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The accelerated pace of climate-driven shifts is surpassing the temporal scope of

conventional field research, potentially leading to a disconnect between

ecosystem changes and scientific data collection. Climate change is producing

rapid transformations within dynamic marine ecosystems, with a pronounced

effect on high trophic-level species such as loggerhead sea turtles (Caretta

caretta). We present a new model for data collection using ethnobiological

methods, emphasizing how local community members can contribute to

expanding scientific knowledge via context-informed observations, to

document species occurrences beyond their anticipated habitats during

climatic anomalies. In rapidly changing conditions, local expert knowledge can

complement conventional scientific methods, providing high-quality data with

extensive coverage—especially for elusive species—and yielding insight into

potential emerging phenomena that may otherwise go unnoticed.

Conventional methods for predicting distribution shifts in rare species are

vulnerable to spatial biases, favoring predictions based on the most probable

habitats. We present the case study of a live sea turtle sighting by a local expert in

Monterey Bay, California, USA, identified post hoc as a loggerhead, to illustrate

methods which can be transferred and applied to other rare and highly migratory

marine species such as marine mammals, sharks, and seabirds. This emerging

framework incorporates diverse knowledge sources and methodologies in

monitoring climate-driven ecological shifts, enriching conservation strategies,

enhancing our understanding of complex ecosystems, and contributing to

robust evidentiary standards for rare species observations.
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1 Introduction

Climate change is leading to rapid and unprecedented biological

shifts, particularly in dynamic marine environments (Beaugrand

et al., 2019). Climate change is rapidly shifting species distributions,

and may cause ecosystems and abiotic drivers to vary more rapidly

than time-frames required for scientific field research, which often

range from years to decades (Poloczanska et al., 2013; Molinos et al.,

2015; Taheri et al., 2021). These difficulties are amplified for highly-

migratory endangered species, which (i) face a heightened risk of

extinction due to climate change, and (ii) are challenging to sample

and model, especially outside established habitats, due to their rarity

(Jeliazkov et al., 2022). Observations by community members and

the general public can be valuable for locating sentinel species in

unexpected locations: while scientists may be in the field

intermittently, ocean users such as fishers, surfers, kayakers, inter

alia are consistently observing the ocean with direct exposure and

repeat observations (Jones et al., 2018; Hanna et al., 2021; Tengö

et al., 2021). We use the term “community-member reports” to

define reports made to scientists by community members outside

structured programs, in contrast with community or citizen science,

in which community members gather data for scientific research

through outreach or monitoring programs, or digital platforms

(e.g., eBird, iNaturalist, etc.) (Gray et al., 2017). Integrating

community science and community-member reports into

scientific research is critical, especially for highly migratory and

rare species (Jambura et al., 2021; Fontaine et al., 2022). We posit

that transdisciplinary research—integrating rigorous methods from

ecology and ethnobiology with non-academic stakeholders—can

yield important insights without compromising the integrity of the

scientific process or the results, and is needed to more effectively

document changes in species distribution.

In this context, we present a community-member report,

corroborated using established methods from ethnobiology, that

documents the first sighting of a live loggerhead sea turtle (Caretta

caretta, henceforth “loggerhead”) in Monterey Bay, California,
Frontiers in Marine Science 02
U.S.A., ~1,500 km north of the nearest resident population.

North Pacific loggerhead sea turtles nest exclusively in Japan, and

undertake basin-wide developmental migrations to forage in highly

productive pelagic zones in the Central North Pacific and northwest

Mexico, with the epicenter of distribution in the Eastern Pacific in

the Gulf of Ulloa along the Baja California peninsula, Mexico

(Polovina et al., 2017; Okuyama et al., 2022; Figure 1). Upon

arrival to foraging habitats, they establish long-term (~20 year)

residency (Turner Tomaszewicz et al., 2017). Loggerheads are listed

globally as Vulnerable by the International Union for the

Conservation of Nature (IUCN) Red List of Threatened Species

(Casale and Tucker, 2017), and the North Pacific Distinct

Population Segment is listed as Endangered under the U.S.

Endangered Species Act (National Marine Fisheries Service and

U.S. Fish and Wildlife Service, 2020).

High trophic-level marine species can be important “climate

sentinels”, defined as species which provide insights into

unobserved components of the ecosystem and respond specifically

to climate variability or change (Sydeman et al., 2015; Hazen et al.,

2019). Loggerheads’ conspicuousness, sensitivity to ecosystem

processes, and high trophic level make them valuable climate

sentinels (Hazen et al., 2019; Mallard and Couderchet, 2019). As

ectotherms, loggerheads rely on thermal cues for habitat selection

and avoidance, and temperature is a critical driver of their

distribution and migratory patterns (Abecassis et al., 2013;

Briscoe et al., 2016). Importantly, Pacific loggerheads exhibit

strong fidelity to the 18°C isotherm, a widely-used proxy for the

highly-productive Transition Zone Chlorophyll Front (Polovina

et al., 2017; Briscoe et al., 2021; Figure 1). Thermal cues and

patterns are closely linked to ocean temperature, which is

dynamic and operates on various temporal scales including

annual variations, irregular events like the El Niño Southern

Oscillation (ENSO). These oceanic temperature dynamics are

themselves subject to alterations driven by changing climatic

conditions (Patrıćio et al., 2011; Almpanidou et al., 2019; Webb

and Magi, 2022). Importantly, ENSO dynamics have important
FIGURE 1

Locations of loggerhead sea turtle (Caretta caretta) primary nesting beaches (white dots) and foraging habitats (dashed-dot line), along with Monterey Bay
(solid line) and the Southern California Bight (dotted line). Sea Surface Temperature (SST) for July, 2023 is shown at 0.1° resolution. Imagery processed by the
NASA Earth Observations (NEO) team in collaboration with Gene Feldman and Norman Kuring, NASA OceanColor Group (NASA Earth Observatory, 2023).
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impacts on loggerhead spatial dynamics, and may drive the periodic

occurrence of large aggregations (>15,000) of loggerheads in the

southern California Bight during El Niño events (Eguchi

et al., 2018).

We recognize that a single sighting, at present, is insufficient to

establish a range expansion. However, this finding demonstrates the

pivotal role that transdisciplinary approaches and community-

engaged science can play in documenting rare species occurrences

beyond their anticipated selected habitats, and the need for

continued observation to establish if unexpected sightings are

singular events or linked to broader trends. Thus, we aim to (i)

provide rigorous, transferable methods that can be applied to other

rare and highly migratory marine species, such as sharks, marine

mammals, or seabirds; and (ii) highlight the need for community-

engaged research to facilitate rare species documentation outside

predicted ranges in the fast-changing context of climate change.

Likewise, we emphasize the need for expanding our reporting

criteria and methods to encompass platforms for community-

member reports and implementing rigorous methods for

evaluating reports and identifying species when photographic or

video evidence is lacking.

Hard-shelled turtles are primarily tropical and sub-tropical.

Low sea surface temperatures (SST) in Monterey Bay, which

oscillate from ~10–15°C (NOAA, 2023c) make the location a

suboptimal habitat with a high risk of cold-stunning, a

hypothermic reaction which causes debilitation and lethargy,

often leading to death (Innis et al., 2007; Briscoe et al., 2016;

Griffin et al., 2019). To date, only two hard-shelled sea turtle

sightings have been recorded in Monterey Bay. These include one

live green turtle (Chelonia mydas) in 2017 (NOAA, unpublished

data) and a live, stranded olive ridley (Lepidochelys olivacea) in 2011

which was rescued and rehabilitated (Monterey Bay Aquarium,

2011). A live olive ridley was also recorded in August, 2023, after the

sighting which is the subject of this paper (The Marine Mammal

Center, 2023). Crucially, the sea turtle occurrences 2017 and August

2023 were registered through community-member reports.
2 Methods

2.1 Study site

Moss Landing, California, U.S.A. (36.804444°, -121.786944°) is

located in Monterey Bay within the Monterey Bay Marine National

Marine Sanctuary, a marine vertebrate biodiversity hotspot

characterized by seasonal upwelling and high productivity

(Chavez and Messié, 2009; Paduan et al., 2018; NOAA, 2023a).

Specifically, Moss Landing is located at the head of the Monterey

Submarine Canyon, one of the largest submarine canyons on the

Pacific coast of the United States, with maximum depths >2300m

(Paull et al., 2011). It is a critical habitat for migratory shorebirds

and marine mammals such as sea otters (Enhydra lutris), harbor

seals (Phoca vitulina), and humpback whales (Megaptera

novaeangliae) (Palumbi and Sotka, 2012).
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2.2 Participatory mapping

The presumptive loggerhead sea turtle sighting was reported by

senior author D. Johnston, an expert naturalist and professional

kayak guide with 40 years of experience and an estimated 16,000

hours of observation in Monterey Bay. Mr. Johnston spends over 50

days per year on the water, leading wildlife kayaking tours and

educating recreational kayakers about the marine and coastal fauna

and environment Monterey Bay Marine National Marine

Sanctuary. We employed participatory mapping, which uses

collaborative mapping exercises to capture and co-produce spatial

representations of LEK regarding the sightings and related

environmental conditions (Gray et al., 2017; Wedemeyer-

Strombel et al., 2019), to understand the biophysical conditions

related to the sighting. Interviews were carried out following ethical

protocols of the International Society of Ethnobiology (2008). The

interview and participatory mapping exercise were recorded on

audio and video with D. Johnston ’s informed consent,

and transcribed.

M.M. Early-Capistrán conducted a brief (~10 minute) telephone

interview on the day of the sighting to gather preliminary information

and develop a guide for the participatory mapping exercise, with

primary topic areas to be discussed while allowing for emerging

topics to be followed as they emerged during the mapping process

(Supplementary Material 1). D. Johnston, M.M. Early-Capistrán and

G. Garibay-Melo then conducted a mapping exercise in Google Earth

Pro 7.3.6. We first oriented ourselves on the map by pointing out key

landmarks. We discussed the activities and events on the day of the

sighting, and asked D. Johnston to label on the map where the

sightings occurred (Albuquerque et al., 2014; Wedemeyer-Strombel

et al., 2019). D. Johnston identified locations through his knowledge

of the local bathymetry and coastline. We transferred coordinates to

GeoMapApp 3.7.1 (Lamont-Doherty Earth Observatory, 2023) to

access Global Multi-Resolution Topography synthesis (Ryan et al.,

2009) and high-resolution (10m) bathymetric data of Monterey

Canyon (Paull and Caress, 2019). We included 500-m bounding

boxes around each sighting location to account for uncertainty.

Additionally, we used NASA monthly sea surface temperature

(SST) products for July, 2023 collected with Moderate Resolution

Imaging Spectroradiometer (MODIS) instruments at 0.1-° resolution

based on MODIS-calibrated mid- and far-infrared (IR) radiances

(Bands 20, 22, 23, 31, and 32 from MOD02) to map the sighting

location in relation to frequently used foraging habitats (NASA Earth

Observatory, 2023). All maps were generated with QGIS 3.32.
2.3 Species identification through
visual stimuli

We followed established ethnobiological techniques for species

identification via visual stimuli (Albuquerque et al., 2014), which

uses images, photographs or films as an auxiliary strategy to recall

information of interest or to contextually orient the interviewee by

discussing specific details of the species of interest (Albuquerque
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et al., 2008; Pozzi and Ladio, 2023). We used two sets of stimuli

images along with a semi-structured interview guide

(Supplementary Material 2) and prompts to ascertain a species

ID. The interview guide provided a set of topics while allowing

flexibility to follow leads as the interview progressed

(Bernard, 2011).

First, we viewed three published sea turtle identification guides,

one of which was designed for community scientists observing sea

turtles from above-water (e.g., cruise ships, tour boats, and other

vessels) (Pritchard and Mortimer, 1999; Secretariat of the Pacific

Community, 2003; Upwell and Grupo Tortuguero de las

Californias, 2023), and discussed (i) which species had

morphological characteristics most similar to the observed turtle

(e.g., which characteristics were similar or different) and (ii) the

habitat preferences and natural history of each species (e.g., where

each species is habitually found, dietary preferences, migratory

patterns, etc.) in comparison to the environmental conditions and

behavioral observations of the sighting.

We reviewed composites of photos of the three potential species

(L. olivacea, C. mydas, and C. caretta) (Figure 2). Leatherback sea
Frontiers in Marine Science 04
turtles (Dermochelys coriacea), which forage in Monterey Bay, were

ruled out due to their distinctive morphology (Benson et al., 2020).

Hawksbill sea turtles (Eretmochelys imbricata) were also ruled out

due to their restricted range (e.g., tropical coral reefs and

mangroves) and restricted movements (Martıńez-Estévez et al.,

2022). Each composite image contained photographs of a single

species from multiple angles, with clearly visible distinctive features

to aid in their characterization (Pozzi and Ladio, 2023). Species

names were not provided during the discussion to avoid biasing

responses. We discussed each composite image in-depth,

comparing the features in the image with the features of the

observed turtle such as the size and number of scutes, facial

scaling, pigmentation, cranial morphology, and the size and

proportions of the axial body and appendages.
3 Results

D. Johnston observed the turtle from a kayak on July 9, 2023 at

approximately 10:30 AM near the drop-off of the Monterey
B CA

FIGURE 2

Visual stimuli. Images of three hard-shelled turtle species found in the temperate and sub-tropical northeast Pacific. Column (A) loggerhead sea
turtle (Caretta caretta); Column (C) olive Ridley (Lepidochelys olivacea); Column (C) green turtle (Chelonia mydas). Images of each species were
reviewed separately during the interviews. All images from Wikimedia Commons - CC-BY.
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Submarine Canyon. Sea surface temperature was 12.5°C, with an

ambient temperature of 15°C (NOAA, 2023b). Loggerheads in the

North Pacific have reported thermal tolerance ranging from 10–

27.84°C, with reported likelihood of cold-stunning at <8°C (Briscoe

et al., 2016; Saito et al., 2018). In the North Pacific, active

loggerheads have been observed at 10.5–10.8°C (Halpin et al.,

2018). Local SST at the time of the sighting was within the low

range of reported thermal tolerance levels (12.5°C).

During the first sighting (approximately 36.808711°,

-121.805436°), the turtle came up to breathe and then swam

southward. The second sighting (approximately 36.803556°,

-121.804919°) occurred approximately five minutes later when the

turtle surfaced to breathe again (Figure 3). The turtle was active and

did not exhibit visible signs of cold-stunning (e.g., debilitation,

lethargy) (Griffin et al., 2019). Both sightings occurred in a pelagic

location with possible topographic upwelling and potential foraging

species, which correspond with suitable foraging conditions for

loggerheads (Figure 3; Table 1). “It was straight off of Moss Landing

[…] where the submarine canyon initiates about a mile from shore

[…]. There could have been some upwelling right there.”

Invertebrates observed at the sighting locations include likely prey

species, “a lot of pieces of jellyfish around […] Purple striped

jellyfish, brown sea nettles, moon jellies”. The turtle was not

observed eating, but the presence of pieces of jellyfish suggest

possible foraging activity (Table 1).

Morphological characteristics are consistent with loggerheads.

During the initial phone interview, Mr. Johnston described the

carapace as “not circular, kind of heart-shaped […]”, and referred to

“a big head with a tan-colored face” and “tan, light brownish-grey”

coloration. In relation to visual stimuli, Mr. Johnston immediately

ruled out green turtles (Chelonia mydas) which he had encountered

previously while snorkeling in Hawai’i. While viewing published ID

guides, he immediately selected C. Caretta based on coloration (“It

was that color [signaling C. caretta in identification guide] […] a
Frontiers in Marine Science 05
tannish brown”), and reiterated the description of the carapace

shape (“the shell appeared to be asymmetrical […] [It] was my

impression that [the carapace] was more heart-shaped”).

Descriptions of pigmentation in relation to visual stimuli

highlighted distinctive coloration of loggerheads which ranges

from yellow-orange to reddish brown or dark brown (“The head

appeared to be tan colored”, “The color of the shell was kind of

greyish, tannish brown”, “on the edges of the scales kind of a little

reddish”; Table 1). Importantly, “its head […] was maybe the size of

a small harbor seal head and round”. A proportionally large head is

a distinctive characteristic of C. caretta (Pritchard and Mortimer,

1999). The limited number of prefrontal scales (“the front of the

face and it didn’t seem like a lot of scale […] kind of tan and large

scales”), tympanic scales (“the cheeks […] [were] kind of paneled

but not scaly”), and scutes (“I saw the carapace which seemed to

have not very many scutes.”) are also consistent with loggerheads

(Pritchard and Mortimer, 1999; Lee et al., 2014) (Table 1). Thus, we

concluded that this individual was the 1st confirmed C. caretta for

Monterey Bay.
4 Discussion

This sighting highlights the value of ethnobiological methods to

document community-member reports and generate rigorous post-

hoc evaluations of rare species occurrence outside anticipated

habitats. Furthermore, such rigor can contribute to developing

robust evidentiary standards for rare species observations

(McKelvey et al., 2008), shifting from “anecdotes” to reliable data

(Early-Capistrán et al., 2020).Non-traditional data sources such as

community-member reports, Local Ecological Knowledge (LEK),

and community or citizen science can complement conventional

science methods in fast-changing systems by substantially

increasing the reporting of important data (Chandler et al., 2017;

Eguchi et al., 2018; Hanna et al., 2021). Rigorously documented

observations by members of the public—especially local experts like

naturalists, tour operators, guide outfitters, hunters and fishers,

indigenous or local knowledge keepers, etc.—can generate high-

quality data with broad coverage for rare or elusive species

(Beaudreau and Levin, 2014; McKinley et al., 2017; Aswani

et al., 2018).

We recognize that community-member reports and experience-

based knowledge are epistemologically distinct from data gathered

under experimental conditions. However, these differences are

more often reflections of epistemological differences or methods

of collection than inherent unreliability (Brook and McLachlan,

2005). Researchers can elicit and corroborate qualitative data

derived from empirically-lived situations using established and

robust methods from fields such as ethnobiology and

environmental anthropology to gather and catalog data, as well as

assure data quality, clarity, validity, and reliability. By synthesizing

this data, submitting it to rigorous analysis and validation; and

explicitly recognizing the associated limitations and uncertainty, it

can reliably be integrated into scientific research (Palmer and

Wadley, 2007; Early-Capistrán et al., 2020). Specifically, the

methods of participatory mapping and identification through
FIGURE 3

The locations of loggerhead (Caretta caretta) sighting reported on
July 9, 2023 in Monterey Bay, along with the location of a
navigational buoy used as a spatial reference and high-resolution
(10m) bathymetry of Monterey Canyon (Paull and Caress, 2019).
Dashed lines show 500m bounding for uncertainty. Map created
with GeoMapApp - CC-BY.
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visual stimuli can provide spatially-explicit data and species

identification for rare species sightings. Future applications of

these methods can benefit, when possible, from establishing

consensus and validation across multiple observers (e.g., Early-

Capistrán et al., 2020). Such approaches can contribute substantially

to expanding data availability for rare species, climate sentinels, and

marine species undergoing rapid climate-driven shifts.

Loggerheads’ close connection to temperature variability makes

them valuable climate sentinels, either as indicators of temperature

anomalies or expanding species range as a result of climate change

(Hazen et al., 2013, 2019). The close association between

loggerheads and SST changes has led to policies based on

dynamic-fisheries management to prevent increased loggerhead

bycatch in the California Current Large Marine Ecosystem during

anomalous warm-water periods thorough a time-area closure

enacted when an El Niño event is forecasted or declared (NOAA,

2001; Eguchi et al., 2018; Briscoe et al., 2021). ENSO dynamics—

particularly El Niño events—may drive periodic loggerhead

presence in the Southern California Bight. Importantly, 94% of

bycatch in the region have occurred during El Niño years, and high

density aggregations of loggerheads (>15,000 individuals) were
Frontiers in Marine Science 06
observed in the Southern California Bight in 2015, when

anomalous warming of the North Pacific co-occurred with El

Niño (Eguchi et al., 2018). Importantly, the sightings occurred in

the first months of an El Niño event (NOAA, 2024a): the June-

August 2023 Oceanic Niño Index (ONI)—a 3-month running mean

of SST anomalies in the Niño 3.4 region—was 1.1°C above the long-

term average (Becker, 2023; NOAA, 2024b). The connection

between loggerhead presence in California waters underscores the

need for regular surveys throughout their foraging areas along the

west coast of North America (Eguchi et al., 2018). While a single

sighting does not yet establish Monterey Bay as a loggerhead

habitat, it demonstrates the need for continued community-

engaged observation, particularly during climatic anomalies and

in the context of fast-changing environmental conditions under

climate change.
Data availability statement

The datasets presented in this article are not readily available

because due to the confidential nature of interview data, primary
TABLE 1 Key observations of putative loggerhead sea turtle sightings from Local Ecological Knowledge interview.

Quote (D. Johnston)

Oceanographic features

“It was straight off of Moss Landing. It was probably right over where the submarine canyon begins and so it could
have been a couple hundred feet deep or it could have been near the trench and only, you know, 60 or 80 feet deep,
but somewhere around that, where the submarine canyon initiates about a mile from Shore […] if it went over the
trench, it could have been a couple hundred feet just for a few hundred yards right there because it’s pretty narrow.
There could have been some upwelling right there.”

Oceanographic conditions

“The swell was low, it was less than two feet mixed swell, sunny,
not very much wind […] It was around 10:30 or 11 am […] [water temperature was] upper 50s, 55 to 60. […] warmer
than usual.”

Associated fauna

“a lot of pieces of jellyfish around. There haven’t been, like, huge swarms of jellyfish yet right there this year, but there
was definitely some jellyfish pieces around. Purple stripe jellyfish, brown sea nettles, moon jellies. We did see a big salp,
too […] We saw a mola-mola right then as well. Harbor porpoises. And seals and sea lions and otters.”

Morphology

“The head appeared to be tan colored. It didn’t have a lot of prefrontal scales that I noticed.”
“Then I saw the carapace which seemed to have not very many scutes.”
“The flippers seemed to be pretty large and the shell appeared to be asymmetrical.”
“[It] was my impression that [the carapace] was more heart-shaped.”
“Its head […] was maybe the size of a small harbor seal head and round.”
“I could just see, like, the front of the face and it didn’t seem like a lot of scales. It just seemed, like, more, like, kind of
tan and large scales, two, three scales or something, you know, two on each side.”
“what I got was that, you know that the cheeks basically and the jaw and the eyes and you can just remember them
being kind of paneled but not scaly”

Pigmentation

“The color of the shell was kind of grayish, tannish brown.”
“[It’s head] was a tan color and large.”
“It was that color [signaling C. caretta in identification guide] […] a tannish brown.”
“Maybe, like, on the edges of the scales kind of a little reddish.”

Size

“The carapace was about 30 inches across.”
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data are stored in encrypted archives and may only be accessed by

the core research team, in accordance with the Code of Ethics of the

International Society of Ethnobiology. Requests to access the

datasets should be directed to earlyc@stanford.ed.
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