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Osteofluorosis in free
ranging California sea lions
(Zalophus californianus)
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and Pádraig J. Duignan1
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Research, Des Moines, WA, United States, 3California Animal Health and Food Safety Laboratory,
School of Veterinary Medicine, University of California, Davis, San Bernardino, CA, United States,
4Noyo Center for Marine Science, Fort Bragg, CA, United States
We report the first case series of osteofluorosis in free ranging marine mammals

and documentation of baseline bone fluoride concentrations in this population;

however, the exact source is not known. A stranded subadult male California sea

lion, one subadult male carcass, and one partial carcass, presumably adult male,

demonstrated osseous (bony) proliferations on various appendicular and axial

bones. The most severe lesions were from the index case with symmetrical

segmental circumferential periosteal new bone proliferation on the diaphysis of

both femurs and humeri. This case, and the second case, also had significant

segmental periosteal new bone proliferation on the mandibles as well as

increased tooth wear with dull enamel. Total fluoride concentrations in various

bones of the cases ranged from 3,700 to 9,700 ppm dw, with a mean of 5,431

ppm dw, approximately twice the concentration in adult cattle with

osteofluorosis. Ribs from four control California sea lions of various ages and

both sexes had an average total fluoride of 1,575 ppm dw, which is three times as

high as the bone fluoride concentration of normal adult cattle, but four times

lower than the mean rib fluoride concentrations in the cases. This is the first

report of osteofluorosis in free ranging marine mammals and documentation of

baseline bone fluoride concentrations in this population. The exact source of the

excessive fluoride levels is not known as male California sea lions have a large

range and varied diet.
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1 Introduction

California sea lions (Zalophus californianus, CSL) are endemic

to the west coast of North America with five genetically distinct

populations in California and Mexico. For the United States

population (US or Pacific Temperate) breeding occurs mainly on

the Channel Islands in the Southern California Bight (Laake et al.,

2018). Reproductive females, from four years of age, remain close to

the rookeries to give birth from June through July, and forage locally

while nursing their pup, a process that can take almost a year.

Breeding age males also spend the breeding season at the rookery

sites but thereafter, in normal years, they disperse widely to forage

off the coasts of northern California, Oregon, Washington and

British Columbia and travel as far as southern Alaska (Laake et al.,

2018). In warm water years (El Niño events), adult females may also

disperse northwards in search of prey if not lactating (Hernández-

Camacho et al., 2021). Sea lions are generalist foragers preying on a

wide variety of pelagic fish such as sardines (Sardinops sagax),

anchovies (Engraulis mordax), North pacific hake (Merluccinus

productus), rockfish (Sebastes spp.), mackerel (Scomber japonicus),

and to a lesser extent, invertebrates such as octopus and squid

(Loligo opalescens) (Orr et al., 2011; Adame et al., 2020). They have

also been described as opportunistic feeders or plastic specialists

“that switch between a limited number of schooling … species”

whose diet is influenced by life history and prey movement as well

as climate changes (Weise and Harvey, 2008; Lowry et al., 2022).

However, most CSL diet studies have been conducted on female

fecal samples due to availability of sampling at rookeries.

As a keystone species and top predator in the marine

environment, CSLs are regarded as sentinel species for ocean

health. Their health has been greatly influenced through the

bioaccumulation of toxins through the food chain such as

biotoxins from harmful algal blooms like domoic acid (Bernstein

et al., 2021; Elorriaga-Verplancken et al., 2022; McClain et al., 2023;

Sandoval-Belmar et al., 2023). Furthermore, the sediments, and

consequently the food chain in the waters around the Channel

Islands, are heavily contaminated by persistent organochlorines

such as dichlorodiphenyltrichloroethanes (DDTs) and

polychlorinated biphenyls (PCBs). High levels of these lipid

soluble pollutants are found in the blubber of sea lions and are

associated with an extremely high prevalence of urogenital

carcinoma (Randhawa et al., 2015; Lahvis, 2018; Gulland et al.,

2020). While osteopathy has not been reported in organochlorine

contaminated marine mammals from Californian waters, high

levels of similar chemicals have been proposed as the cause of

symmetric craniomandibular lesions in grey seals (Halichoerus

grypus) from Sweden and the UK (Bergman et al., 1992). It is

likely several other undocumented environmental toxins also

greatly influence the health of CSLs, and one such toxin may

be fluoride.

Fluoride toxicosis has been documented in terrestrial wildlife

and domestic ungulates through ingestion of plants growing in soils

or waters with naturally high concentrations of fluoride or

contaminated by industry (Boulton et al., 1994; Death et al., 2015;

Hufschmid et al., 2015; Maxie, 2016; Kelly et al., 2020; Ciosek et al.,
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2021). Fluoride accumulates in bones altering mineralization and

mechanical properties of pre-existing bone causing disruption in

bone formation and resorption (Maxie, 2016; Ciosek et al., 2021).

Fluoride toxicosis has also been documented to impact joint

cartilage leading to degenerative joint disease and in growing

animals it impacts growth plate and tooth development leading to

physeal and dental lesions (Boulton et al., 1994; Death et al., 2015;

Hufschmid et al., 2015; Maxie, 2016; Zhang et al., 2016; Death

et al., 2018).

Most studies on water fluoride concentrations and the effects on

aquatic organisms have been conducted in freshwaters such as those

in Yellowstone National Park or experimentally (Warrington, 1990;

Camargo, 2003). However, there have been few studies indicating

marine aquatic animals can be affected by excess fluoride and

bioaccumulate in polluted waters (Pankhurst et al., 1980;

Warrington, 1990). Fluoride toxicity has not been definitively

demonstrated in marine mammals but has been hypothesized as

the etiology of dental and bone lesions in a population of beluga

whales (Delphinapterus leucas) in the St. Lawrence River, Canada

(Mikaelian et al., 1999). Therefore, it is the aim of this case series to

describe previously undocumented skeletal and dental lesions

associated with high concentrations of fluoride from free

ranging CSLs.
2 Methods

2.1 Animals, clinical examination,
bloodwork

2.1.1 Animals
Case 1 and Controls 1-4 were obtained through The Marine

Mammal Center’s marine mammal response and Cases 2 and 3

were carcasses examined as part of California Academy of Science’s

dead marine mammal field response in collaboration with the Noyo

Center. The estimated age class was assigned for all cases and

control animals based on skull crest formation and standard length.

When external genitalia and gonads were available for examination,

appropriate sex was assigned. Sex and age class are summarized for

the cases and controls in Table 1. Stranding or carcass locations are

indicated on the map in Figure 1.

Case 1 was a subadult male that stranded at Noyo Beach,

Mendocino County in Northern California (39.4251°N, 123.7994°

W), in December 2020. Case 2 was a subadult male sea lion carcass

with moderate decomposition found on a beach in February 2022,

at Fort Bragg, Mendocino County (39.3900°N, 123.8183°W). Case 3

was a partial carcass/skeleton from a presumably adult male sea lion

(based on size of bones, especially the scapula) with marked

decomposition found in May 2022 at Bowling Ball Beach,

Mendocino County (38.8694°N, 123.6564°W). Control cases, or

unaffected animals lacking fluoride associated bone lesions, were

selected based on time of stranding related to Case 1, sex and age

class representation, as well as those with a complete necropsy and

similar sampled tissues for total fluoride concentration

measurements. Control 1 was a subadult male CSL, which
frontiersin.org
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stranded (36.5833°N, 121.9723°W) in February 2021, due to blunt

force trauma. Control 2 was a yearling male CSL that stranded

(36.9708°N, 121.9132°W) in May 2021, due to leptospirosis.

Control 3 was a juvenile male CSL that stranded in March 2021

due to pleuropneumonia (36.6146°N, 121.9451°W) and Control 4

was a subadult female CSL that stranded in April 2021 for suspected

domoic acid toxicosis. Anesthesia, when performed, included

0.015mg/kg Medetomidine IM (ZooPharm), 0.2mg/kg

Butorphanol IM (ZooPharm), 0.2mg/kg Midazolam IM

(ZooPharm), and 0.15mg/kg Atipamezole IM (ZooPharm),

followed by maintenance of 1-3% isoflurane. A dosage of 0.12mg/

kg Buprenorphine SQ (ZooPharm) was administered for analgesia.

Case 1 died after administration of Telazol IM (Zoetis), while all

controls were euthanized with 5mg/kg Telazol IM followed by

0.1mL/lb sodium pentobarbital IV (VetOne).

2.1.2 Clinical examination and bloodwork
Case 1 and all control animals received a full physical

examination including radiography (MinXray, HF100+),

ultrasonography (Sonosite) and routine hematology and serum

chemistry (SCIL Vet America) at The Marine Mammal Center

(Sausalito CA). Serum from Case 1 was analyzed for selected

vitamins, minerals, and hormones (Michigan State University

Veterinary Diagnostic Laboratory) and serology was carried out

for protozoa (Sarcocystis neurona and Toxoplasma gondii) and

Leptospira interrogans serovar Pomona (University of California,

Davis and California Animal Health and Food Safety

Laboratory respectively).
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2.2 Necropsy, Histopathology and
Immunohistochemistry

2.2.1 Necropsy or bone maceration
and evaluation

Case 1 and the control animals had a complete necropsy

performed by pathologists at the Center. As cases 2-3 were

carcasses found in various states of decomposition, only the

bones were examined. Select bones (skull, mandible, humerus,

femur, tibia) from Control 1 and Case 1, and all bones collected

from Cases 2 and 3 had the soft tissue macerated by warm water

technique for additional examination by pathologists at the Center.

2.2.2 Histopathology and Immunohistochemistry
Based on the presence of lesions and little decomposition, only

Case 1 had histopathology evaluated on the affected bones. A range

of tissues were fixed with 10% neutral buffered formalin, trimmed,

and routinely processed for paraffin embedding. Formalin fixed

bones were rinsed with saline and decalcified using Decal stat

(StatLab Medical Products) for ~48 hours. Histologic sections

were prepared at 5 µm and stained with hematoxylin and eosin at

the University of California, Davis, College of Veterinary Medicine.

Immunohistochemistry for pan muscle actin (Cat #:M0635, Clone :

HHF35, Dilution: 1:200, monoclonal mouse anti-human, Agilent

Dako, Santa Clara, CA, USA) using a secondary mouse-on-canine

HRP Polymer antibody was performed at University of California,

Davis, College of Veterinary Medicine using negative, secondary

only and isotype antibody controls with interpretation of canine
TABLE 1 Fluoride concentrations in parts per million dry weight within various bones and teeth from cases and controls.

Case 1 Case 2 Case 3 Control 1 Control 2 Control 3 Control 4

Age SA SA U SA Y J SA

Sex M M U M M M F

Femur 6100 1500

Humerus 8100 4500

Rib 9700 5000 4500 2000 1400 1400 1500

Proximal Humerus 9000

Tooth 4000 3800 2400

Mandible 3700 3200

Tibia 4700 1700

Humeral cortical bone 1700

Humeral medullary trabeculae 3800

Calvarium 6500

Vertebra 4200 4300

Metacarpus 4200

Scapula 4600

Mean 6871 4180 4475 2329 1400 1400 1500
SA indicates subadult which is approximately 4-8 years, Y for yearling which is approximately 1-2 years, J for juvenile which is approximately 2-4 years, M for male, F for female, U indicates
unknown, blanks indicate that bone/sample was not tested.
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positive control slides as well as internal controls on the

submitted slide.

2.2.3 Total fluoride analysis
Various bones from cases and controls were measured for

fluoride concentrations (Table 1). As reference values for fluoride

in CSL bones are unknown, bones from stranded CSLs (controls)

were grossly examined and processed for fluoride concentration

measurement. At necropsy or after collection of bones from the

field, 50g of various bones and teeth (premolars) were collected,

stored at -80°C, and shipped to California Animal Health and Food

Safety Laboratory (Davis, CA). The analysis of fluoride was

performed by ion-selective electrode with internal standard

operating protocols using bone or tooth that was cleaned, dried

and ashed at 600°C for 12 hr (Fluoride Quantitation by Ion-

Selective Electrode, ID 1952, CAHFS). Then 0.01g to 0.02g of ash

was weighed and dissolved with 1ml 1M HCl. This solution was

then neutralized with NaOH solution and brought to 5ml with 18-

mega-ohm water and mixed with an equal volume of TISAB III (a

buffer) and analyzed with an Orion combination fluoride electrode.

Fluoride was quantitated by comparison with external calibration

solutions. Quality control materials analyzed with the samples

included a method blank, a laboratory control spike and if the

sample amount permitted, a matrix over spike.
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3 Results

3.1 Case 1

The index case (Case 1) was a subadult male sea lion, between four

and seven years that stranded in Mendocino County in Northern

California. He was observed in the region for over a month prior to

rescue, including observations of him drinking water from drainage

pipes. On admission to The Marine Mammal Center hospital, he was

lethargic with a fractured mandibular canine tooth. Hematology

revealed mild leukopenia, mild azotemia, mild hypernatremia,

hyperphosphatemia and hypokalemia (Supplemental Table 1). Serum

calcium and albumin were within reference range for the species

(Gulland et al., 2018). Serum concentrations of several vitamins,

minerals, and hormones were within normal limits or mildly to

moderately different to the ranges for other adult mammalian

species. The fractured canine tooth was extracted, and subsequent

radiographs taken to monitor the surgery site revealed periosteal new

bone proliferation on the mandible and both humeri in comparison to

age-matched controls (Supplemental Figures 1A, B). Despite care, the

animal became anorexic, lethargic and non-ambulatory on the

forelimbs necessitating euthanasia.

At necropsy the femurs, humeri, mandibular rami, cranial

sagittal crest, and tympanic bullae had a symmetric distribution
FIGURE 1

Map of Central California with stranding locations indicated for Case 1 and Controls 1-4, and the carcass locations for Cases 2 and 3.
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of abundant white, hard, irregular to multinodular tissue on the

surface of the cortical bone (periosteal new bone (PNB)

proliferation). The proliferative PNB on the long bones was

segmentally circumferential and focally extensive replacing most

of the periosteal surface (Figure 2A; Supplemental Figure 1C). On

cross-section at mid diaphysis of the long bones, the new bone was

three to four times the depth of the original cortical bone and had a

radiating pattern (Figure 2A inset). There was a large cavity at the

location of the extracted right mandibular canine with PNB

proliferation on the lateral alveolar surface, as well as at the base

of the rami. All teeth were variably worn with significant adherent

calculi. Most teeth had mildly dull enamel and were stained brown

with variable wear and mild pitting of the enamel on the canines

(Figure 2B). Total fluoride concentrations from multiple bones

(tibia, fermur, humerus, rib, calvarium) were markedly elevated

ranging from 4,000 to 9,700 ppm dw with a mean of 7,200 ppm

dw (Table 1).

On histopathology, there were numerous anastomosing

trabeculae of woven bone radiating perpendicular to the cortex

(Figure 2D). Adjacent to the PNB were multiple atrophied and

regenerating skeletal myofibers (polyphasic myopathy). Externally,

there was a thick outer layer of periosteum (both cambium and

fibrous layers) that transitioned into poorly mineralized osteoid of the

thicker outer trabeculae (intramembranous ossification). The outer

thicker trabeculae contained central chondrocytes and cartilage that
Frontiers in Marine Science 05
transitioned to poorly mineralized osteoid and osteocytes

(endochondral ossification, Figure 2D inset). Occasionally the outer

trabeculae formed nodules that encircled or encompassed foci of

collapsed connective tissue, vessels, and entrapped variably sized

multinucleated myofibers (atrophied and regeneratingmyocytes) that

were pan muscle actin positive. The inner two-thirds of woven bone

trabeculae were separated by abundant spindle cells and large vessels.

The trabeculae were characterized by haphazard poorly mineralized

osteoid with numerous reversal lines and lined by plump osteoblasts

with occasional osteoclasts within Howship’s lacunae (bone

resorption, Supplemental Figure 2D). There were multiple

infractions under various stages of repair. The cancellous bone

within the bone marrow and the laminar bone of the cortex had

regions of poorly mineralized osteoid. Histologically, the teeth had

variable ameloblast clusters but unremarkable dentin, odontoblasts,

and cementum. Therefore, bilateral hyperostosis of multiple bones

was diagnosed.

In support of the initial clinical diagnosis, there was acute

monophasic polyrhabdomyositis likely due to protozoal

associated immune mediated rhadbomyositis. (Seguel et al., 2019)

The Sarcocystis neurona antibody titer was high (1:20,480). In

addition, there was lymphoplasmacytic tubulointerstitial nephritis

consistent with a resolving Leptospira spp. infection supported by a

Leptospira interrogans serovar Pomona antibody titer of 1:800.

(Colagross-Schouten et al., 2002)
FIGURE 2

Select gross and histologic lesions from osteofluorosis cases. (A) Case 1 femur (cleaned) with segmental and circumferential hyperostosis. Inset-
cross section of mid-diaphyseal femur with radiating trabeculae of periosteal new bone formation (bracket) that is 3-4x thicker than the normal
cortical bone (asterisk). (B) Case 1 mandible (uncleaned) with dull brown enamel (arrow) and pitting on canine. Inset- Case 1 maxillary incisors and
canines with variable and increased wear. (C) Case 2 ribs with diaphyseal hyperostosis. (D) Histology (H&E) of case 1 humerus with thick radiating
and proliferating periosteal new bone formation (bracket) with thinner similar inner trabeculae with intertrabecular fibrous tissue. Inset- Higher
magnification of bracket area comprised of osseous trabeculae formed by endochondral ossification comprised of chondrocytes and cartilaginous
matrix transitioning into poorly mineralized osteoid matrix.
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3.2 Case 2

Case 2 was a subadult male sea lion, based on morphology as

described, carcass with moderate decomposition found on a beach in

MendocinoCounty. The skull, baculum, ribs and sacrumwere collected

and after soft tissue maceration were examined. Focally extensive

nodules of PNB proliferation were markedly present on the medial,

and lesser degree on the lateral, surface of the left rostral mandible

(Supplemental Figure 2B), as well asmid-diaphysis of 8 ribs (Figure 2C).

The tympanic bullae andproximal (moderate) anddistal (mild) os penis

(Supplemental Figure 2C) were less affected by coalescing dozens to

hundreds of ~0.5cm in diameter nodules of proliferative PNB. The

mandibular, and especially the maxillary, teeth were variably and

markedly worn with dull enamel that were stained brown

(Supplemental Figure 2B). Total fluoride concentrations from multiple

bones were moderately elevated ranging from 3,700 to 5,000 ppm dw

with a mean of 4,180 ppm dw (Table 1). The cause of death for Case 2

could not be determined due to the state of decomposition.
3.3 Case 3

Case 3 was a partial carcass/skeleton from a presumably adult

male sea lion from Mendocino County. The scapula, humerus, ribs,

pelvis, and vertebrae were collected for examination. The scapula

had the most PNB formation, though a mild lesion, with

proliferative nodules on the dorsal border and the spinous

process. There were dozens of <0.5cm in diameter periosteal

osseous (bony) nodules on the deltoid tuberosity of the humerus

and the pelvis. The vertebrae had multiple large regions of

osteolysis. Total fluoride concentrations from multiple bones were

moderately elevated ranging from 4,300 to 4,600 ppm dw with a

mean of 4,475 ppm dw (Table 1). The cause of death for Case 3

could not be determined due to the state of decomposition.
3.4 Unaffected animals

As reference values for fluoride in CSL bones are unknown,

bones from four stranded CSLs with unaffected bones were grossly

examined and processed for fluoride concentration measurement.

All four control cases were found stranded along the north-central

California coast. Control 1 was a subadult male CSL, sex- and age-

matched control for Cases 1 and 2. Bones and teeth from all control

CSLs were unremarkable (Supplemental Figures 1D, 2A). The age-

and sex-matched control (Control 1) bone total fluoride

concentrations ranged from 1,500 to 3,800 ppm dw (mean 2,425

ppm dw, Table 1), and the mean fluoride concentration for all

control ribs was 1,575 ppm dw (1,400 to 2,000 ppm dw).
4 Discussion

Fluorosis has been documented most often in herbivores,

specifically cattle, where chronic fluoride toxicosis may have a

variable presentation including osteosclerosis, osteoporosis,
Frontiers in Marine Science 06
hyperostosis, osteophytosis and/or osteomalacia (Maxie, 2016).

There have been cases of fluorosis in wild species including

eastern grey kangaroos (Macropus giganteus) and other

marsupials in Australia foraging adjacent to an aluminum smelter

(Death et al., 2015; Hufschmid et al., 2015). In kangaroos, fluoride

toxicosis has been associated with cartilage ulceration and

periarticular osteophytosis (Hufschmid et al., 2015), though no

such changes were present in the current cases. Fluoride has also

been documented to alter immune function (Singh et al., 2017; Wei

et al., 2019), which may have been a factor in the clinical decline of

Case 1 with concurrent polyphasic rhabdomyositis and

leptospirosis. However, as fluoride is excreted in the urine, the

renal disease due to leptospirosis may have contributed to the

accumulation of fluoride within the musculoskeletal system,

exacerbated fluorosis, and the associated lesions.

In growing animals, excess fluoride can prevent mineralization

of physeal cartilage and damage ameloblasts and odontoblasts

resulting in rickets-like chondrodystrophy and poorly mineralized

and hypoplastic teeth (Boulton et al., 1994; Death et al., 2015;

Maxie, 2016; Zhang et al., 2016). The current cases did not have

physeal lesions and the two cases with teeth available for

examination had mild (Case 1) to marked (Case 2) dental lesions

with tooth fluoride concentrations approximately 1.5x higher than

the age- and sex-matched control. Therefore, it appears likely that

these CSLs ingested small amounts of fluoride compounds over a

long period time mostly later in life, but also during growth.

Although osteopathy was a striking lesion in Case 1, the animal

ultimately declined due to nephropathy and myositis rather

than osteofluorosis.

Total fluoride concentrations in various bones of the cases

ranged from 3,700 to 9,700 ppm dw while the mean fluoride

concentrations in the three cases of all bones (5,431 ppm dw)

were markedly higher (2.5x) than for the control animals (2,060

ppm dw) or normal domestic cattle and even approximately twice

the concentrations in cattle with clinical osteofluorosis (2,500 to

3,000 ppm) (Maxie, 2016). When comparing consistently sampled

bones, such as ribs, fluorosis cases had four times higher mean

fluoride concentrations (6,400 ppm dw, 4,500-9,700 ppm dw)

compared to control CSLs (1,575 ppm dw, 1,400-2,000 ppm dw).

However, more surprising was that the control CSL fluoride

concentrations were nearly three times that reported from normal

adult cattle (600 to 900 ppm) (Maxie, 2016). The higher baseline

fluoride concentrations in the control CSLs of our study is similar to

the findings for normal beluga whales (mean 10,365 ppm dw)

harvested in Hudson’s Bay, Canada (Mikaelian et al., 1999), North

Atlantic fin whales (mean 8,300 and 9,800 ppm) harvested in

Iceland, and Antarctic seals (range 878-4442 ppm dw) (Adelung

et al., 1985). Further studies are needed to fully characterize baseline

fluoride levels in various marine mammals.

Marine animals appear to be more tolerant of higher fluoride

concentrations, including possible prey items of sea lions, which could

lead to further fluoride bioaccumulation in marine mammals. Studies

on beluga whales and fin whales (Balaenoptera physalus), reported

that fluoride concentrations are dependent on age, sex, location, and

correlated fluoride concentrations in prey (e.g. krill for fin whales)

(Landy et al., 1991; Mikaelian et al., 1999; Vighi et al., 2015). There
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was evidence of bioaccumulation of fluoride based on a positive

correlation between bone fluoride concentrations and age as well as

fluoride concentrations measured in the krill sampled from stomach

contents in fin whales (Landy et al., 1991). Previous studies have also

documented natural fluoride concentrations in seawater as 1.2-1.4

mg/L, and in marine fish like mullet (Mugil cephalus) at around 1.8

mg/kg (Warner, 1971; Rose and J. R, 1977; Warrington, 1990).

However, in polluted waters from agriculture runoff (fertilizer,

herbicides, pesticides) and emissions from smelters and fertilizer

plants, fluoride concentrations have been reported to reach up to a

mean of 25.4 mg/L, and mullet in polluted waters were reported to

have four to five times greater fluoride concentrations than those in

unpolluted water (Rose and J. R, 1977; Warrington, 1990).

Biomagnification occurring up the food chain with fluoride, and

that fish often bioaccumulate high concentrations of fluoride from the

environment, are both reasons why government institutions

recommend water fluoride concentrations do not exceed 1.5 mg/L

(Stewart et al., 1974; Warrington, 1990). In general, marine fish

appear to be more resilient to fluoride than freshwater fish, and it

was estimated that a 100kg seal or sea lion likely ingests 2.5mg/kg

fluoride through fish a day, whereas the recommended daily fluoride

intake for an adult human is 3-4mg a day (Warrington, 1990;

Camargo, 2003). If a man ingested that level of fluoride in the

diet, it would cause acute toxicosis (Adelung et al., 1985;

Warrington, 1990).

Therefore, it is exceptional that these three cases of CSLs

developed fluorosis, though the source of the exposure is still

unknown (Laake et al., 2018). Historically in domestic ungulates,

fluorosis has been attributed to rock phosphates, contamination from

mineral ore refineries, or less commonly volcanic ash (Maxie, 2016).

In wildlife, studies of fluorosis in small rodents and marsupials have

been attributed to smelters and chemical works (Boulton et al., 1994;

Death et al., 2015; Hufschmid et al., 2015; Death et al., 2018), though

there have also been studies in marine animals where industrial

fluoride did not impact environmental or animal fluoride

concentrations (Wright and Davison, 1974; Ares et al., 1983).

Therefore, it is possible that the source of fluoride is industrial,

though municipal sewage and agricultural runoff have also been

found to contribute to higher fluoride water concentrations too

(Warrington, 1990). However, California was also a site of

historical mining, and a significant natural source of fluoride is the

earth’s crust. Mining practices have also been suggested to contribute

to heavy metal concentrations in various marine animals near Baja

California Sur, Mexico (Frıás-Espericueta et al., 2014; Jonathan et al.,

2015; Martıńez-Ayala et al., 2022). California also has volcanoes and

thermal activity which also could contribute to adjacent elevated

water fluoride levels. The fact that all three cases were found along the

same stretch of Californian coast, Mendocino County, may indicate a

source offluoride in this region that warrants additional investigation.

However, due to the large geographic range and generalist diet of this

sex and age class (Weise and Harvey, 2008; Orr et al., 2011; Laake

et al., 2018; Lowry et al., 2022), exposure could have occurred

anywhere along the North American Pacific coast. The

mechanisms and pathophysiology of fluoride exposure and

accumulation in marine mammals is not well understood.

Therefore, more directed studies are needed to understand baseline
Frontiers in Marine Science 07
physiologic fluoride metabolism in marine mammals and determine

pathways for exposure in the marine food chain.

These unusual and striking cases documenthyperostosis inducedby

fluoride toxicosis in free ranging pinnipeds and provides preliminary

evidence that baseline exposure to fluoride in free ranging marine

mammals may be significantly greater than for terrestrial mammals.
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Vighi, M., Garcıá-Nisa, I., Borrell, A., and Aguilar, A. (2015). The fin whale, a marine
top consumer, exposes strengths and weaknesses of the use of fluoride as ecological
tracer. Chemosphere 127, 229–237. doi: 10.1016/j.chemosphere.2015.02.023

Warner, T. B. (1971). Normal fluoride content of seawater. Deep Sea Res. Oceanogr.
Abst. 18, 1255–1263. doi: 10.1016/0011-7471(71)90030-1

Warrington, P. (1990). Ambient Water Quality Criteria for Fluoride (Victoria, BC).
Available at: https://www2.gov.bc.ca/assets/gov/environment/air-land-water/water/
waterquality/water-quality-guidelines/approved-wqgs/fluoride-tech.pdf.

Wei, W., Pang, S., Fu, X., Tan, S., Wang, Q., Wang, S., et al. (2019). The role of PERK
and IRE1 signaling pathways in excessive fluoride mediated impairment of
lymphocytes in rats’ spleen in vivo and in vitro. Chemosphere 223, 1–11.
doi: 10.1016/j.chemosphere.2019.02.031

Weise, M. J., and Harvey, J. T. (2008). Temporal variability in ocean climate and
California sea lion diet and biomass consumption: implications for fisheries
management. Mar. Ecol. Prog. Ser. 373, 157–172. doi: 10.3354/meps07737

Wright, D. A., and Davison, A. W. (1974). Fluoride in marine animals. Mar. pollut.
Bull. 5, 119–121. doi: 10.1016/0025-326X(74)90144-1

Zhang, Y., Zhang, Y., Zheng, X., Xu, R., He, H., and Duan, X. (2016). Grading and
quantification of dental fluorosis in zebrafish larva. Arch. Oral. Biol. 70, 16–23.
doi: 10.1016/j.archoralbio.2016.05.021
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fmars.2023.1223298/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2023.1223298/full#supplementary-material
https://doi.org/10.1038/s41598-020-67534-0
https://doi.org/10.1007/BF00446042
https://doi.org/10.1007/BF01056556
https://doi.org/10.1016/j.hal.2021.102117
https://doi.org/10.1016/0269-7491(94)90082-5
https://doi.org/10.1016/s0045-6535(02)00498-8
https://doi.org/10.3390/biom11040506
https://doi.org/10.7589/0090-3558-38.1.7
https://doi.org/10.1016/j.scitotenv.2015.06.054
https://doi.org/10.1016/j.ecoenv.2018.06.062
https://doi.org/10.1578/AM.48.1.2022.59
https://doi.org/10.1007/s00128-014-1360-0
https://doi.org/10.3389/fmars.2020.602565
https://doi.org/10.1007/978-3-030-63177-2_7
https://doi.org/10.1016/j.jcpa.2015.06.002
https://doi.org/10.1016/j.marpolbul.2015.07.032
https://doi.org/10.1177/1040638720962746
https://doi.org/10.1002/jwmg.21405
https://doi.org/10.1144/qjegh2017-009
https://doi.org/10.1016/0141-1136(91)90014-Y
https://doi.org/10.3354/meps14096
https://doi.org/10.1016/j.marpolbul.2022.114018
https://doi.org/10.3389/fvets.2023.1245864
https://doi.org/10.7589/0090-3558-35.2.356
https://doi.org/10.1139/Z10-101
https://doi.org/10.1016/0143-1471(80)90072-0
https://doi.org/10.1016/0143-1471(80)90072-0
https://doi.org/10.1016/j.onehlt.2015.08.003
https://doi.org/10.1016/j.hal.2023.102435
https://doi.org/10.1177/0300985819829526
https://doi.org/10.1016/j.fsi.2017.02.022
https://doi.org/10.1016/j.chemosphere.2015.02.023
https://doi.org/10.1016/0011-7471(71)90030-1
https://www2.gov.bc.ca/assets/gov/environment/air-land-water/water/waterquality/water-quality-guidelines/approved-wqgs/fluoride-tech.pdf
https://www2.gov.bc.ca/assets/gov/environment/air-land-water/water/waterquality/water-quality-guidelines/approved-wqgs/fluoride-tech.pdf
https://doi.org/10.1016/j.chemosphere.2019.02.031
https://doi.org/10.3354/meps07737
https://doi.org/10.1016/0025-326X(74)90144-1
https://doi.org/10.1016/j.archoralbio.2016.05.021
https://doi.org/10.3389/fmars.2023.1223298
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Osteofluorosis in free ranging California sea lions (Zalophus californianus)
	1 Introduction
	2 Methods
	2.1 Animals, clinical examination, bloodwork
	2.1.1 Animals
	2.1.2 Clinical examination and bloodwork

	2.2 Necropsy, Histopathology and Immunohistochemistry
	2.2.1 Necropsy or bone maceration and evaluation
	2.2.2 Histopathology and Immunohistochemistry
	2.2.3 Total fluoride analysis


	3 Results
	3.1 Case 1
	3.2 Case 2
	3.3 Case 3
	3.4 Unaffected animals

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


