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Marine calcifiers are considered to be among the most vulnerable taxa to climate-forced

environmental changes occurring on continental margins with effects hypothesized to

occur on microstructural, biomechanical, and geochemical properties of carbonate

structures. Natural gradients in temperature, salinity, oxygen, and pH on an upwelling

margin combined with the broad depth distribution (100–1,100m) of the pink fragile sea

urchin, Strongylocentrotus (formerly Allocentrotus) fragilis, along the southern California

shelf and slope provide an ideal system to evaluate potential effects of multiple climate

variables on carbonate structures in situ. We measured, for the first time, trait variability

across four distinct depth zones using natural gradients as analogues for species-specific

implications of oxygen minimum zone (OMZ) expansion, deoxygenation and ocean

acidification. Although S. fragilismay likely be tolerant of future oxygen and pH decreases

predicted during the twenty-first century, we determine from adults collected across

multiple depth zones that urchin size and potential reproductive fitness (gonad index) are

drastically reduced in the OMZ core (450–900m) compared to adjacent zones. Increases

in porosity and mean pore size coupled with decreases in mechanical nanohardness and

stiffness of the calcitic endoskeleton in individuals collected from lower pHTotal (7.57–7.59)

and lower dissolved oxygen (13–42 µmol kg−1) environments suggest that S. fragilis

may be potentially vulnerable to crushing predators if these conditions become more

widespread in the future. In addition, elemental composition indicates that S. fragilis

has a skeleton composed of the low Mg-calcite mineral phase of calcium carbonate

(mean Mg/Ca= 0.02mol mol−1), with Mg/Ca values measured in the lower end of values

reported for sea urchins known to date. Together these findings suggest that ongoing

declines in oxygen and pH will likely affect the ecology and fitness of a dominant echinoid

on the California margin.

Keywords: ocean deoxygenation, ocean acidification, echinoid, sea urchin, Strongylocentrotus fragilis, oxygen

minimum zone, carbonate geochemistry, biomechanics

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2018.00258
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2018.00258&domain=pdf&date_stamp=2018-08-22
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:kirk.sato@oist.jp
https://doi.org/10.3389/fmars.2018.00258
https://www.frontiersin.org/articles/10.3389/fmars.2018.00258/full
http://loop.frontiersin.org/people/515662/overview
http://loop.frontiersin.org/people/234431/overview
http://loop.frontiersin.org/people/134324/overview


Sato et al. Natural Variation in a Deep–Sea Model Species

INTRODUCTION

Continental margin ecosystems along eastern boundary
upwelling systems experience sharp natural gradients in
temperature, salinity, dissolved oxygen (DO), and pH over
short vertical distances (Feely et al., 2008; Levin and Sibuet,
2012; Sperling et al., 2016; Figure 1). In the eastern Pacific these
gradients are associated with oxygen minimum zones (OMZs)
that originate from combined respiration of abundant sinking
organic matter and reduced exposure to more oxygenated
water masses (Gilly et al., 2013). In contrast to regions
affected by coastal hypoxia, which are primarily caused by
eutrophication (Diaz and Rosenberg, 2008), OMZs are formed
via natural processes (Helly and Levin, 2004; Breitburg et al.,
2018). In the Southern California Bight (SCB) OMZ, two
distinct intermediate water masses converge and contribute
to upwelled source water: the relatively cool, less saline,
high-DO, high pH Pacific Subarctic Upper Water (PSUW)
advected from the north and the relatively warm, salty,
low-DO, low-pH Pacific Equatorial Water (PEW) advected
from the south (Nam et al., 2015). OMZs are defined as
midwater areas where DO levels are <22 µmol kg−1 (<0.5ml
l−1), and OMZ properties (e.g., thickness, boundary depths,
seasonality, oxygen minima values) vary geographically (Helly
and Levin, 2004; Gallo and Levin, 2016) and over multiple
time-scales (Moffitt et al., 2015). In recent decades, OMZs
have appeared to expand in tropical and subtropical regions
(Stramma et al., 2010; Schmidtko et al., 2017; Levin, 2018)
with major ecological implications for marine populations and
communities (Gilly et al., 2013; Gallo and Levin, 2016; Sato et al.,
2017).

According to life-history theory, the variability of key
life-history traits for organisms, including body size, gonad
index, and properties of structural elements confer species
variable fitness (Lack, 1947; Smith and Fretwell, 1974; Denny
et al., 1985; Fabian and Flatt, 2012; MacLean and Beissinger,
2017). Continental margin communities and species that are
exposed to concomitant drivers associated with anthropogenic
climate change such as warming, ocean acidification (OA)
and deoxygenation are excellent candidates to investigate trait
variability patterns (Gruber, 2011; Kroeker et al., 2016). To
better understand the evolutionary and ecological consequences
of multiple climate change drivers in the ocean such as OA
and deoxygenation, it is critical to characterize environmental
effects on the variability of traits linked to fitness in situ
within key species (i.e., phenotypic buffering) (Reusch, 2014;
Sunday et al., 2014; Swezey et al., 2017a; Des Roches et al.,
2018). The upper and lower boundaries of severe OMZs
on upwelling margins exhibit strong vertical zonation of
benthic invertebrate communities, with rapid shifts from dense
benthic megafauna and calcareous invertebrates outside the
OMZ to communities dominated by annelids and calcareous
foraminifera within the OMZ (Levin, 2003; Gooday et al.,
2010). Only recently has there been investigation of the
interplay of temperature, oxygen and pH effects on extant
benthos in these areas (Sperling et al., 2016; Sato et al.,
2018).

Echinoid sea urchins are important benthic grazers (Pearse,
2006), algal detritivores (Barry et al., 2014; Sato et al., 2018)
and deposit feeders (Lohrer et al., 2005). The pink urchin,
Strongylocentrotus fragilis, is a dominant megafaunal species on
the outer shelf (120–200m) and upper slope (200–500m) in
southern California (Thompson et al., 1993; Sato et al., 2017;
Walther et al., 2017). S. fragilis also occurs, although infrequently,
in the OMZ core (500–900m) and below the OMZ core, in the
Lower OMZ (LOMZ; 900–1,200m) where DO and pH are higher
than in the OMZ core (Sumich and McCauley, 1973; Barry et al.,
2014; Taylor et al., 2014; Figure 1). Sato et al. (2018) previously
described natural history traits of S. fragilis in the SCB including
spatial variability in density, distribution, feeding behavior, and
relative growth rates, as well as seasonal patterns in reproductive
potential. S. fragilis thus serves as a model species to evaluate
how multiple parameters that are likely to be modified under
climate change (e.g., temperature, DO, and pH) may potentially
influence sublethal fitness traits on both macro- and microscale
levels (Byrne et al., 2014; Taylor et al., 2014; Carrington et al.,
2015; Swezey et al., 2017b).

There is compelling evidence that projected future changes
in ocean temperature, carbonate chemistry, and DO will affect
morphological function of calcified hard parts and fitness success.
For example, weaker structures in intertidal mussels (Gaylord
et al., 2011; Carrington et al., 2015), crustaceans (Taylor et al.,
2015; deVries et al., 2016; Lowder et al., 2017), coccolithophorids
(Ziveri et al., 2014), and sea urchins (Presser et al., 2010; Collard
et al., 2016) could increase vulnerability to predation. Sea urchins
produce ellipsoid-shaped, calcitic skeletal structures called tests,
as well as calcitic spines, both of which provide the organism
with a variety of critical functions such as protection against
predators, sensing, locomotion, and feeding (Pearse, 2006). An
improved understanding of the relationship between material
properties (e.g., hardness, stiffness) of S. fragilis skeletal tests and
the environmental gradients they experience on the continental
margin can provide valuable information regarding S. fragilis’
potential survival under climate change and its vulnerability to
crushing predators (e.g., crabs and fish).

Calcified sea urchin tests are typically composed primarily
of calcite (CaCO3) with various amounts of magnesium
incorporated in their calcareous structures (i.e., MgCO3 or
Mg calcite). Organisms that produce Mg calcite containing
significant amounts of Mg are potentially highly vulnerable
to future changes in the seawater carbonate system linked to
anthropogenic increases in atmospheric pCO2 as Mg calcite
phases with 8–12 mol% MgCO3 are more soluble than aragonite
(Walter and Morse, 1984; Morse et al., 2006; Andersson et al.,
2008). While several datasets quantify % MgCO3 in field-
collected sea urchins (e.g., Clarke and Wheeler, 1917; Chave,
1954; Kuklinski and Taylor, 2009) and in controlled laboratory
experiments (e.g., Hermans et al., 2010; Lavigne et al., 2013),
the biomineral Mg composition of S. fragilis, a potential climate
change-tolerant species, has yet to be reported. In addition,
few studies attempt to link spatial patterns of Mg content with
material properties of calcified hard parts in the context of
physicochemical variables affected by climate change (Byrne
et al., 2014). Notably, some deep-water echinoderms distributed
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FIGURE 1 | Depth profiles for temperature (T), salinity, dissolved oxygen (DO), and in situ pHTotal in southern California, indicating the vertical structure of key variables

likely to be modified under climate change. Horizontal gray dashed lines separate the continental margin into four depth zones: Shelf, Oxygen Limited Zone (OLZ),

Oxygen Minimum Zone (OMZ), and Lower Oxygen Minimum Zone (LOMZ). Points indicate trawl depths of urchin collection sites throughout southern California.

across the globe have been found to be tolerant of waters
undersaturated with respect to the polymorph of their species-
specific calcareous structure (�i <1) (Lebrato et al., 2016).

In some biogenic structures, metal enrichment can form
significantly tougher composite structures (Naleway et al., 2016).
For example, the protodolomite stone part of each tooth of the
urchin feeding apparatus (Aristotle’s lantern) can exceed 40–
45% MgCO3 (Wang et al., 1997), which may have led to the
taxon’s evolutionary success (Candia Carnevali et al., 1993; Ma
et al., 2009; Reich and Smith, 2009; Frank et al., 2015). Further
evidence suggests that temperature, but not pH,may be positively
related to both Mg content and hardness of some urchin’s calcitic
structures (Byrne et al., 2014), while another study suggested
Mg was not related to hardness (Moureaux et al., 2010). In
addition to Mg, numerous other co-precipitated elements are
differentially incorporated into biotic calcitic structures such
as phosphorus (P; e.g., calcium phosphate) and strontium (Sr;
e.g., strontium calcite) (Mackenzie et al., 1983). Some trace
metals, such as iron (Fe) and zinc (Zn), have been found
to enhance mechanical properties of biomineralized structures
(e.g., iron oxides, zinc oxides), and inspire the development
of anthropogenic biomaterials (Meyers et al., 2008; Agaogullari
et al., 2012; Naleway et al., 2016).

To better understand the link between environmental change
and fitness, we set out to elucidate the relationships among
physicochemical variables (temperature, salinity, DO, and
pH) and skeletal traits (morphological, biomineral element
composition, material properties and microstructure) of
S. fragilis across the southern California OMZ. Our main
objective was to measure variability of S. fragilis across four
depth zones (Shelf, OLZ, OMZ, and Lower OMZ) with
associated differences in temperature, salinity, DO, and pH.

We compared the following five potential fitness traits: (i)
size (test diameter), (ii) gonad index, (iii) biomineral element
composition, (iv) material properties (hardness and stiffness),
and (v) test microstructure (porosity). We hypothesized that
S. fragilis in the Shelf zone would exhibit the highest mean size
and gonad index, strongest skeletal tests, and lowest porosity
compared to conspecifics in OLZ, OMZ, and LOMZ depth bins
because the unfavorable environmental conditions in these zones
(lower T, O2, pH, and food availability) should limit calcification,
growth, and gonadal production.

MATERIALS AND METHODS

Field Sampling
To better understand the relationships of urchin body
size, reproductive potential, and various biogeochemical,
biomechanical, and material properties across multiple
environmental gradients, Strongylocentrotus fragilis individuals
were collected from various depths between 77 and 1,116m
throughout the SCB using depth-stratified otter trawls over a
period of four years between July 2012 and July 2016 (see Sato
et al., 2017). Urchins were collected year-round in collaboration
with the Southern California Coastal Water Research Project’s
Bight’13 Trawl Survey (2013), the National Oceanic and
Atmospheric Administration (NOAA) West Coast Groundfish
Bottom Trawl Survey (2014), as well as Scripps Institution of
Oceanography (SIO) course cruises and SIO student cruises
in 2014–2016 on the R/V Robert Gordon Sproul, the R/V New
Horizon, and the R/V Melville. During each trawl, the GPS
coordinates and bottom depth of the trawl start location were
recorded (Supplementary Material, Table S1). Upon retrieval,
∼25 S. fragilis urchins were haphazardly selected, frozen at
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−20◦C on board and transported back to the laboratory at SIO
where they were maintained in a−20◦C freezer until analysis.

For elemental, biomechanical, and porosity analyses, a subset
of urchins were selected from the following four depth zones,
corresponding to the concomitant environmental variables
(Figure 1 and Table 1): continental shelf (Shelf; 80–200m),
oxygen limited zone (OLZ; 201–450m), oxygen minimum zone
(OMZ; 451–900m), and lower oxygen minimum zone (LOMZ;
901–1,116m).

Hydrographic Data
Each SCB trawl was assigned a single value for temperature,
salinity, DO, and pH near (<10m from seafloor) or on the
seafloor (Figure 1). Hydrographic data were obtained in one
of three ways: (1) During the 2014 NOAA survey cruise,
conductivity, temperature, depth, and dissolved oxygen sensors
(CTD-O2) (Sea-Bird Scientific, Bellevue, WA, USA, SBE 19plus)
were directly attached to the trawl net. These recorded in
situ temperature (◦C), salinity (PSU), and DO (µmol kg−1).
(2) During the SIO cruises, CTD-O2 casts (Sea-Bird Scientific,
Bellevue, WA, USA) were conducted immediately before the
trawls were deployed. (3) Historical CTD-O2 data from quarterly
hydrographic cruises conducted by the California Cooperative
Oceanic Fisheries Investigations (CalCOFI) were obtained from
the CalCOFI station, sampling date and depth nearest in
space and time to the trawl providing urchins. Although
direct comparison of hydrographic data across methods was
not possible because data were collected at different locations
and times, each instrument was pre-calibrated according to
manufacturer specifications or by applying a linear correction
based on discrete samples (Nam et al., 2015).

Data for pHTotal were obtained in two ways: (1) In San
Diego, discrete water samples were taken at depths by CTD
rosette corresponding to urchin trawls aboard the R/V Melville
during the student-led San Diego Coastal Expedition cruises
in June/July and December 2012. Briefly, water samples were
collected in Pyrex serum bottles following standard procedures
(Dickson et al., 2007). Within 4 h of collection, pH was analyzed
spectrophotometrically onboard at 20◦C using unpurified m-
cresol purple as indicator dye. The pH data accuracy and
precision were ± 0.02 (1 s.d.) and ± 0.0015, respectively, when
compared to certified reference materials (Takeshita et al., 2015).
For further discussion, see Nam et al. (2015) and Takeshita et al.
(2015). (2) For urchin collection sites in Santa Barbara (<500m),

pHSeawater was calculated using a robust empirical relationship
with temperature and dissolved oxygen concentration (r2 = 0.98,
root mean square error= 0.024) determined by Alin et al. (2012).
pHSeawater values were converted to the pHTotal scale using the
“pHconv” function in the R package seacarb. All pHTotal values
were corrected to reflect in situ conditions using the “pHinsi”
function with dissociation constants from Lueker et al. (2000)
and Dickson (1990).

Data in the upper 500m are comparable to mean results
of Nam et al. (2015), which described the seasonal variability
of multiple underreported hydrographic variables at a relatively
high spatial sampling resolution. Our results below 500m to
basin depths (>1,000m), are also consistent with a persistent,
well defined OMZ documented in previous published datasets
(Nam et al., 2015).

Laboratory Analyses
Urchin Size and Gonad Index
Urchin size and reproductive potential were compared across
depth zones to assess relative habitat quality. Frozen urchins were
thawed and rinsed clean in the laboratory prior to dissection.
Spines were removed prior to measurement of the individual
urchin test length diameter (TLD) via calibrated dial calipers
to the nearest 0.1mm. Wet weights of gonads (five lobes) were
measured along with the weight of each individual drained of
its internal fluids to the nearest 0.001 gram. Gonad Index was
calculated as the ratio of gonad wet weight to body weight.

Biomineral Element Composition of Tests
Multiple elements were measured in the calcified material
to better understand the relationships among environmental
conditions and mechanical and structural properties. Up to 10
interambulacral ossicle plates from each urchin, located 3–4
ossicles from the apex (dorsal surface), were dissected and air-
dried in glass vials. Ossicles were transferred to a trace element
clean room and placed in 5mL plastic vials that had been pre-
washed with 10% nitric acid. The ossicles were then soaked in a
clean solution of 15% Optima grade hydrogen peroxide (Fisher
Chemical) buffered with 0.05M Suprapur sodium hydroxide
(EMD Chemicals) for approximately 24 h to remove organic
tissue, rinsed in ultrapure water three times, and set to dry under
a Class-100 laminar flow hood for approximately 48 h. A total of
one to five ossicles from each individual were weighed together
(4–15mg total weight) and placed in pre-cleaned Teflon vials

TABLE 1 | Mean values (± 1 SE) of hydrographic variables (Depth, Temperature, Salinity, Oxygen, and in situ pHTotal), gonad index (% weight) and total length of the test

diameter of urchins separated by depth zone bin.

Zone n Depth (m) Temp (◦C) Salinity Oxygen (µmol kg−1) pHTotal TLD (mm) Gonad Index

Shelf 134 155.36 ± 3.43 9.64 ± 0.05 33.98 ± 0.01 85.05 ± 1.93 7.69 ± 0.01 60.46 ± 1.17 6.57 ± 0.38

OLZ 403 328.30 ± 2.33 8.43 ± 0.03 34.25 ± 0.01 41.88 ± 0.60 7.59 ± 0.01 48.26 ± 0.40 4.79 ± 0.19

OMZ 95 590.20 ± 13.33 6.22 ± 0.11 34.29 ± 0.01 15.83 ± 0.56 7.57 ± 0.01 45.49 ± 0.82 1.85 ± 0.18

LOMZ 24 1014.33 ± 20.15 4.33 ± 0.03 34.46 ± 0.01 13.32 ± 0.49 7.63 ± 0.01 51.08 ± 2.88 4.15 ± 1.01

Shelf, <200m; OLZ, Oxygen Limited Zone (22–60 µmol oxygen kg−1); OMZ, Oxygen Minimum Zone core (<22 µmol oxygen kg−1 ); LOMZ, Lower Oxygen Minimum Zone (>750m

where dissolved oxygen begins to increase).
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for digestion with 1ml of concentrated Teflon-distilled (TD)
nitric acid (14.7M HNO3) on a hotplate at 100◦C for >24 h.
Digested samples were dried down, re-acidified with 0.5mL
TD HNO3, doped with a 1 ppm indium solution (to monitor
instrumental drift), and diluted with 3mL of ultrapure water to
achieve a dilution factor of 250×. Samples were further diluted to
achieve a final dilution factor of 8,000 × prior to solution-based
analysis using a ThermoScientific iCAPq inductively coupled
plasma-mass spectrometer (ICP-MS; Thermo Fisher Scientific
GmbH, Bremen, Germany), mass calibrated on the day of
analysis. Atomic masses of the elements of interest (10B, 11B,
25Mg, 26Mg, 31P, 42Ca, 44Ca, 55Mn, 57Fe, 60Ni, 66Zn, 68Zn, 86Sr,
87Sr, 110Cd, 111Cd, 137Ba, 238U) were measured for 30 ratios,
resulting in internal precision of better than 2% (2 s.d.). Elements
were corrected for total mole fraction. Total procedural blanks
run with samples represented <3% of the measurement for
all elements. Raw data were corrected off line for instrument
background, drift and blank. Samples were bracketed by internal
standards of Cancer productus crab carapace (n = 4), which
allowed for calculation of absolute values, although we report
ratios relative to mol Ca−1. The crab standards yielded external
precision of better than 2% for each element, including Ca (2 s.d.)
and were calibrated relative to solution and powder standards by
bracketing and standard addition procedures. The elements B, P,
Ba, and Mn were not included in the NMDS analysis if data were
flagged with greater than 2% internal precision.

Seawater Element/Ca ratios (ESW/CaSW) from published
datasets collected from sites in the California Current (Biller
and Bruland, 2013) and the north Pacific Ocean (Supplementary
Material, Figure S1) were used to compare with ICP-MS results.
Due to low sample sizes of urchins in LOMZ, these urchins
were grouped with OMZ urchins (Table 2). Partition coefficients
for each element (DE) in urchin tests were calculated using the
equation,

DE = (Eurchin/Caurchin)/(ESW/CaSW), (1)

where E represented the element concentration and Ca was the
calcium concentration (in the urchin ossicles as measured by
ICP-MS and in seawater as estimated from published datasets).

Test Biomechanical Properties
To evaluate potential susceptibility to predation by crushing
across depth zones, hardness (i.e., resistance to permanent
indentation) and stiffness (i.e., elastic modulus, or resistance
to elastic deformation) of each ossicle were measured using
a nanoindentation materials testing machine (Nano Hardness
Tester, Nanovea, Irvine, CA, USA) equipped with a 200–µm
diameter spherical tip. Ossicle surfaces were smoothed using
ultra fine sandpaper (P6000) and then rinsed with MilliQ
water and dried under a hood. Sanded ossicles were mounted
with super glue onto a steel block (Supplementary Material,
Figure S2). Indentations were performed by penetrating into
each ossicle with a maximum load of 30 mN and loading
and unloading rates of 60 mN min−1. A total of three
to five indents were made on each ossicle (1–2 ossicles
from each individual, n = 8–15 indiv. depth zone−1). All

indents were spaced sufficiently apart (a minimum of 10
times the penetration depth) to avoid influence from adjacent
indents.

Test Porosity
To better understand the structural implications of variable
environmental conditions and drivers of biomechanical
properties, test porosity was also determined across depth
zones. Replicate ossicles (also located 3–4 interambulacral
plates away from the apex) were bisected using a razor blade,
carefully cleaned using a paintbrush under a stereomicroscope,
secured to a double 90◦ SEM mount revealing the cross-section
(Supplementary Material, Figure S3), and sputter coated with
iridium (Emitech sputter coater K575X) for image analysis
using scanning electron microscopy (SEM). Images of urchin
plate cross-sections (three per plate) were obtained at 300–
400 × magnification using an ultra-high-resolution SEM
(FEI XL-30 SFEG Scanning Electron Microscope) set to an
acceleration voltage of 5 kV to achieve a resolution of 2.5 nm.
SEM micrographs were analyzed for porosity (%) by calculating
the ratio of pore area to total area of the micrograph using
ImageJ (Supplementary Material, Figure S3; Schneider et al.,
2012). The color threshold for each 2-D SEM micrograph
was adjusted using either a mixed or traditional segmentation
algorithm in the DiameterJ Segmentation plugin (Hotaling
et al., 2015). For each micrograph, the output result that best
fit the original was manually determined from 16 possible black
and white images. The outlines of segments or pores (pore
size area: 0-infinity µm2) were determined automatically, and
the area (µm2) of each pore was calculated (Supplementary
Material, Figure S3). Outlined areas were visually inspected
for detection errors and manually traced using the polygon
tool if needed. The mean 2-D porosity for each ossicle (i.e.,
individual urchin), and the mean porosity and variance for each
depth zone (n = 5 individual urchins per depth zone) were
calculated.

High-resolution micro-computed tomography (HR-µCT)
was used to explore the spatial variability of porosity within
individual ossicles and to obtain more accurate estimations
of three-dimensional porosity. Single ossicles from 333m
and 1,116m were selected to represent a broad range in
physicochemical environments. Each ossicle was embedded in
epoxy and scanned with an isotropic voxel size of 400 nm
at a 40 kV acceleration voltage. The rotation angle and
tilt increment were set at 360◦ and 0.2◦, respectively, using
a MicroXCT-200 scanner (Xradia, Pleasanton, CA) at the
National Center for Microscopy and Imaging Research facility
(University of California, San Diego). Each scan was selected for
visualization using Amira software (FEI Visualization Sciences
Group, Burlington, MA). Distribution of surface porosity was
visualized by creating volume renderings of each ossicle and
adjusting the threshold range limits (i.e., average range threshold
limits and upper range (low porosity) threshold limits). To
quantify 3-D porosity for each sample, a 200–µm sided box was
haphazardly placed inside the initial scan file, additional volume
renderings were created, and the percent porosity was calculated
fromMaterial Statistics outputs.
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TABLE 2 | Mean values (± 1 SE) of hydrographic variables (Depth, Temperature, Salinity, Oxygen, and pHTotal) and [E/Caurchin] ratios of Strongylocentrotus fragilis urchin

tests separated by depth zone bin.

Zone n Depth (m) Temp (◦C) Salinity Oxygen (µmol kg−1) pHTotal

Shelf 24 174.2 ± 10.5 9.44 ± 0.17 33.98 ± 0.05 90.39 ± 8.53 7.69 ± 0.02

OLZ 20 362.5 ± 8.01 8.05 ± 0.10 34.29 ± 0.08 33.08 ± 0.77 7.57 ± 0.01

OMZ/LOMZ 26 681.8 ± 32.4 5.55 ± 0.19 34.36 ± 0.01 14.61 ± 0.71 7.57 ± 0.06

URCHIN (µmol mol Ca−1)

Zone n Zn Ni Cd U P

Shelf 24 12.66 ± 1.89 10.566 ± 0.07 0.98 ± 0.09 0.22 ± 0.02 9.46 ± 1.41

OLZ 20 8.62 ± 0.87 10.506 ± 0.04 0.74 ± 0.04 0.13 ± 0.01 1.33 ± 0.19

OMZ/LOMZ 26 9.69 ± 1.48 10.528 ± 0.09 0.61 ± 0.07 0.12 ± 0.01 4.47 ± 0.64

URCHIN (mmol mol Ca−1)

Zone n Mg Sr Fe

Shelf 24 19.86 ± 0.22 5.90 ± 0.04 6.93 ± 0.12

OLZ 20 19.88 ± 0.18 5.93 ± 0.03 7.28 ± 0.12

OMZ/LOMZ 26 18.49 ± 0.13 5.79 ± 0.03 6.94 ± 0.16

Shelf = <200m; OLZ, Oxygen Limited Zone (22–60 µmol oxygen kg−1); OMZ, Oxygen Minimum Zone core (<22 µmol oxygen kg−1); LOMZ, Lower Oxygen Minimum Zone (>750m

where dissolved oxygen begins to increase).

Statistical Analyses
To examine the environmental (e.g., depth, temperature,
salinity, DO, pHTotal) and zonal effects (e.g., Shelf, OLZ,
OMZ, and LOMZ) on urchin test size, gonad index, single
element concentrations, hardness, stiffness, and porosity, the
data were tested for normality using the Shapiro-Wilk test
and homogeneity of variances using the Breusch–Pagan test.
In each univariate analysis, where assumptions of normality
and homoscedasticity were met, parametric tests such as linear
regression with hydrographic variables as explanatory factors or
one-factor analysis of variance (ANOVA) with depth zone as a
factor were employed. If the data violated these assumptions,
the Box-Cox power transformation in R was used to transform
the data. If the transformation did not improve normality or
homoscedasticity of the data, then non-parametric tests were
used. Specifically, Kruskal-Wallis tests were used to compare
TLD and gonad index across zones, followed by post hoc Dunn’s
tests to analyze differences between zones. One-way ANOVAs
were employed to compare mechanical properties of ossicles
(i.e., hardness, stiffness) and ossicle 2-D porosity across zones,
followed by Tukey HSD tests to analyze differences between
zones.

Non-metric multidimensional scaling (NMDS) ordinations
were employed to evaluate the multi-elemental biomineral
composition patterns among urchins collected from different
depth zones. Urchin samples were organized and analyzed
based on their origin of collection at four depth-, temperature-,
salinity-, pH-, and oxygen-related zones (e.g., Shelf, OLZ, OMZ,
and LOMZ). Mole fraction ratios of element to calcium were
converted to mmol mol−1 or µmol mol−1 (for standardization
purposes) and square-root transformed prior to Bray-Curtis
distance similarity matrix calculation using the vegan package
(v. 2.4-2) in R (Oksanen et al., 2017). Elements and hydrographic
variables were tested for ordination significance based on
a permutation test with 999 iterations using the function

“envfit” (vegan package) with equally weighted “sites” (i.e., indiv.
urchins). Vectors of variables with a significance of p < 0.05 were
scaled relative to their correlation coefficient and plotted onto the
2-D ordination space.

RESULTS

Multiple fitness-related traits were compared across multiple
concomitant environmental gradients to better understand the
potential implications of future climate change in a region
characterized by expanding low-oxygen, low-pH zones. Large
differences were seen across depth zones, with all trait patterns
pointing to the model urchin species, Strongylocentrotus fragilis,
having the highest fitness in the Shelf zone and lowest in the
OMZ. Biomineral elemental composition of calcified test ossicles
revealed significant linear relationships of only Mg and Sr with
some environmental variables (i.e., temperature, oxygen, and
salinity).

Urchin Size and Gonad Index
Urchin test length diameter (TLD) ranged from 22.3–88.1mm
(Table 1; n = 656 indiv.; 53 sites). Mean TLD was significantly
different between Shelf, OLZ, and OMZ (Figure 2A; Kruskal-
Wallis: χ2 = 111.11, p < 0.001), but not OLZ and LOMZ. The
mean TLD of S. fragilis in the Shelf zone was ∼25% greater than
in the OLZ, ∼30% greater than in the OMZ, and ∼15% greater
than in the LOMZ (Dunn’s test: p≤ 0.001). On average, S. fragilis
TLD in the OMZ (core region) were ∼5% smaller than in the
OLZ and∼10% smaller than in the LOMZ (p < 0.05).

Mean gonad index (GI) of S. fragilis was significantly different
among depth zones (Figure 2B; Kruskal-Wallis:χ2 = 107.35, p<

0.001). Mean GI in the Shelf zone was ∼40% greater than in the
OLZ, ∼250% greater than in the OMZ, and ∼60% greater than
in the LOMZ (Dunn’s test: p ≤ 0.001). Mean GI in the OMZ was
∼60% lower than in the OLZ and∼55% lower than in the LOMZ
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FIGURE 2 | Representation of Strongylocentrotus fragilis traits across depth zones. (A) Total length of diameter (TLD; mm) of tests collected throughout the SCB.

(B) Mean Gonad Index (GI). Error bars are standard errors and numbers in barplots are numbers of dissected urchins (N). Shelf = <200m; OLZ = Oxygen Limited

Zone (22–60 µmol oxygen kg−1); OMZ = Oxygen Minimum Zone core (<22 µmol oxygen kg−1); LOMZ = Lower Oxygen Minimum Zone (>900m where dissolved

oxygen begins to increase).

(Dunn’s test: p ≤ 0.006). There was no significant difference in
mean GI between the OLZ and the LOMZ (Dunn’s test: p =

0.12). Urchins were collected primarily during summer months
(Supplementary Material, Table S1), which minimized the effect
of seasonal variability on these results; see Sato et al. (2018) for
seasonal changes in S. fragilis reproductive cycle.

Biomineral Element Composition
For a total of 70 out of 103 samples used in subsequent analyses,
each element was detected without being flagged for having
greater than 2% internal precision. The Sr/Ca ratio in the calcified
test ossicles was positively related to temperature (Figure 3A;
Linear Regression: r2 = 0.34, p = 0.028) and DO (Figure 3B;
Linear Regression: r2 = 0.41, p = 0.014), but not salinity, pH
or depth. Mg/Ca ratios of all ossicles were <0.025 (Table 2).
Mg/Ca ratios were positively related to temperature (Figure 3C;
Linear Regression: r2 = 0.39, p = 0.018) and negatively related
to salinity (Figure 3D; Linear Regression: r2 = 0.46, p = 0.018),
but there was no relationship with DO, pH, or depth. There
were no significant relationships of the remaining element to
Ca ratios (Fe/Ca, Zn/Ca, Ni/Ca, Cd/Ca, U/Ca, and P/Ca) with
any environmental variables. Mean molar ratios (± 1 s.e.) of all
elements to Ca are shown in Table 2.

There were significant relationships between the ratios of
Fe/Ca and Cd/Ca in tests and in seawater (Figure 4). We found
greater Fe concentration in tests in response to greater Fe
concentrations in seawater (Figure 4A; Linear Regression: r2 =

0.99; p < 0.001), and lower Cd concentration in tests in response
to greater Cd concentrations in seawater (Figure 4B; Linear
Regression: r2 = 0.99; p < 0.001). Although similar positive
(Mg, U, Ni) and negative (Sr, P, Zn) trends were observed for
other elements, these relationships were not significant (Linear
Regression: p > 0.05; Supplemental Material, Figure S4). The
partition coefficient (DE) was >1 for Ni, Zn, Cd and Fe, and <1
for Mg, Sr, P, and U (Figure 4C). For elements with DE >1, DE

was highest in urchins from the Shelf and lowest in urchins from
the OMZ.

Test Mechanical Properties
Mean hardness of skeletal test ossicles ranged from 0.06 to
0.18 GPa (Figure 5A). Ossicles from the Shelf zone were
approximately 188% harder than those in the OMZ and 110%
harder than those collected from the OLZ and the LOMZ
(Figure 5A; 1-way ANOVA: F(3,42) = 11.22, p < 0.001; Tukey
HSD: p≤ 0.005).Mean hardness of OMZ urchin ossicles was 32%
lower than those from the LOMZ, but this was not statistically
significant (Figure 5A; Tukey HSD: p > 0.05).

Mean stiffness (i.e., elastic modulus) of test ossicles ranged
from 2.69 to 10.10 GPa (Figure 5B). Stiffness values were square-
root transformed, and significant differences were found among
depth zones (Figure 5B; 1-way ANOVA: F(3,42) = 17.78, p <

0.001). Mean stiffness of the ossicles from Shelf zone was between
140–280% greater than that of ossicles from the other three depth
zones (Figure 5B; Tukey HSD: p < 0.001).

Porosity
Two-dimensional porosity (% pore area) of cross sections of test
ossicles ranged from 35% in samples collected from the Shelf to
>45% in LOMZ samples and differed significantly across depth
zones (Figure 5C; 1-way ANOVA: F(3,15) = 9.143, p = 0.001).
Mean 2-D porosity of Shelf urchin ossicles was 19% lower than
OMZurchin ossicles (TukeyHSD: p= 0.004) and 22% lower than
LOMZ urchin ossicles (p = 0.001). Consistent with the change
in porosity, the mean pore size was significantly different across
depth zones (Figure 5D; 1-way ANOVA: F(3,15) = 9.542, p <

0.001). Mean pore size in the LOMZ was almost double that of
the Shelf urchins (Tukey HSD: p < 0.001).

Analysis of HR-µCT scans for 3-D assessment revealed
significant variability in porosity across the outer surface and
within the sponge-like stereom of the ossicle (Supplementary
Material, Figure S5). 3-D porosity analysis from 200-µm-sided
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FIGURE 3 | Relationships of test ossicle elemental concentrations and hydrographic variables. Ratios of Sr/Ca (mol mol−1) with (A) temperature and (B) dissolved

oxygen. Ratios of Mg/Ca (mol mol−1) with (C) temperature and (D) salinity. Black solid lines indicate the best fit line result of linear regression. Dashed lines indicate

95% confidence intervals. Error bars are ± 1 standard error.

volume renderings of urchins from both 333m and 1116m
exhibited ∼80% pore space compared to the 2-D porosity
estimates of 35–45% (Figure 5D).

Multivariate Test Properties
NMDS ordination analysis resulted in significant correlations of
multiple elements and mechanical response variables within the
2-D ordination space (Supplementary Material, Figure S6; 2-D
stress= 0.08). Magnesium was not correlated with nanohardness
as originally hypothesized. Instead, Sr/Ca, Ni/Ca, and the lack of
Cd/Ca appeared positively correlated with S. fragilis test hardness
and stiffness. U/Ca appeared to be positively correlated with pore
size and total porosity within the test structure.

DISCUSSION

Results offer new insights into the evolutionary and ecological
consequences of multiple climate change parameters on fitness
traits of a model species including its structural properties and
potential vulnerability to crushing predators. Sea urchins are
generally thought to be vulnerable to the chemical changes
in marine systems associated with acidification, and presumed

deoxygenation (Dupont et al., 2010; Kroeker et al., 2010; Kurihara
et al., 2013), but previous studies have not considered urchins
exposed to deeper intermediate waters. In southern California,
for example, the upper boundary (60 µmol kg−1) of the OLZ has
shoaled by as much at 100m over the past 25 years (Bograd et al.,
2008, 2015). This change coincides with an upslope expansion
of deep-water sea urchin species, including the pink sea urchin,
Strongylocentrotus fragilis, and an apparent habitat compression
for a shallower urchin species, Lytechinus pictus (Sato et al.,
2017). The observed shoaling of low oxygen zones coupled with
predicted acidification and undersaturation of subsurface waters
with respect to calcium carbonate mineral phases (Alin et al.,
2012; Gruber et al., 2012; Bograd et al., 2015) present the impetus
to better understand the functional implications of multiple
climate change drivers on key taxa like S. fragilis in southern
California. We compared urchin size (test diameter), gonad
index, biomineral element composition, material properties
(hardness and stiffness), and test microstructure (porosity) of
S. fragilis across four depth zones (Shelf, OLZ, OMZ, and Lower
OMZ). Our results support our hypothesis that S. fragilis in the
Shelf zone exhibited higher fitness properties compared to those
in OLZ, OMZ, and LOMZ depth bins.
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FIGURE 4 | Relationships between element to calcium ratios in Strongylocentrotus fragilis test plates (E/Caurchin) and element to calcium ratios in seawater (E/CaSW)

within different depth zones. E/Caurchin were averaged across depth bins, Shelf (green), Oxygen Limited Zone (red), and Oxygen Minimum Zone / LOMZ (blue). Black

lines indicate significant linear regression relationships which yielded empirical partition coefficients (Dmetal) for (A) Cd and (B) Fe. Error bars indicate ± 1 standard

error. (C) Natural log-transformed ratios of elemental incorporation in Strongylocentrotus fragilis E/CaUrchin versus element concentration ratios in seawater E/CaSW.

Ln values >0 indicate E/CaUrchin >E/CaSW. Values <0 indicate E/CaUrchin <E/CaSW. Elemental concentrations of various elements in seawater (Mg, Sr, P, U, Ni, Zn,

Cd, Fe, and Ca) in the upper 1,000m of the water column were extracted from Biller and Bruland (2013) and Dr. Kenneth Johnson’s Periodic Table of Elements in the

Ocean. Available online at: http://www.mbari.org/science/upper-ocean-systems/chemical-sensor-group.

Size and Reproductive Potential
S. fragilis may respond to unfavorable future acidification and
deoxygenation by either shrinking in size (Figure 2A), as seen in
other animals (Piersma andDrent, 2003), including S. purpuratus
(Ebert, 1967, 1968), by limiting gonad production (Figure 2B),
or by growing slower (Sato et al., 2018). Availability of the
preferred food, sunken kelp detritus, likely plays an important

role in the trait differences seen in S. fragilis from the Shelf
compared to other zones (Figures 2, 4). Using remotely operated
vehicles (ROVs), Sato et al. (2018) observed aggregations of
S. fragilis feeding on giant kelp detritus at depths shallower
than 500m, but no aggregations were seen on sunken detritus
deeper than 500m. Smaller urchins with significantly reduced
GI in the OMZ support previous findings of reduced relative
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FIGURE 5 | Mean biomechanical and material properties of Strongylocentrotus fragilis across depth zones. (A) Hardness (GPa). (B) Stiffness (i.e., Elastic Modulus).

(C) % Porosity. (D) Area per pore (µm2). White numbers inside bars indicate number of individual urchin replicates. Errors bars indicate +1 standard error. Shelf =

<200m; OLZ = Oxygen Limited Zone (22–60 µmol oxygen kg−1); OMZ = Oxygen Minimum Zone core (<22µmol oxygen kg−1); LOMZ = Lower Oxygen Minimum

Zone (>900m where dissolved oxygen begins to increase).

growth rates (Sato et al., 2018), which is consistent with the
theory that increased food availability may mitigate negative
impacts on growth and gonad production (Ebert, 1968; Dupont
et al., 2013). However, deep-sea urchin food availability remains
underrecorded in this region indicating that more data are
required to better understand how S. fragilis will be impacted by
future OA and deoxygenation.

A subtropical urchin species, Hemicentrotus pulcherrimus,
exposed to elevated pCO2 (1,000µatm) for 16 days exhibited
an initial suppression of food intake and a subsequent delay
in gonad production and reproductive phenology after longer-
term exposure to elevated CO2 conditions (Kurihara et al., 2013).
Since no effect was found on growth rate or respiration rate, the
authors suggested that the reduced feeding could negatively affect
the quality of H. pulcherrimus eggs (size and nutrient content).
Although we did not investigate the quality of S. fragilis eggs, it is
quite likely that OMZ urchins received less food input in the form
of allochthonous kelp than those in the Shelf zone, as reflected
by their smaller size and lower gonad index. Furthermore, the
gonad index of S. fragilis from the OMZ in this study was lower
than previously reported GIs measured in urchins from a repeat
OLZ station (∼350m) over 4 years (Sato et al., 2018). Here we
found significantly larger individuals with higher gonad indices
in the LOMZ compared to the OMZ core, which suggests that
physicochemical factors like pH and oxygen are likely key drivers
in gonad production and growth processes.

Microstructure and Biomechanics
The observed increases in 2-D porosity and mean pore size
of tests seen at OLZ, OMZ, and LOMZ depths relative to

conspecifics from Shelf depths (Figures 5C,D) are consistent
with the hypothesis that sublethal effects on form and function
may occur under energetically stressful conditions (Todgham
and Hofmann, 2009; Byrne et al., 2014). Although recent
evidence suggests some urchin species including the congener,
S. purpuratus, may have the evolutionary capacity to adapt or
acclimatize to OA levels expected under “business-as-usual” CO2

emission scenarios (Kelly et al., 2013; Hofmann et al., 2014),
fitness trait responses to OA and other potential climate change
parameters are context-dependent (e.g., species, life-history
stage; Dupont et al., 2010; Padilla-Gamiño et al., 2013; Dubois,
2014). Compared to shallow-water urchin species, S. fragilis
appears to have a more limited ability to regulate acid-base
balance of its extracellular fluids in response to month-long
exposure to decreased pHTotal (∼7.2) levels, which were
predicted to simulate year 2300 conditions in the OMZ (Taylor
et al., 2014). In contrast, a temperate shallow urchin species
(Paracentrotus lividus) was shown to regulate extracellular pH by
compensating coelomic fluid acidosis with both bicarbonate and
non-bicarbonate buffers (Collard et al., 2013, 2014); and P. lividus
exhibited no significant differences in the mechanical properties
of its skeletal test after long-term exposure (12 months) to future
pCO2 scenarios (Collard et al., 2016).

Regulation of internal pH for calcification is thought to
be energy intensive (McCulloch et al., 2012), and if food
availability is limited, energy allocation also might shift away
from calcification and growth to other physiological functions
(e.g., see Hennige et al. (2015) for cold water corals). Higher 2-D
porosity and larger pore sizes of S. fragilis in the OLZ, OMZ,
and LOMZ compared to those at Shelf depths are consistent
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with previous findings that pH and DO are strongly related to
growth rate (Sato et al., 2018). Alternatively, the critical proteins,
glycoproteins, and polysaccharides responsible for biomineral
crystal nucleation may be in higher demand within the organic
matrix during S. fragilis skeletogenesis in these zones (Hermans
et al., 2010; Addadi and Weiner, 2014). Comparative analysis
between proteomes of S. fragilis and the shallow-water congener,
S. purpuratus by Oliver et al. (2010) concluded that genes
responsible for skeletal development and sulfur metabolism (e.g.,
carbohydrate sulfotransferases) were expressed more in S. fragilis
relative to S. purpuratus. These results provide further evidence
that S. fragilis is better adapted to potentially grow at deeper,
energetically costly depths despite the greater demand to produce
precursor macromolecules for skeletogenesis (Mann et al., 2008)
and maintain extracellular acid-base regulation of internal fluids
(Taylor et al., 2014).

Test Minerology
Biocalcification rates by echinoderms (e.g., sea urchins, sea
stars, brittle stars, crinoids) contribute significantly to calcium
carbonate production on a global scale (Lebrato et al., 2010).
Some sea urchins, but not all (Presser et al., 2010), produce
skeletal tests containing ∼12–18% mol% MgCO3 (Chave,
1954; Andersson et al., 2008; Lavigne et al., 2013; Lebrato
et al., 2016), which are more soluble than tests with lower
MgCO3. S. fragilis skeletal test ossicles collected across all
SCB sites spanning multiple environmental conditions, revealed
low mean (±1 s.e.) concentrations of Mg (0.019 ± 0.001mol
mol Ca−1, i.e., 1.9% MgCO3), which suggests that the Mg
content of their skeletal tests falls in the lower end of values
documented for sea urchin species (range: ∼0.042–0.19mol
Mg mol Ca−1) collected from natural environments (see
Supplementary Table in Lebrato et al., 2016). Calcite with lower
amounts of Mg is less soluble than other common biogenic
mineral phases of calcium carbonate such as aragonite, which
is deposited by corals (Andersson and Mackenzie, 2012) and
pteropods (Bednaršek et al., 2016, 2017). The low MgCO3

content found in S. fragilis tests provides additional support
to previous conclusions about their high tolerance to low pH,
low oxygen waters in the southern CA OMZ (Sato et al.,
2017). The low-Mg calcite may provide S. fragilis potentially
higher mineral stability and tolerance to low-pH and low
seawater carbonate saturation state conditions (e.g., ocean
acidification). Although our findings support this hypothesis,
further analyses are required on other species, whole individuals,
spines, and early life-history stages to fully characterize the
variability of Mg incorporation (Lavigne et al., 2013; Byrne et al.,
2014).

Dissolved metals have been used as paleoceanographic
environmental proxies to help reconstruct past seawater
conditions (Hönisch and Allen, 2013; Janssen et al., 2014)
and in ecology as environmental markers to model dispersal
and population connectivity (Levin, 2006; Fodrie et al., 2011).
Elements such as Sr, cadmium (Cd), and manganese (Mn), have
been used as environmental proxies for seawater temperature,
dissolved oxygen, and pH (Marchitto et al., 2000; Russell et al.,
2004; Tribovillard et al., 2006; Walther and Limburg, 2012;

Limburg et al., 2015; Supplementary Material, Table S2), but the
underlying mechanisms for linking the environmental exposure
history of the organism to the boron (B) and uranium (U)
content of their carbonate are poorly known (Frieder et al.,
2014; Levin et al., 2015). At the same time, some heavy metals
(e.g., Zn, Cd, and nickel (Ni)) are considered to be toxic to
marine organisms in low concentrations (Fairbairn et al., 2011;
Chiarelli and Roccheri, 2014; Kanold et al., 2016). Calcification
mechanisms in adult echinoids and other calcifiers are poorly
understood (see Politi et al., 2004 and Von Euw et al., 2017),
and any future attempts at proxy development using calcitic
S. fragilis tests will depend on the extent to which S. fragilis
controls calcification biologically.

Despite such small variation in Mg/Ca (s.d. = 0.5%),
we detected positive relationships of Mg in S. fragilis with
temperature and salinity (Figures 3C, D) and of Sr content
with temperature and oxygen (Figures 3A,B). Although
we used mean environmental values in our analyses, these
relationships are consistent with results of previous studies
on echinoid urchins and other calcifying taxa (Chave, 1954;
Moberly, 1968; Mackenzie et al., 1983; Levin et al., 2015;
Williams et al., 2017). The positive linear relationship between
Sr content and mean dissolved oxygen (Figure 3A) is also
consistent with the linear relationship between relative
growth rate and dissolved oxygen content across the depth
range described for S. fragilis in Sato et al. (2018). The
important influences of growth rates and other biologically
mediated vital effects on Mg and Sr incorporation during
skeletogenesis confound the development of trace elements
as environmental proxies in S. fragilis (Chave, 1954; Weiner
and Dove, 2003). However, our ability to detect linear trends
of small variations in Mg/Ca and Sr/Ca over a broad spatial
range and environmental conditions combined with trace
metal incorporation warrants further hypothesis testing under
controlled laboratory conditions.

Partition coefficients (DE) greater than 1 (Ni/Ca, Zn/Ca,
Cd/Ca, and Fe/Ca) could suggest that S. fragilis may actively
control the incorporation of these trace metals into the test
(Figure 4C). Alternatively, S. fragilis may actively remove these
elements from the test organic matrix to avoid the potential lethal
effects of toxic dissolved metal ions or molecules (e.g., Zn2+ and
CdCl+), which has been demonstrated in other urchin species
albeit at likely different environmental concentrations (Fairbairn
et al., 2011; Chiarelli and Roccheri, 2014). For these trace metals,
higher partition coefficients in urchins from the Shelf relative to
those in deeper depth bins may also suggest a decrease in the
efficiency of elemental uptake during calcification in unfavorable
conditions (Figure 4C). However, the lower partition coefficients
in OLZ and OMZ depth bins may support an alternative non-
biological uptake hypothesis, i.e., that foreign ions precipitate
inorganically from the calcification fluid as a result of variable
growth rates and by extension, calcification rates (Lavigne et al.,
2013). Notably, these passive “kinetic effects” of trace elemental
incorporation in biogenic calcareous structures are not well
understood.

Although the DMetal in S. fragilis appears to be exceptionally
high for several elements (Table 2), it is possible that these could
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be overestimations given chemical observations of significantly
higher concentrations of these elements (Fe, Mn, Co, Cu) in
the benthic boundary layer where urchins live relative to the
adjacent water column (Biller and Bruland, 2013). Low-pH
environments can limit the bioavailability of other elements
(e.g., Zn, Cd), but the majority of trace metal and acidification
studies focus on phytoplankton (Kim et al., 2016). However, the
mechanisms of trace metal incorporation during calcification in
urchins is largely unexplored. Gaps in knowledge concerning
the microenvironments in which soft-sediment urchins grow
limit our ability to fully understand how vital effects control
incorporation of trace metals into S. fragilis tests and by
extension, mechanical properties (Naleway et al., 2016) and
fitness (Byrne et al., 2014).

The opposing directions of the relationships between
E/Cacalcite and E/CaSW in Cd and Fe (Figures 4A,B) raises
questions about why S. fragilis differentially incorporates these
trace metals into the skeletal test (Milton and Chenery,
2001). The strong negative relationship between hardness and
Cd/Cacalcite (Supplementary Material, Figure S6) suggests that
Cd could have a direct or indirect negative effect on the hardness
of the calcitic test. The tight coupling between dissolved Cd
and phosphate, PO3−

4 , is well known in oxygenated waters
(>75 µmol kg−1), but this coupling breaks down in oxygen-
deprived zones (<75 µmol kg−1) because Cd sulfide (CdS)
precipitates where sulfide is present, especially in OLZ and OMZ
sediments (Janssen et al., 2014). S. fragilis calcite from Shelf
urchins contains approximately two times more Cd than OMZ
urchins and approximately 30% more Cd than OLZ urchins
(Table 2). Although sulfur was notmeasured in the urchin calcite,
S. fragilis is capable of metabolizing sulfur as demonstrated
by positive selection for carbohydrate sulfotransferase genes
(Oliver et al., 2010), suggesting low oxygen environments may
be indirectly linked to multiple fitness trait responses. However,
S. fragilis larval ecology, dispersal distances, and gene flow across
populations require further investigation to better understand
its capacity to adapt to rising acidity and declining oxygen
throughout its biogeographic range.

CONCLUSIONS

The relatively low solubility of calcite with low Mg content
compared to other mineral phases of CaCO3 (e.g., aragonite,
high-Mg calcite, amorphous CaCO3) may suggest a potential
evolutionary strategy selected for in S. fragilis to tolerate
unfavorable carbonate chemistry conditions (Lebrato et al.,
2016). It is possible however, that maintenance of low Mg-
calcite (0.02mol mol−1) and calcification in the Oxygen Limited
Zone and Oxygen Minimum Zone, occurs at the expense of
other fitness-related traits such as size, reproductive potential,
and growth (Sato et al., 2018). Although S. fragilis may be
more tolerant of future climatic changes than other species,
our results suggest that S. fragilis is more vulnerable to the
future upslope expansion of OMZs and calcium carbonate
undersaturated waters than previously thought (Taylor et al.,

2014; Sato et al., 2017). Higher porosity, larger pore sizes, and
softer, more pliant/flexible skeletal tests found in persistently
low pH (7.57–7.59) and low dissolved oxygen (13–42 µmol
kg−1) zones could reduce S. fragilis fitness by making them
more vulnerable to crushing predators on the slope such as
lithodid crabs or predatory fish, which may currently avoid low
pH, low oxygen zones. On the other hand, S. fragilis’ ability
to tolerate these low pH, low oxygen conditions may provide
protection from some predators if they do not have the same
tolerance.
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