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Abstract
The elemental composition of mineralized vertebral cartilage has proven useful for reconstructing the movement and envi-
ronmental history of elasmobranchs. However, the effects of intrinsic and extrinsic factors on vertebral chemistry have not 
been well explored, making meaningful interpretations of results difficult. This study quantified trace element incorporation 
along the corpus calcareum of 116 Round Stingray (Urobatis halleri) vertebrae and explored the influence of intrinsic (i.e., 
sex) and extrinsic (i.e., location and year) factors on vertebral edge chemical variations. We quantified eight element/Ca 
ratios (Li/Ca, Mg/Ca, Mn/Ca, Co/Ca, Cu/Ca, Zn/Ca, Sr/Ca, Ba/Ca) by laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS). Behavioral sexual segregation by Round Stingrays explained differences found in Mn/Ca, Zn/Ca, 
Sr/Ca, and Ba/Ca ratios. Higher vertebral Mn/Ca and Zn/Ca in females likely originate from the use of salt marsh habitats 
as a refuge as well as higher reproductive hormone concentrations during gestation, respectively. Female and male Round 
Stingrays were also found to have an inverse relationship between Sr/Ca and Ba/Ca, likely due to environmental differences 
(e.g., temperature) between their sexually segregated habitats. This study demonstrates how multielement signatures in 
vertebral cartilage may improve understanding of habitat use and migration throughout life and advances the development 
of biomineral usage as an environmental proxy in elasmobranchs.
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Introduction

The movement of individuals at different spatial and 
temporal scales influences the structure and dynamics of 
populations, communities, and entire ecosystems (Nathan 
et al. 2008). Elasmobranchs (sharks, skates, and rays), in 
particular, exhibit diverse patterns of spatial habitat use 
(Shipley et al. 2018), with movements that can range from 
hundreds of meters to thousands of kilometers, depending 

on the species (Papastamatiou and Lowe 2012). Ecologi-
cally, elasmobranchs influence energy transfer vertically 
through trophic levels as well as horizontally across vari-
ous ecosystems owing to their movements and migrations 
(Dulvy et al. 2017). Temporal variations in the movements 
and behaviors of elasmobranchs can also influence a spe-
cies’ ecological role in a particular marine community, such 
as their trophic level within local food webs (Munroe et al. 
2015). Biotelemetry and biologging offer effective means for 
monitoring behavior, spatial migration, and energetics (Gut-
tridge et al. 2010). However, the duration of animal behavior 
monitored is limited to battery life, memory space, and/or 
duration of tag attachment, and sometimes requires physical 
retrieval of the tag to access data. By contrast, biomineral-
ized hard parts that accrete during growth (notably, otoliths 
and vertebrae in fish) may encode chemical proxies of the 
habitats experienced throughout life (Campana and Thorrold 
2001; Izzo et al. 2016a; Tzadik et al. 2017; Reis-Santos et al. 
2022). Characterizing chemical variations in such structures 
obtained from captured specimens thus offers a retroactive 
means of interpreting behavior and habitat use.
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Mineralized cartilaginous structures of elasmobranchs 
(i.e., vertebral centra) grow throughout life and remain 
metabolically and chemically stable once formed (Izzo 
et al. 2016b). Vertebral centra are composed of calci-
fied cartilage that forms through calcium phosphate 
(hydroxyapatite) mineralization of an extracellular protein 
matrix (Dean and Summers 2006; McMillan et al. 2017). 
In elasmobranchs, environmentally sourced elements can 
substitute for calcium or become trapped within the pro-
tein matrix of the vertebrae (Tillett et al. 2011). Accord-
ingly, vertebrae elemental compositions may proxy water 
mass characteristics of the regions they inhabit (Smith 
et al. 2016), thereby allowing movement histories of indi-
viduals to be tracked across water masses. This approach 
has proven useful in determining ontogenetic habitat use 
(Tillett et al. 2011), migration patterns (Coiraton et al. 
2020), and natal origins (Smith et  al. 2016) in other 
elasmobranchs.

The reliability of elemental profiles as environmental 
tracers, however, also requires species-specific validation 
of how elements in ambient seawater are incorporated into 
mineralized, biological structures (i.e., vertebrae) (McMil-
lan et al. 2017). Knowledge of intrinsic (i.e., biological) 
and extrinsic (i.e. environmental) factors that influence 
vertebrae chemistry is essential for a meaningful interpre-
tation of results (Pistevos et al. 2019), but such factors 
have rarely been systematically studied in a laboratory set-
ting for elasmobranchs (Smith et al. 2013; Pistevos et al. 
2019). In a controlled study comparing water temperature 
and chemistry to elasmobranch vertebral growth and ele-
mental uptake, using Round Stingray (Urobatis halleri) 
as a representative species, Smith et al. (2013) found that 
vertebral trace element variations can reliably distinguish 
individuals that experienced different environmental his-
tories. In captive juvenile Round Stingray vertebrae, tem-
perature had a positive (Mn/Ca) and negative (Mg/Ca and 
Ba/Ca) effect on element/Ca, but no such correlations were 
apparent for somatic growth or vertebral precipitation rate. 
Furthermore, ambient dissolved Ba/Ca was positively cor-
related with vertebral Ba/Ca. Ultimately, validation that 
mineralized structures can serve as natural environmental 
tracers requires assessment of whether intrinsic factors may 
outweigh or misconstrue environmental signals (Reis-San-
tos et al. 2018).

Owing to their use as a representative species in a 
variety of controlled studies (Hale et al. 2006; Hale and 
Lowe 2008; Smith et al. 2013), Round Stingrays are an 
ideal elasmobranch model to investigate the efficacy 
of vertebral chemistry for characterizing life histories 
in wild populations. The Round Stingray is an inshore, 
benthic elasmobranch that is native to the west coast of 

California, USA and Mexico (Babel 1967). Round Sting-
rays can undergo short migrations across shallow habitats 
(Plank et al. 2010), with some individuals traveling up to 
30 km from tagging sites (Vaudo and Lowe 2006). How-
ever, depth is a barrier to movement for these animals. 
For example, two genetically distinct populations of Round 
Stingrays are found along the coast of mainland California 
and Santa Catalina Island, each separated from the other 
by a deep ravine (Plank et al. 2010). Within each loca-
tion, Round Stingrays (similar to other elasmobranchs) 
are known to sexually segregate (Jirik and Lowe 2012). 
During gestation in the summer and fall, female stingrays 
occupy salt marshes while mature males remain in open 
coastal waters (Jirik and Lowe 2012; Lyons et al. 2018). 
Our study hypothesizes segregation by sex for part of the 
year coupled with the existence of two distinct populations 
leads to variation in vertebral signatures, reflective of these 
ecological differences.

For the present study, we consider chemical archives pre-
served in Round Stingray vertebral cartilage to investigate 
the effectiveness of biominerals as chemical environmental 
proxies in elasmobranchs. Using laser ablation inductively 
coupled plasma mass spectrometry (LA–ICP–MS), we docu-
ment how vertebral signatures in wild Round Stingrays vary 
between sex and over spatiotemporal scales. We quantified 
multielement profiles along the radial edge of Round Sting-
ray vertebrae to determine patterns of elemental incorpora-
tion associated with the most recently occupied habitats. We 
then apply permutational analysis to assess how sex, year, 
and capture location influence trace element signatures and 
investigate how vertebrae may be used to reconstruct envi-
ronmental histories in elasmobranchs.

Materials and methods

Study area and sample collection

A total of 116 Round Stingray vertebrae samples were pro-
vided from previous research collections (Lyons et al. 2014; 
Sawyna et  al. 2017; Lyons and Wynne-Edwards 2021). 
Specimens were captured opportunistically in 2010, 2011, 
2014, and 2016 from three sites across Santa Catalina Island 
(Empire Landing, Two Harbors, and Cat Harbor), herein 
“Catalina”, and three sites along the southern coast of main-
land California (Los Angeles (LA) Harbor, Seal Beach Wild-
life Refuge, and Colorado Lagoon) (Fig. 1; Table 1). All 
localities receive negligible freshwater input. Males from 
Catalina Island were collected from sandy bottom substrates 
of open-coastline marine environments. By contrast, mature 
Catalina females were collected from sheltered, tidally 
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influenced, salt marshes—mainly from muddy substrates in 
the terminal back bay of Cat Harbor. Most mainland Califor-
nia females were collected from Seal Beach Wildlife Refuge, 

a federally restricted area with a highly anoxic silty sub-
strate. Stingrays collected in 2016 were captured from sandy 
substrates of LA Harbor, a sheltered, tidally influenced bay.

Fig. 1   Round Stingray (Uro-
batis halleri) were captured in 
2010, 2011, 2014, and 2016 
from A three sites along the 
southern coast of mainland 
California and from B three 
sites across Santa Catalina 
Island. The Catalina sampling 
locations consisted of Empire 
Landing, Two Harbors, and Cat 
Harbor. Mainland California 
sampling sites consisted of Los 
Angeles (LA) Harbor, Seal 
Beach National Wildlife Refuge 
(SBNWR), and Colorado 
Lagoon

Table 1   Urobatis halleri 
specimens (n = 116) collected 
from each location and sub-
sampling site discriminated by 
sex and year of collection

Location Sampling site Sex Year Totals

2010 2011 2014 2016

Catalina Cat harbor M 0 0 0 0 0 35
F 2 6 27 0 35

Empire landing M 0 0 18 0 18 22
F 0 0 0 4 4

Two harbors M 3 7 0 12 22 23
F 0 0 0 1 1

California Colorado lagoon M 0 0 0 0 0 2
F 2 0 0 0 2

LA harbor M 0 0 0 5 5 22
F 0 0 0 17 17

Seal beach wildlife refuge M 0 0 0 0 0 12
F 1 11 0 0 12

Total 8 24 45 39 116
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Vertebral preparation and elemental analysis

Whole vertebrae centra were embedded in epoxy resin 
(Struers EpoFix, spiked with ~ 30 ppm Indium) and then 
sectioned using a low-speed saw (Buehler Isomet) to obtain 
longitudinal central cross-sections ~ 1 mm thick (Fig. 2a). 
Sections were mounted to glass slides using thermoplastic 
cement (Crystalbond) and lightly polished on 30 μm lap-
ping film to obtain a smooth upper surface. Polished sections 
were then remounted on new microscope slides near other 
randomized specimen sections.

Elemental analysis of vertebrae sections was performed 
using laser ablation inductively coupled plasma mass spec-
trometry (LA−ICP−MS) at the University of Texas at 
Austin with an Elemental Scientific NWR193UC laser sys-
tem with a large format sample cell, coupled to an Agilent 
7500ce ICP-MS. Analytes included 7Li, 24Mg, 25Mg, 43Ca 
44Ca, 55Mn, 59Co, 63Cu, 66Zn, 88Sr, 115In, 137Ba, and 138Ba. 
A series of test ablations were performed on representative 
vertebrae samples to optimize laser parameters. Vertebral 
transects started at the vertebrae focus and ran across the 
corpus calcareum to the outer radial edge (Fig. 2b). Certified 
reference standards (NIST 612, USGS MAPS-4 [synthetic 
bone], and USGS MACS-3 [pressed calcium carbonate]) 
were analyzed hourly in triplicate. To eliminate surface 
contamination before analysis, vertebrae and standard tran-
sects were pre-ablated using a 90 μm spot, 85% laser power 
(~ 4 J cm−2), 20 Hz, and a scan rate of 75 μm s−1. Ablation 
parameters included a 50 μm spot, 65% laser power, 10 Hz, 
and a scan rate of 5 μm s−1. Laser energy densities over the 
analytical sessions averaged 3.07 ± 0.04 J cm−2 for line trav-
erses. Baseline analyte intensity measurements were meas-
ured for 30 s with the laser before each analysis.

Analyte intensities were then converted to concentration 
(ppm) using Iolite software and assuming 35 weight % Ca 
as the internal standard with matrix-matched MAPS-4 as 

the primary calibration standard. Over the two days of LA-
ICP-MS analysis, the overall average of secondary standard 
recovery fractions for all elements was 1.09 ± 0.15 for NIST 
612 (n = 41) and 1.00 ± 0.06 for USGS MACS-3 (n = 40), 
relative to GeoREM preferred reference values (http://​geo-
rem.​mpch-​mainz.​gwdg.​de). Elemental data was then con-
verted to distance using the laser scan rate and smoothed by 
applying a 7-point median followed by a 7-point mean mov-
ing window. Indium intensities were only used to determine 
the position when the traverse first encountered epoxy resin, 
and thus the true vertebral “edge” position, as In is not natu-
rally abundant in the environment (Chow and Snyder 1969).

Of the ten non-Ca analytes quantified, only eight were 
used for further analysis. Although 24Mg and 138Ba are 
potentially susceptible to overlaps (e.g., 12C:12Ca+; 48Ca2+; 
138La, 138Ce) compared to less abundant 25Mg and 137Ba, 
we utilized the former because no systematic differences 
were apparent in respective patterns for the less abundant 
isotopes.

Derived concentration (ppm) data were converted to 
mmol mol−1 (24Mg, 88Sr) and μmol mol−1 (7Li, 55Mn, 59Co, 
63Cu, 66Zn, and 138Ba) element/Ca ratios.

Transects provided continuous multielement profiles 
along the radial growth axes of the vertebrae, from the 
birthmark to the marginal edge, along the corpus calcar-
eum, which should encompass lifetime growth through all 
experienced environments and physiological conditions. To 
assess variability in elemental signatures from known spati-
otemporal references (i.e. points of capture), vertebral trace 
element profiles were only compared among stingrays for 
the last month of growth (Smith et al. 2016).

To determine how much vertebrae material is equivalent 
to a month of time, Round Stingray vertebrae precipita-
tion rates needed to be calculated. Because vertebral pre-
cipitation rates are significantly affected by temperature 
for Round Stingray (Smith et al. 2013), we calculated an 

Fig. 2   A Whole vertebrae centrum from Urobatis halleri. The dot-
ted red line represents the cross-section of the centrum that was sec-
tioned. B U. halleri thin-sectioned (~ 1 mm) vertebral centrum. The 
dotted cyan arrow represents the laser ablation path on the corpus 

calcareum from the focus to the edge. The cyan box indicates the sec-
tion of the vertebrae edge (40 μm) that was used to reflect the recent 
month before capture

http://georem.mpch-mainz.gwdg.de
http://georem.mpch-mainz.gwdg.de
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average precipitation rate over the various temperatures 
(15 °C, 18 °C, 24 °C) using rates determined by Smith et al. 
(2013). Hozo et al. (2005) found that the sample means and 
variances of a dataset can be described where not all the 
information is available. Using the methodology from Hozo 
et al. (2005), Table S1 from Smith et al. (2013) provided the 
ranges of precipitation rate for each temperature experiment 
while Fig. 6b provided mean vertebral precipitation rates for 
three replicate treatments during each temperature experi-
ment. An estimated average precipitation rate of the replicate 
treatments from Fig. 6b was used as an estimated median 
value for this methodology. The approximate mean precipi-
tation rate and standard deviation for each temperature were 
then calculated for each temperature and repeated to find 
an overall average precipitation rate, with the range being 
that of the entire temperature experiments and the median 
being substituted for the average of the temperature experi-
ment means found previously. Through this calculation, the 
precipitation rate was 46.91 ± 27.81 μm month−1. We then 
concluded that 40 μm would be a sufficiently conservative 
estimate for a month before an individual’s capture and used 
this length to calculate last-month mean element/Ca ratios 
for each stingray. These were used to calculate overall aver-
age element/Ca ratios by sex, year, and location of capture 
(Table 2). A conservatively lower precipitation rate esti-
mate was used to ensure a higher likelihood that individuals 
resided in the capture locality habitat for at least one month.

Statistical analysis

Even after logarithmic transformation, many element/Ca 
ratios lacked a normal distribution (Li, Mg, Co, Cu, Ba) 
and homogeneity of variance (Ba); therefore, nonparametric 
statistics were applied. A multi and single-element permuta-
tion multivariate analysis of variance (PERMANOVA) was 
run on all element/Ca ratios (Feitosa et al. 2020). Permuta-
tion analysis quantifies dissimilarity between each group of 
a population by converging on patterns through repeated ran-
domized sampling from a distribution (Mantel 1967; Hope 
1968; Anderson and Walsh 2013). We used a Euclidean 
distance resemblance matrix, 9999 permutations to gener-
ate pseudo-F and p values, and a significance level of 0.05 
to evaluate multi and single-elemental factors that influence 
trace element signatures in Round Stingray vertebrae. Fixed 
categorical factors of year, location, and sex were tested 
separately to investigate variability in vertebral element/
Ca. Multivariable tests with interactions were explored, 
but the low sample sizes available across combinations of 
year*location*sex limited the feasibility and complicated 
the interpretations of these tests. Finer-scale examination 
of female Stingray maturity status and pregnancy stage was 
also explored. Based on the resulting pseudo-F statistics and 
p values, a post hoc pairwise comparison was then used to 

determine which variables had a significant effect when con-
sidering the fixed factors. We used an alpha value of 0.05 for 
all statistical testing.

For significance discrimination, the null hypothesis in 
PERMANOVA is that there is no difference in the locations 
of groups in multivariate space (Anderson 2014). Therefore, 
the potential for Type 1 errors (finding a difference when 
none exists) depends on whether the dispersions of points in 
multivariate space are homogeneous. If this is not true, then 
the significance detected could be caused by differences in 
the dispersion of the centroids in multivariate space (Brooks 
et al. 2021), rather than an effect of the factor (location) 
being tested. Accordingly, a test for homogeneity of mul-
tivariate dispersions (PERMDISP) was also conducted in 
conjunction with the PERMANOVA to interpret the results. 
A PERMDISP compares within-group spread using the aver-
age value of the distances from individual observations to 
their group centroid (Anderson 2014). This can identify if 
the dispersion of points within a group is driving the signifi-
cance, or if it is the group’s centroid itself that is responsible 
for differences. All statistical analyses were performed in R 
(v4.0.3; R Foundation for Statistical Computing) using the 
Vegan package (Oksanen et al. 2022).

Results

Specimens in the sample collection were closely split 
between males and females (49% and 51%, respectively) 
(Table S2), with most specimens from Catalina (M: 70%; F: 
68%) compared to the mainland (M: 30%; F: 32%). Catalina 
individuals were overwhelmingly mature, with 93% of males 
and 100% of females being sexually mature. Conversely, 
California mainland specimens were both mature and imma-
ture, with 47% of males and 84% of females being sexually 
mature. Of mature females, 80% of Catalina and 88% of 
California stingrays were in some stage of pregnancy. Across 
sampling sites and years, most specimens were collected in 
2014 (39%), entirely from Catalina, while most mainland 
California Round Stingrays were collected in 2016 (85%) 
from LA Harbor, and in no other year were LA Harbor indi-
viduals collected.

In single factor analyses, all but three element/Ca ratios 
demonstrated homogeneous dispersion (Table 3). However, 
PERMANOVA results were not significant when investi-
gating these element/Ca ratios with their respective factors 
(Table 4). Therefore, PERMANOVA and PERMDISP sig-
nificance was not simultaneously observed for any element/
Ca ratio within a single factor analysis. This suggests that 
all significant findings from the PERMANOVA were simply 
due to the dispersion of the data from their centroids. There-
fore, even though homogeneous dispersion was rejected in 
three instances, Type 1 errors did not occur.
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Year

Only Mg/Ca and Mn/Ca showed significant differences 
among years (Table 4). A post hoc test for Mg/Ca revealed 
that there was only a significant difference between Mg/Ca in 
2014 and 2016, whereas a post hoc test for Mn/Ca revealed 
that 2016 was significantly different when compared to all 
other years (Table S3). When comparing element/Ca ratios 
across years, 2016 had the highest Mg/Ca among all years 
(17.0 ± 2.0 mmol  mol−1), whereas 2014 had the lowest 

Mg/Ca among all years (15.6 ± 1.3 mmol mol−1; Fig. 3; 
Table S4). Conversely, 2016 had the lowest Mn/Ca com-
pared to all other sampling years (28.4 ± 27.7 μmol mol−1).

Location

Between mainland California and Catalina sampling 
localities, Mn/Ca was the only vertebrae element/Ca ratio 
where location had a significant effect on concentration 
(Table 4). Catalina stingrays had significantly higher Mn/

Table 3   Single-factor 
PERMDISP results with year, 
location, and sex as fixed factors

Significant p values are bolded

Element Source Sex Location Year

df MS p df MS p df MS p

Li/Ca Model 1 0.0003 0.780 1 0.0217 0.017 3 0.0078 0.139
Residuals 114 0.0040 114 0.0036 112 0.0041

Mg/Ca Model 1 0.0006 0.453 1 0.0012 0.288 3 0.0014 0.284
Residuals 114 0.0011 114 0.0011 112 0.0010

Mn/Ca Model 1 0.0157 0.581 1 0.0680 0.138 3 0.0664 0.096
Residuals 114 0.0534 114 0.0293 112 0.0302

Co/Ca Model 1 0.0091 0.150 1 0.0085 0.122 3 0.0027 0.553
Residuals 114 0.0038 114 0.0037 112 0.0038

Cu/Ca Model 1 0.0070 0.690 1 0.0839 0.187 3 0.0797 0.132
Residuals 114 0.0471 114 0.0440 112 0.0406

Zn/Ca Model 1 0.0000 0.900 1 0.0003 0.139 3 0.0000 0.943
Residuals 114 0.0001 114 0.0001 112 0.0001

Sr/Ca Model 1 0.0000 0.735 1 0.0001 0.506 3 0.0009 0.024
Residuals 114 0.0003 114 0.0003 112 0.0003

Ba/Ca Model 1 0.0523 0.059 1 0.0576 0.037 3 0.0244 0.221
Residuals 114 0.0141 114 0.0145 112 0.0168

Table 4   Single-factor 
PERMANOVA main-effects 
results with year, location, and 
sex as fixed factors with 9999 
permutations

Significant p values are bolded

Element Source Sex Location Year

df MS p df MS p df MS p

Li/Ca Model 1 0.0170 0.1917 1 0.0035 0.5489 3 0.0231 0.0598
Residuals 114 0.0094 114 0.0095 112 0.0091

Mg/Ca Model 1 0.0011 0.5111 1 0.0037 0.2169 3 0.0072 0.0283
Residuals 114 0.0024 114 0.0024 112 0.0023

Mn/Ca Model 1 0.9835 0.0111 1 7.1198 0.0001 3 2.3498 0.0001
Residuals 114 0.1467 114 0.0928 112 0.0951

Co/Ca Model 1 0.0115 0.1283 1 0.0148 0.0713 3 0.0055 0.3186
Residuals 114 0.0048 114 0.0047 112 0.0048

Cu/Ca Model 1 0.0515 0.4907 1 0.2985 0.0984 3 0.0000 0.1243
Residuals 114 0.1085 114 0.1063 112 0.1089

Zn/Ca Model 1 0.0021 0.0208 1 0.000001 0.9592 3 0.0005 0.2766
Residuals 114 0.0004 114 0.0004 112 0.0004

Sr/Ca Model 1 0.0047 0.0151 1 0.0026 0.0801 3 0.0003 0.7911
Residuals 114 0.0008 114 0.0008 112 0.0009

Ba/Ca Model 1 0.2134 0.0143 1 0.0513 0.2255 3 0.0268 0.5134
Residuals 114 0.0332 114 0.0346 112 0.0350
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Ca (85.1 ± 69.7  μmol  mol−1) than mainland stingrays 
(26.7 ± 29.0  μmol  mol−1; Table  S5). However, among 
mainland California sites LA Harbor, one of the busiest 
ports in the country, has a sandy substrate compared with 
muddy substrates at Seal Beach Wildlife Refuge and Colo-
rado Lagoon. Therefore, a second PERMANOVA of loca-
tion, reanalyzing all element/Ca ratios with LA Harbor as 
a third distinct location, was conducted. With LA Harbor 
separated, location had a significant effect on Mn/Ca, Zn/
Ca, and Mg/Ca (Table 5). However, PERMDISP analysis 

was also significant for Mn/Ca, meaning that PERMANOVA 
significance may be due to the nonhomogeneous dispersion 
of group centroids. Ba/Ca was only marginally insignificant 
between sites (p = 0.0505).

A post hoc test for Mn/Ca revealed that all sampling 
locations were significantly different from each other 
(Table  S6), with Catalina rays having the highest Mn/
Ca (85.1 ± 69.7 μmol  mol−1) and LA Harbor the lowest 
(13.2 ± 8.4 μmol mol−1; Table S7; Fig. 4). A post hoc test 
further revealed that vertebral Zn/Ca was significantly higher 

Fig. 3   Mean ± SD element 
ratios (mmol mol−1 or μmol 
mol−1) in vertebrae edge from 
different years of collection. 
Different letters indicate statisti-
cally significant differences as 
seen in Table 4. The whiskers 
denote the upper and lower 
extremes and outliers are 
represented as dots outside 
of the whiskers. The median 
of the data is represented as 
the horizontal line within the 
plots. Element to Ca ratios were 
log10(x + 1) transformed
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in California Estuary stingrays compared to Catalina Island 
and LA Harbor rays, which exhibited significantly lower Zn/
Ca. California Estuary rays had the highest Zn/Ca among all 
sites (227.7 ± 61.2 μmol mol−1), whereas LA Harbor rays 
had the lowest Zn/Ca (168.3 ± 54.7 μmol mol−1). A post hoc 
test revealed that the marginal insignificance for Ba/Ca was 
also most likely due to influence from the California Estuary 
rays, which were significantly lower (10.8 ± 2.6 μmol mol−1) 
than Catalina and LA Harbor. Upon post hoc analysis, Mg/
Ca was not significantly different between sites.

Sex

Maturity stage (immature/mature) was considered in the 
evaluation of sex as a significant factor in vertebral trace 
element concentrations. Only Zn/Ca showed significant dif-
ferences between maturity stages; therefore, further Zn/Ca 
analysis compared individuals of the same maturity status. 
Among mature and immature individuals, Zn/Ca was not 
significantly different between sexes. However, mature males 
tended to have higher Zn/Ca (143.8 ± 45.0 μmol  mol−1) 
compared to immature males (134.3 ± 35.2 μmol  mol−1; 
Table S8). Conversely, mature females tended to have lower 
Zn/Ca (188.0 ± 48.8 μmol mol−1) compared to immature 
females (205.8 ± 53.9 μmol mol−1).

Sex was a significant factor for three element/Ca ratios 
when immature and mature individuals were pooled 

(Table  4). Pooled females tended to have significantly 
higher Mn/Ca (81.1 ± 79.1 μmol mol−1) than pooled males 
(52.3 ± 44.5 μmol mol−1; Table S9; Fig. 5). Average female 
Sr/Ca (3.0 ± 0.3 mmol mol−1) was also significantly higher 
compared to males (2.9 ± 0.3 mmol mol−1). Conversely, Ba/
Ca was significantly higher in males (17.5 ± 9.6 μmol mol−1) 
compared to females (13.7 ± 7.5 μmol mol−1).

Among mature females, stage of pregnancy did not affect 
element/Ca ratios. However, interestingly, females that were 
in any stage of pregnancy had the highest average Zn/Ca 
(216.6 ± 55.0 μmol mol−1), followed by females that were 
ovulating or close to ovulating (191.0 ± 53.0 μmol mol−1), 
and lastly by individuals that were not pregnant 
(186.7 ± 46.2 μmol mol−1).

Discussion

In this study, we explored how intrinsic (sex) and extrinsic 
(location and year) factors relate to Round Stingray verte-
bral element/Ca ratios. Vertebral Mn/Ca, Zn/Ca, Sr/Ca, and 
Ba/Ca all significantly differed between males and females. 
Capture location also contributed to variation in Mg/Ca, Mn/
Ca, and Zn/Ca, especially after LA Harbor was assigned as 
a distinct sampling site. Sampling year contributed to sig-
nificant variation in Mg/Ca and Mn/Ca, with 2016 heavily 
influencing this variation.

This data collection was retroactively created from multi-
ple studies of opportunistically collected specimens. There-
fore, while this study has a robust sample size often uncom-
mon for elasmobranchs, uneven sample distribution among 
the investigated factors was a challenge beyond our control. 
For example, all 2016 mainland stingrays were caught in 
LA Harbor. This sampling could have inadvertently created 
collinearity between the year and location variables which 
may explain why 2016 element/Ca ratios appear to differ 
from other years with more even sampling among locations. 
Because of this, we do not believe there is enough evidence 
to conclude that interannual effects caused significant differ-
ences in vertebral signatures. Future studies from more rep-
resentative, nonopportunistic specimen collections should 
facilitate a more robust multivariable analysis of factors 
influencing vertebral trace element signatures.

Despite uneven sampling efforts across years, our 
results suggest that the effect of both intrinsic (i.e., sex) 
and extrinsic (i.e., location) factors on vertebral signatures 
may be linked to the same behavioral aspect: sexual seg-
regation. Mature, pregnant females have been observed 
to partially segregate from mature males for much of a 
year (Babel 1967; Jirik and Lowe 2012). Gestating females 
are typically found in dense aggregations within estuarine 
habitats during peak summer months when warm water 
temperatures likely speed embryonic development (Jirik 

Table 5   Single-factor PERMANOVA and PERMDISP results with 
location as a fixed factor with 9999 permutations

Location sites include mainland California (two subsites), Catalina 
Island (three subsites), and LA Harbor. Significant p values are 
bolded

Element Source Location PERMDISP

df MS p p

Li/Ca Model 2 0.0098 0.3622 0.044
Residuals 113 0.0094

Mg/Ca Model 2 0.0076 0.0444 0.471
Residuals 113 0.0023

Mn/Ca Model 2 0.0077 0.0001 0.006
Residuals 113 0.0005

Co/Ca Model 2 0.0090 0.1281 0.205
Residuals 113 0.0047

Cu/Ca Model 2 0.0001 0.0765 0.233
Residuals 113 2.22E-05

Zn/Ca Model 2 0.0020 0.0068 0.881
Residuals 113 0.0004

Sr/Ca Model 2 0.0015 0.1695 0.893
Residuals 113 0.0008

Ba/Ca Model 2 0.1021 0.0505 0.018
Residuals 113 0.0335
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and Lowe 2012). Mature females in our study were almost 
entirely caught in Cat Harbor on Catalina (63%) and Seal 
Beach Wildlife Refuge on mainland California (21%). 
These sites are similarly sheltered from wave activity and 
possess environmental characteristics that are suitable for 
Round Stingray gestation, including isolated warm waters 
and correlated fine sedimentation (Straughan and Hadley 
1980; Vaudo and Lowe 2006). By contrast, male Round 
Stingrays tend to remain in coastal, open waters (Jirik 
and Lowe 2012) with sampling sites such as Two Harbors 

(Straughan and Hadley 1980), Empire Landing (Hight and 
Lowe 2007; Schumann et al. 2012), and LA Harbor all 
possessing similar course, sandy bottom substrate.

Contrasts in habitat substrates and associated water 
mass chemistries may explain discrepancies in vertebral 
element/Ca ratios between specimen groupings (Smith 
et al. 2013). Below we assess the environmental proxy 
potential for Mn/Ca, Zn/Ca, Sr/Ca, and Ba/Ca, which 
showed the most significant variability among specimen 
groups.

Fig. 4   Mean ± SD element 
ratios (mmol mol−1 or μmol 
mol−1) in vertebrae edge from 
different sampling locations. 
Different letters indicate statisti-
cally significant differences 
as seen in Table 5. Element 
to Ca ratios were log10(x + 1) 
transformed
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Mn/Ca

Vertebral Mn/Ca was the most consistent discriminator 
among sample groups. Sex and location were correlated 
with significant effects on vertebral Mn/Ca, with female rays 
and Catalina rays having 1.6x and 3.2x higher Mn/Ca than 
male rays and California rays, respectively. Manganese is 
an essential trace metal required for amino acid, lipid, pro-
tein, and carbohydrate metabolism and growth and develop-
ment of bones and vertebrae in fish (Pancaldi et al. 2021). 

Manganese also plays a role in the activation of reproductive 
hormones (Feitosa et al. 2020). In this study, 84% of mature 
female Round Stingrays (and 74% of all females) were preg-
nant or reproductively active, and we found females to have 
1.6x higher Mn/Ca than males. This suggests that female 
metabolic activity may require higher Mn/Ca during repro-
duction. Increased Mn has been shown to occur in other 
fish species during reproduction. For example, due to dif-
fering metabolic activities, female Redspot Emperor Fish 
(Lethrinus lentjan) had higher tissue metal concentrations 

Fig. 5   Mean ± SD element 
ratios (mmol mol−1 or μmol 
mol−1) in vertebrae edge from 
different sexes. Different letters 
indicate statistically significant 
differences as seen in Table 4. 
Element to Ca ratios were 
log10(x + 1) transformed
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than males (Al-Yousuf et al. 2000). Several other fish spe-
cies that inhabit marine and freshwater habitats in temperate 
and tropical regions and use a variety of spawning methods 
have elevated Mn/Ca in otolith cores, possibly due to mater-
nal offloading to the egg during reproduction (Brophy et al. 
2004; Ruttenberg et al. 2005).

Differences in habitat along with reproductive biology 
may also contribute to Mn/Ca variation between males and 
females. Mn and Fe reduction in marine sediments play 
critical roles in biogeochemical cycles (Burdige 1993), and 
rare earth element concentrations are strongly enriched in 
pore water below the sediment–seawater interface relative 
to seawater (Elderfield and Sholkovits 1987). Fine-grained 
sediment deposits possess a high capacity to absorb or pre-
cipitate both oxidized and reduced metals, whereas sandy 
marine sediments usually contain less Mn available for bio-
geochemical transformation due to the coarse structure, high 
quartz, and low clay content (Kristiansen et al. 2002). For 
example, Skornyakova (1965) found that Mn concentrations 
in (Pacific) ocean sediments strongly correlate with sedi-
ment grain size, with concentrations increasing from sands 
to silt and mud. Substrate type could thus further explain 
why female Round Stingrays, which often reside in muddy 
salt marshes, had nearly 3.2x higher vertebral Mn/Ca com-
pared to males, which often reside in coarse, sandy bottom 
habitats.

Temperature differences at sampling locations could also 
contribute to higher vertebral Mn/Ca values, as Mn incor-
poration is positively correlated with temperature in Round 
Stingray (Smith et al. 2013) as well as in Port Jackson Shark 
(Heterodontus portusjacksoni) (Pistevos et al. 2019) verte-
brae. Females may have experienced higher temperatures in 
shallower sheltered estuaries, which aid gestation (Jirik and 
Lowe 2012), compared to deeper open coastline environ-
ments where males were sampled. Mull et al. (2008) states 
that Seal Beach Wildlife Refuge reaches water temperatures 
of 25 °C during the summer months, whereas the National 
Data Buoy Canter (NDBC) Long Beach Channel (buoy 
46256) temperatures only approach an average of 20 °C in 
summers.

Diet has been experimentally determined to contrib-
ute > 90% of Mn accumulation in the soft tissue of Lesser 
Spotted Dogfish (Scyliohinus canicular) (Mathews and 
Fisher 2009), and may also contribute to Mn concentra-
tions in other elasmobranch species (e.g., Pentreath 1973). 
Because dissolved Mn is scarce in oxic seawater, Smith et al. 
(2013) hypothesized that diet explains elevated Mn/Ca in 
Round Stingray vertebrae. Bivalves are the important dietary 
constituents of Round Stingrays, with shell fragments com-
monly found in the stomachs of large rays (Babel 1967). 
Because the Mn concentration in mollusk shells is thought 
to follow levels in ambient seawater (e.g., Barats et al. 2009), 
vertebral Mn/Ca may follow consumption rates of shelled 

prey items and/or vertebral incorporation rates of Mn. These 
factors could further vary by location. For example, inverte-
brate prey inhabiting anoxic sediments with high dissolved 
Mn2+ concentrations (such as Cat Harbor or Seal Beach 
Wildlife Refuge) could have higher tissue Mn concentrations 
compared to those inhabiting open coast sandy substrates. 
Higher Mn concentrations in prey items at one location over 
another, reinforced by sexual segregation and temperature, 
could explain why female Round Stingray vertebrae had sig-
nificantly higher vertebral Mn/Ca compared to males.

Zn/Ca

Vertebral Zn/Ca differed substantially between sexes, with 
females being 1.1x higher than males, potentially due to 
physiological differences. Zinc is an essential trace element 
for a diverse array of biological and physiological processes 
including catalysis, hormonal mechanisms, cell regulation, 
and homeostasis, as well as playing a role in reproductive, 
gastrointestinal, neural, and endocrine systems (Williams 
1984; Favier 1992; Vallee and Falchuk 1993; Stefanidou 
et al. 2006). Zinc is especially crucial for the embryonic 
development of multicellular organisms, and Zn deficiencies 
during pregnancy decrease embryo survival for fish, birds, 
and mammals, including humans (Vallee and Falchuk 1993). 
A reproductive performance study found that Nile Tilapia 
(Oreochromis niloticus) had a significantly larger spawn 
population per capita when taking Zn dietary supplements 
(Gammanpila et al. 2010).

Zn and other trace elements are critical for embryonic 
growth and development. Because Zn is an important co-
factor of collagen proteins, including otolin-1, and is essen-
tial for yolk formation (vitellogenesis), Zn and Ca are the 
elements thought to most likely reveal potential reproductive 
cycles (Reis-Santos et al. 2022). The reproductive impor-
tance of Zn for females could explain the notably higher 
vertebral Zn/Ca levels over males in Round Stingray. An 
investigation of muscle and liver tissue of the Smalleye 
Smooth-Hound Shark (Mustelus higmani) found that Zn is 
offloaded at the highest concentrations from mother to off-
spring (de Souza-Araujo et al. 2020). Raoult et al. (2018) 
found high prebirth vertebral Zn/Ca in ten shark species, 
which may be related to high Zn concentrations in gestating 
mothers. Sturrock et al. (2015) found sex-specific differences 
in otolith element concentrations for Zn/Ca in European 
plaice (Pleuronectes platessa L.), which they attributed to 
processes regulating blood protein and Ca concentrations 
in marine fishes (such as gonad maturation) modifying Ca 
homologue concentrations, and in turn, their element/Ca 
ratios in tissues (Kalish 1991). This possibility is especially 
relevant for our study, as female rays were pregnant and 
reproductively active whereas males were collected in their 
quiescent phases (outside of their reproductive cycle). Our 
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results show that female stingrays that were in any stage of 
pregnancy had the highest vertebral Zn/Ca values, followed 
by ovulating females. Vertebral Zn/Ca in females that were 
not reproductively active was 1.2x lower than in pregnant 
females. These findings support the hypothesis that vertebral 
Zn/Ca enrichment may partially follow physiological pro-
cesses that occur during maturity, specifically reproduction.

Vertebral Zn/Ca also varied by location, with Califor-
nia estuary stingrays higher than Catalina (by 1.2x) and LA 
Harbor (by 1.4x) rays. The reason for this variation could 
be related to the spatial sex distribution of the specimen 
collections since most California estuary specimens were 
pregnant females and most LA Harbor rays were nonrepro-
ductive males. Temperature variations among the collection 
sites are another possible controlling factor since vertebral 
Zn/Ca has also been shown to follow temperature (Smith 
et al. 2013). The higher temperatures experienced by Cali-
fornia estuary rays compared to their LA Harbor counter-
parts could thus potentially also account for enhanced Zn 
vertebral concentrations.

Although vertebral Zn/Ca could serve as a proxy of the 
ambient marine environment, specific pathways and mecha-
nisms for Zn uptake in vertebral hydroxyapatite are uncer-
tain and complicated (Smith et al. 2013). For example, Zn/
Ca contrasts between sexes such as observed in our study are 
inconsistent across studies of other fish. For example, Bar-
rera-García et al. (2013) found sex to be a significant factor 
in liver and kidney tissue Zn concentrations in Blue Sharks 
(Prionace glauca), but with males enriched compared to 
females. These differences were attributed to prey prefer-
ences between sexes and seasonal shifts in diet. Consistent 
with our findings, Al-Yousuf et al. (2000) found higher Zn 
concentrations in female liver and skin tissues compared to 
males for Redspot Emperor Fish (Lethrinus lentjan), which 
they attributed to hormones and the available number of 
active sites in the protein and cytochrome P-450 in female 
versus male fish. Finally, Endo et al. (2008) found no differ-
ences between sexes in tissue trace element concentrations 
(including Zn) among Tiger Sharks (Galeocerdo cuvier). 
The fact that vertebral Zn variations have been demonstrated 
within and among species suggests that physiological pro-
cesses that drive vertebral development are highly varied 
(Raoult et al. 2018). This inconsistency complicates inter-
pretations of how vertebral Zn/Ca levels in Round Stingrays 
relate to environmental and physiological processes.

Sr/Ca

Vertebral Sr/Ca differed significantly between sexes, despite 
being only 1.05x higher in female Round Stingrays. Unlike 
Mn/Ca and Zn/Ca, Sr/Ca has not been demonstrated to play 
a physiological role in fish (Chowdhury and Blust 2011; 
Smith et al. 2013). However, Sr may substitute for Ca during 

biomineralization (both are chemically similar Group II ele-
ments with similar ionic radii of 114 and 132 pm, respec-
tively), in relation to its environmental availability (Lewis 
et al. 2016). The higher concentrations of Sr in seawater 
(~ 8 ppm) compared to freshwater (< < 1 ppm) environ-
ments (Musgrove 2021) facilitate its use as a salinity proxy 
for habitats experienced through life. For example, verte-
bral Sr/Ca has been used to document movement patterns 
of the euryhaline Bull Shark (Carcharhinus leucas) (Tillett 
et al. 2011). Although temperature has previously not been 
shown to affect vertebral Sr/Ca in Round Stingray (Smith 
et al. 2013), a positive relationship in the Port Jackson Shark 
(Heterodontus portusjacksoni) may indicate that vertebral 
Sr/Ca is sensitive to interspecific differences in physiologi-
cal, metabolic, or kinetic factors between individuals (Piste-
vos et al. 2019).

Higher vertebral Sr/Ca in female Round Stingrays in our 
study may proxy more elevated temperature and salinity 
levels in sheltered salt marshes and estuaries. Seal Beach 
Wildlife Refuge, for example, experiences daily temperature 
fluctuations that can approach 10 °C in a single tidal cycle 
(Hoisington and Lowe 2005; Mull et al. 2008). Higher evap-
oration rates in this shallow marine habitat may be associ-
ated with higher salinity levels, leading to higher concentra-
tions in vertebral Sr/Ca. Higher temperatures and associated 
increased growth rates could also explain females having 
higher vertebrae Sr/Ca compared to males, as Pistevos et al. 
(2019) found temperature may be an important control of 
elemental uptake in calcified tissue.

Ba/Ca

We found significant vertebral Ba/Ca differences by sex and 
location, with male stingrays 1.3x higher than females and 
LA Harbor and Catalina rays higher than California estu-
ary rays by factors of 1.4 and 1.5, respectively. Like Sr, Ba 
(149 pm radii) can also substitute for Ca in calcified biomin-
eral phases. Unlike Sr, however, Ba seawater concentrations 
are inversely related to salinity (Lewis et al. 2016). Smith 
et al. (2013) found Round Stingray vertebral Ba/Ca followed 
ambient seawater concentrations but also strongly decreased 
with temperature. High Ba, low-temperature environmental 
conditions have previously been linked with upwelling sig-
natures in shark vertebrae (Mohan et al. 2018).

The low vertebral Ba/Ca levels in California estuary sting-
rays may follow from higher salinities and/or temperature 
ranges than occur in Catalina Island and LA Harbor. The 
higher vertebral Ba/Ca of male Round Stingrays inhabiting the 
coastal environment suggests that they experience lower tem-
peratures and/or salinity levels, and possibly also upwelling-
associated water masses (Mohan et al. 2018). Feitosa et al. 
(2020) similarly found relatively elevated Sr/Ca in females and 
Ba/Ca in males for Smalltail Shark (Carcharhinus porosus) 
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vertebrae but could not attribute variations to environmental 
differences.

Conclusion

Round Stingray vertebrae compositions, standardized to the 
final month of growth, support that trace element signatures 
are likely influenced by sexual segregation, compared to loca-
tion and year of capture. Differences in vertebral Mn/Ca, Zn/
Ca, Sr/Ca, and Ba/Ca may be explained by physiological driv-
ers of sexual segregation (i.e., pregnancy in females) lead-
ing to spatial separation of males and females within distinct 
habitats having differing water mass and sediment character-
istics. Element/Ca differences among sex and location groups 
generally support that females experience higher temperatures 
and/or salinities. Certainly, further studies from more repre-
sentative specimen collections should be conducted to pinpoint 
the extent to which physiological pathways and mechanisms 
influence vertebral uptake in elasmobranchs compared to 
environmental factors. Nonetheless, our study demonstrates 
the potential of vertebral element/Ca signatures to proxy 
habitats experienced and patterns of behavioral movement in 
elasmobranchs.
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