use 
and migration patterns.  
 
Future Research Directions 

More recent telemetry data and aerial surveys are needed to update our understanding of 
loggerhead sea turtle movements at sea and their habitat use. Our robust dataset of aerial surveys 
in BCP is from over 15 years ago. Conducting new aerial surveys and telemetry studies in the 
BCP could provide valuable insights into changes in loggerhead distribution, behavior, and 
habitat preferences over time. 
 Future studies should expand beyond coastal areas to capture a more comprehensive view 
of loggerhead habitat throughout the entire Pacific Ocean. This includes examining 
environmental parameters in the thermal corridor area, described by Briscoe et al. (2021), which 
could reveal important insights into how loggerheads utilize and respond to broader 
oceanographic conditions. This broader perspective is crucial for understanding the full range of 
environmental influences on loggerhead behavior and distribution. 
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