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ABSTRACT: Ocean warming is increasing organismal oxygen demand, yet at the same time the
ocean's oxygen supply is decreasing. For a patch of habitat to remain viable, there must be a mini-
mum level of environmental oxygen available for an organism to fuel its metabolic demand —
quantified as its critical oxygen partial pressure (pO,.). The temperature-dependence of p O
sets an absolute lower boundary on aerobically viable ocean space for a species, yet whether cer-
tain life stages or geographically distant populations differ in their temperature-dependent hyp-
oxia tolerance remains largely unknown. To address these questions, we used the purple sea urchin
Strongylocentrotus purpuratus as a model species and measured pO,; for 3 populations of adult
urchins (Clallam Bay, WA [n = 39], Monterey Bay, CA [91], San Diego, CA [34]) spanning 5—22°C
and for key embryonic and larval developmental phases (blastula [n = 11], gastrula [21], prism [31],
early-pluteus [21], late-pluteus [14], settled [12]) at temperatures of 10—19°C. We found that tem-
perature-dependent hypoxia tolerance is consistent among adult populations exposed to different
temperature and oxygen regimes, despite variable basal oxygen demands, suggesting differential
capacity to provision oxygen. Moreover, we did not detect evidence for a hypoxia tolerance bottle-
neck for any developmental phase. Earlier larval phases are associated with higher hypoxia toler-
ance and greater temperature sensitivity, while this pattern shifts towards lower hypoxia tolerance
and reduced temperature sensitivity as larvae develop. Our results indicate that, at least for S. pur-
puratus, models quantifying aerobically viable habitat based on pO,.,;; —temperature relationships
from a single adult population will conservatively estimate viable habitat.

KEY WORDS: Hypoxia tolerance - Deoxygenation + Strongylocentrotus purpuratus - Purple sea
urchin - Warming threshold - Climate change
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1. INTRODUCTION Recent meta-analyses highlight the disproportionate

role hypoxia plays in driving negative performance re-

The ocean is rapidly warming and losing oxygen, sponses of aquatic organisms (Sampaio et al. 2021)
with direct consequences for biodiversity (Poloczanska and the synergistic negative effects that occur when
et al. 2013, Breitburg et al. 2018, Frolicher et al. 2018). warming and hypoxia are considered together (Reddin
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et al. 2020). However, not all species and areas will be
negatively affected (Fulton 2011, Audzijonyte et al.
2020, Lavender et al. 2021). These variable species-
and place-specific responses will be determined in
part by capacities to maintain physiological function-
ing as environmental conditions change (Somero
2010, Seebacher et al. 2015). As such, quantifying tem-
perature and oxygen thresholds of vital physiological
processes can serve as a useful gauge for predicting
how species will respond as climate change intensifies
(Bozinovic & Portner 2015, Madliger et al. 2017).

Physiological measurements related to aerobic me-
tabolism are particularly important in an ocean that is
warming and losing oxygen. Aerobic metabolism fuels
the processes that sustain most life (Schulte 2015), and
rates of aerobic metabolism are also fundamentally de-
termined by environmental temperature and oxygen
availability (Claireaux & Chabot 2016). The point
where environmental oxygen becomes limiting for an
organism's aerobic metabolism is its

thus a critical physiological threshold through which
one can infer responses to simultaneous ocean warm-
ing and deoxygenation (e.g. Fig. 1) (Serensen et al.
2014).

Modeling the temperature-dependance of pOy.
allows one to map this physiological threshold across
the entire range of temperature and oxygen values
that organisms are exposed to in the ocean (Fig. 1).
From this relationship, one can then infer which spe-
cies and in what areas warming and deoxygenation
may exceed this physiological threshold (Somero
2010, Roman et al. 2019). For example, Chu & Gale
(2017) reported that species-specific hypoxia toler-
ances of 3 indicator species (spot prawn, slender sole,
and squat lobster) determine the extent of their spa-
tial distributions into deoxygenated waters of the
northeast Pacific Ocean and the magnitude of dis-
tributional shifts expected in response to seasonal
hypoxic zone expansion. Temperature-dependent

hypoxia threshold, a useful indicator of 40
tolerance for low oxygen conditions,
with a low value corresponding to a
high hypoxia tolerance (Ultsch & Regan
2019). In the present study, we esti-
mated hypoxia tolerance for adults
as the critical oxygen partial pressure
for standard metabolic rate (pOqeit) —
the lowest oxygen level at which an or-
ganism can maintain levels of aerobic
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solute lower boundary on viable ox-
ygen levels, although ultimately an or-
ganism will need higher oxygen levels
to fuel a sustainable metabolic level on
ecological timescales (Regan et al.
2019, Deutsch et al. 2020, Seibel et al.
2021). pOgyy varies significantly with
temperature for most species (Rogers
et al. 2016). At warmer temperatures,
an organism requires more oxygen to
fuel an elevated metabolism, which can
result in a relatively higher pOy.;—
i.e. lower hypoxia tolerance, if oxygen
supply does not keep pace (Borowiec
et al. 2016). The temperature-depen-
dence of a species' hypoxia tolerance is

Fig. 1. Conceptual diagram of temperature-dependent hypoxia tolerance
(POserits % air saturation, solid black line) delineating the ocean's temperature—
oxygen space into conditions that can support aerobic metabolism (blue area)
and conditions that cannot (red area). This pO,.; model was obtained from
measurements on Strongylocentrotus purpuratus from within Monterey Bay, CA
(USA), in Duncan et al. (2023). Rising temperatures increase pO,.; expo-
nentially because organismal metabolic oxygen demand increases faster than
supply, but this exponential pattern can break down at colder temperatures
when oxygen is harder to obtain in more viscous water and pOy; is slightly
higher than would be predicted by metabolic oxygen demand alone (black
dashed line). Climate change can shift conditions from an initial climate state
(T;) to conditions that cannot support basal metabolic functioning via 3 path-
ways: T, (deoxygenation only), T3 (deoxygenation and warming), or T, (warm-
ing only). Depending on the initial climate state, when warming and deoxygen-
ation occur simultaneously, a relatively smaller absolute change in each
environmental condition can result in an organism's hypoxia threshold being
crossed. Whether the temperature-dependent hypoxia tolerance of a species is
fixed or plastic, and whether it has a stage of development with particularly
poor hypoxia tolerance, will in part determine its response to a warmer and
deoxygenated future ocean
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hypoxia tolerance is also used to calibrate species-
specific parameters of the metabolic index (Deutsch
et al. 2015) — a model that integrates ocean tempera-
ture and oxygen availability into a metric represent-
ing aerobic metabolic capacity. Indeed, the metabolic
index has proven effective at explaining spatial vari-
ability in extinction rates across the Permian Triassic
boundary (Penn et al. 2018), contemporary species
biogeography (Deutsch et al. 2020, Duncan et al.
2020, 2023), and interannual variation in marine fish
productivity (Howard et al. 2020b).

Despite the demonstrably useful information con-
tained within measurements of pO,.; (Regan et al.
2019) and how this trait changes with temperature,
there is a dearth of intra-specific information avail-
able to understand how hypoxia tolerance changes
with ontogeny or among geographically separated
populations (Seibel & Deutsch 2020). The most recent
compilations of studies where various hypoxia toler-
ance metrics (pOyq, 0Xygen level at 50% mortality
[LDso], oxygen level at loss of equilibrium [LOE]) are
measured across 2 or more temperatures are found in
Deutsch et al. (2020) and Rogers et al. (2016) for 80
aquatic species. However, of these 80 species, only 15
include measurements at 4 or more temperatures, all
make hypoxia tolerance measurements of specimens
from a single location, and only 1 study (on Atlantic
rock crab Cancer irroratus, Vargo & Sastry 1977) mea-
sured hypoxia tolerance at any stage of development
other than fully developed adults/juveniles. While
there are studies on how hypoxia tolerance changes
for a single early developmental stage across 2 tem-
peratures (Rosa et al. 2013) or across multiple early
developmental stages at a single temperature (Alter
et al. 2015), we currently know very little regarding
whether hypoxia tolerance changes over critical
development phases across a wide range of tempera-
tures, or if this threshold can change due to acclima-
tion to variable environmental temperature and
oxygen regimes, 2 characteristics that can signifi-
cantly modulate climate responses.

The environmental conditions a species can toler-
ate can vary over development, with some phases
(e.g. embryos, larvae) being particularly sensitive to
temperature or hypoxia extremes, because they have
energetically expensive developmental transitions
and lack the capacity to regulate oxygen provision
(Vaquer-Sunyer & Duarte 2008, Dahlke et al. 2020).
Low tolerance to environmental variability during
early development can result in a critical bottleneck
for populations. If environmental conditions exceed
the tolerance thresholds of a critical developmental
phase, it can result in recruitment collapse and large

declines in abundance and persistence (Rijnsdorp et
al. 2009). Consequently, the response of a species to
climate change will be determined by its most vulner-
able developmental phase (Martin et al. 2020). Plasti-
city and local adaptability of these tolerance thres-
holds may dampen responses to variable and extreme
environmental conditions, thus conferring enhanced
climate resilience (Donelson et al. 2019). Following
prolonged exposure to novel environmental con-
ditions, the tolerance threshold of an organism can
shift in the direction of this change, and initial acute
responses to environmental variability may become
dampened (Sinclair et al. 2016, Leung et al. 2021). The
current knowledge gap around population-level and
developmental variability in temperature-dependent
hypoxia tolerance obfuscates predictions of how
warming and deoxygenation may interact to drive a
species' response to climate change.

To address this gap, we used the purple sea urchin
Strongylocentrotus purpuratus as a model species in
this study to provide a comprehensive assessment of
intraspecific variability in temperature-dependent
hypoxia tolerance over embryonic, larval, and settled
developmental phases and from multiple adult pop-
ulations exposed to different environmental tempe-
rature and oxygen regimes (Fig. 2). We predicted
that temperature-dependent hypoxia tolerance varies
across life stages, with early developmental phases
being most sensitive to oxygen and temperature con-
ditions. We further predicted that temperature-de-
pendent hypoxia tolerance varies among populations,
with higher hypoxia tolerance in adults from popula-
tions experiencing more variable and/or extreme
temperature and oxygen exposure (e.g. Clallam Bay,
Washington, and San Diego, California, USA).

2. MATERIALS AND METHODS
2.1. Species information

Strongylocentrotus purpuratus is an invertebrate
herbivorous grazer that plays a key ecological role in
the function of marine ecosystems (Pearse 2006). The
species has a core range along the entire west coast of
North America, where it is exposed to dynamic tem-
perature and oxygen variability in the California Cur-
rent System (Ebert 2010) (Fig. 2). Recently, numbers of
S. purpuratus have dramatically increased along the
California coast, decimating kelp forests and leaving
behind urchin barrens with low biodiversity and cas-
cading ecological effects (Rogers-Bennett & Catton
2019). Like most echinoids, S. purpuratus undergoes a
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Fig. 2. Sampling locations and associated environmental conditions. (A) Geographic locations (stars) where adult Strongylocen-
trotus purpuratus specimens were collected for this study, covering a large portion of their core distribution (see Section 2 for
locality information). A habitat suitability index (purple) for purple urchins obtained from AquaMaps (Kaschner et al. 2019) is
also depicted. (B) Daily dissolved oxygen concentration and (C) seawater temperature during 1 yr of measurement (July 2017
— September 2018), obtained from moored instruments near the sampling locations (see Section 2 for instrument information).
Box plots showing median (solid line), interquartile range (box), maximum and minimum values (whiskers) and outliers
(points) of environmental data in left panel and time series in right panels indicate environmental variability for Clallam Bay,
Monterey, and San Diego locations

planktonic larval period involving multiple develop-
mental phases (Hinegardner 1969, McEdward & Miner
2001). The supply of larvae is influenced by environ-
mental conditions which contribute to recruitment
boom/busts that drive abundance patterns (Okamoto
et al. 2020). S. purpuratus has been the focus of a rich
research field in developmental (Lowe & Wray 2000),
ecological (Pearse 2006), and genomic (Davidson et al.
2002, Sodergren et al. 2006) studies, with well-estab-
lished protocols to spawn and rear organisms over lar-
val to settlement phases (Strathmann 1987, Heyland &
Hodin 2014, Hodin et al. 2019). For these reasons S.
purpuratus is an ideal species for this study.

2.2. Study design

To test for temperature-dependent plasticity in
hypoxia tolerance to local environmental conditions,
we measured pO,.; and standard metabolic rate
(SMR) across temperatures that slightly exceeded
those experienced in nature (5—22°C) for 3 popula-
tions of adult S. purpuratus distributed throughout a
north—south gradient along the US west coast: (1)

Clallam Bay, Washington, (2) Monterey Bay, Califor-
nia, and (3) San Diego, California (Fig. 2). To test for
developmental variation in temperature-dependent
hypoxia tolerance, we spawned and reared S. purpu-
ratus in Monterey, using adult animals from Monte-
rey Bay, and measured pO,.; across temperatures
(10—19°C) for 6 developmental phases, ranging from
24 h old embryos to 40 d old metamorphosized and
settled urchins.

2.3. Temperature-dependent hypoxia tolerance
plasticity of adult urchins

2.3.1. Sampling locations

We collected adult S. purpuratus from 3 locations
throughout the species' core distribution in the Cali-
fornia Current System (Fig. 2). We sampled a northern
population from Clallam Bay, WA, a southern popula-
tion from San Diego, CA, and combined data from a
previous study on a central population from Monterey
Bay, CA (Duncan et al. 2023). The north—south gra-
dient of these sampling locations and dynamic nature
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of the California Current System exposes individu-
als at these locations to different environmental
temperature and oxygen regimes. To describe the
temperature and oxygen signals at these locations,
we obtained 1 yr of high-frequency oceanographic
data spanning July 2017 to September 2018 from
moored instruments as follows. For the San Diego
site (32.813°N, 117.290°W), we obtained oceano-
graphic data at 20 m bottom depth (PME MiniDOT)
from the California Department of Fish and Wildlife.
For Monterey (36.621°N, 121.899°W), we obtained
oceanographic data at 17 m bottom depth (GF Signet
Resistance Thermometer, In Situ RDO Pro-X) from the
Monterey Bay Aquarium. For Clallam Bay, we ob-
tained data from the nearby Coastal Endurance
inshore surface mooring (Aanderaa oxygen optode
4831, Sea-Bird SBE 16plusV2 CTD) of the Ocean Ob-
servatories Initiative (47.134°N, 124.272°W) at 7 m
depth (29 m bottom depth) and 6 km offshore. While
the Coastal Endurance mooring is located adjacent to
Clallam Bay in the open ocean, we believe it is a good
proxy location because inshore marine dynamics are
dominated by open ocean processes throughout the
Pacific northeast (Roegner et al. 2011), and the Salish
Sea, where Clallam Bay is located, predominately con-
sists of oceanic water with high ocean exchange rates
(MacCready et al. 2021). We aggregated high-
frequency time-series data into daily means and con-
verted all oxygen measurements into a common unit
(% air saturation) using the ‘conv_o02' function in the
‘respirometry’ package in R (Birk 2020).

At Clallam Bay, adult specimens were collected
by hand on 11 June 2021 at low tide from submerged
rockpools (shallow, ~1 m depth) at Slip Point
(48.263° N, 124.255° W) and transported on ice to Fri-
day Harbor Labs, University of Washington. Spe-
cimens were kept in a flow-through holding system
where temperature matched ambient conditions until
experimented upon (15—30 June 2021). In Monterey,
adult specimens were obtained from the Monterey
Abalone Company (36.6055°N, 121.889°W) prior
to each experimental trial (17 July—20 November
2020), where they had been held in underwater cages
(approximately 2 m depth) exposed to natural ocean
temperatures and fed a natural kelp diet (see Duncan
et al. 2023 for more details). For San Diego, adult spe-
cimens were obtained at 15 m depth near Point Loma
(32.697° N, 117.256° W) by SCUBA divers from Point
Loma Marine Invert Lab on 4 March and 25 April 2022
and transported overnight on ice to Stanford Univer-
sity, where they were held in a recirculating saltwater
aquarium at 13°C until being experimented upon
(10 March—31 May 2022).

2.3.2. Experimental protocol

Respirometry techniques were used to quantify
SMR and critical oxygen partial pressure (pOocit)
for each specimen at a specific test temperature. A
single trial involved placing specimens directly into
respirometry chambers (for detailed methods, fol-
lowing Killen et al. 2021, see Table S1 in Supple-
ment 1 at www.int-res.com/articles/suppl/m739
pl129_suppl.pdf) at 12.7—13°C and subsequently
adjusting the water temperature at a rate of ~1°C
h~! until a test temperature of 5, 7, 10, 13, 16, 19, or
22°C was reached. Temperature was then held con-
stant (=0.4°C). Specimens were given ~24 h to
adjust to novel respirometry chamber and tempera-
ture conditions and to purge any digesting food,
after which intermittent flow respirometry (with 1 of
3 cycle durations, namely 5 min measure—10 min
flush, 10 min measure—5 min flush, or 10 min mea-
sure—10 min flush, depending on test temperature
and organism size) was run for a further ~24 h to
generate the data to quantify SMR. Oxygen levels
in chambers were continuously recorded with a
FireSting-O, fiber optic oxygen meter (FSO2-4,
PyroScience) connected to oxygen sensor spots
(PyroScience OXSPS5) positioned in a circulation
loop with bare optical fibers (SPFIB-BARE, Pyro-
Science). After ~24 h of intermittent flow respirome-
try, the pO,.;; phase of the trial began by switching
off the flush pump so that oxygen could be depleted
within respirometer chambers via the specimen's
aerobic metabolism until no oxygen remained. The
trial was then terminated. It must be noted that the
closed respirometry technique to estimate pOj.;;
results in the buildup of waste products in the
chamber which lowers pH and may increase pOqc;
measurements, as has been demonstrated in fish
species (Hancock & Place 2016, Snyder et al. 2016).
Test specimens were frozen and later thawed to
weigh to the nearest hundredth of a gram. We also
dried specimens at 50°C for ~24 h, measured their
dry mass, ashed them at 450°C for 3 h in a muffle
furnace, and then measured their ashed mass to cal-
culate a metabolic mass (dry minus ashed mass). A
blank was run in an empty respirometry chamber
in parallel during each trial.

2.3.3. Quantifying SMR

The mass-specific oxygen consumption rate (MO,,
mg O, min~! g7!) of each measurement period was
calculated using Eq. (1) (Svendsen et al. 2016):
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where V. is the total volume of the respirometer in ml;
M is the wet mass of the specimen in g expressed as
ml (assuming 1:1 g to ml water displacement); Wis the
mass of the specimen in g, [O2] i5 the oxygen con-
sumption rate during the meatsurement period, and
[O] i the corresponding oxygen consumption rate
oft an empty chamber (background respiration).
Oxygen consumption rates of each measurement
period were calculated using the ‘calc_rate' function
from the 'respR' package in R (Harianto et al. 2019).
Erroneous oxygen consumption rate measurements
were filtered out using an R? > 0.95 quality threshold
and removing measurements associated with back-
ground respiration rates outside the 95" and 5™ quan-
tiles of all measurements, which may have occurred
during temperature adjustments in the respirometry
system. SMR was estimated as the 0.1 quantile of all
remaining oxygen consumption measurements (Clai-
reaux & Chabot 2016).

2.3.4. Quantifying pOociy

The oxygen drawdown curve from the pOjq;
phase of the experiment was split into 5 min seg-
ments with mass-specific oxygen consumption rates
calculated for each segment as per the SMR proto-
col. All MO, measurement segments were paired
with the corresponding average oxygen concentra-
tion values converted to percent saturation using the
‘conv_o02" function in the ‘respirometry’ package
(Birk 2020). We defined pO,.; for adults as the
lowest level of oxygen at which an animal can main-
tain SMR (Ultsch & Regan 2019). We estimated this
level following the protocol of Seibel et al. (2021)
using the ‘calc_pcrit' function in the 'respirometry’
package, where pO,; is taken as SMR divided by
oxygen supply capacity (os) —the highest value of
metabolic rate measurements divided by correspond-
ing oxygen partial pressure <];Igj) for all measure-
ment segments of the oxygen drawdown curve. This
a-method showed congruence with estimates of
POyt using the limiting low oxygen method
described by Claireaux & Chabot 2016) (Fig. S1) and
ensured comparability with larval pO,.; estimates
where SMR was not explicitly quantified.

2.3.5. Analysis

For SMR, we first estimated the allometric scaling
exponent for mass (8). We removed the effect of tem-
perature from the data by dividing with the Arrhe-
nius-Boltzmann function following Deutsch et al.
(2015). We estimated 0 as the slope of the linear rela-
tionship between the natural logarithms of tempera-
ture-standardized SMR and body mass (B) (Brown et
al. 2004). We then mass-standardized SMR data by
multiplying each SMR measurement by the ratio of
the corresponding test specimen's body mass (B) and
its mass raised to the power of the allometric scaling
exponent (% . We modeled the effect of temperature
on mass-standardized SMR for each sampling loca-
tion with an Arrhenius model described in Eq. (2)
(Gillooly et al. 2001):

SMR = a,.e®*T (2)

where o, is the rate coefficient, E is activation energy,
k is Boltzmann's constant (eV), and T is absolute tem-
perature in Kelvin.

We estimated the constants of the Arrhenius
models for each sampling location, oy and E, as the
back-transformed intercept and slope of the linear
relationship between the natural logarithm of mass-
standardized SMR and the inverse of kT (product of
Boltzmann constant k and temperature T in Kelvin),
respectively. To test for significant differences in the
parameters of Arrhenius models among sampling
locations, we combined all data, fit linear models to
the relationship between mass-standardized SMR and
temperature, and included 'site' as a full interaction
term in the linear models using Clallam Bay or San
Diego as the reference population.

POyt may be higher than predicted by an Arrhe-
nius model at colder temperatures (Boag et al. 2018,
Duncan et al. 2020, Endress et al. 2024). We therefore
fit more flexible quadratic polynomial models
through the relationship between pO,.; and tem-
perature following Eq. (3):

pO2aiit = a.t + b.t> + ¢ (3)

where t is temperature in Celsius, and a, b, ¢ are
model parameters. To test for a significant difference
in the relationship between temperature and pOy;
among sampling locations, we also included ‘site’ as a
full interaction term in quadratic polynomial models
with Clallam Bay or San Diego as reference popula-
tions. For both SMR and pO,; analyses, we shifted
temperature data such that the intercept corre-
sponded to the lowest temperature tested.
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2.4. Temperature-dependent hypoxia tolerance
over developmental stages

The development of Strongylocentrotus purpuratus
over embryonic, larval, metamorphosis, and settle-
ment stages was reviewed in detail by Pearse & Cam-
eron (1991). Briefly, following fertilization, the zygote
undergoes multiple cleavage transitions until a hol-
low sphere of cells called a blastula hatches (~24 h
post fertilization [hpf]). Gastrulation then occurs
where the invagination and elongation of a vegetal
plate forms a rudimentary alimentary cavity (~48 hpf).
Embryos then differentiate into a larval structure via a
prism phase (~72 hpf) and subsequently into an early-
pluteus phase where feeding begins, and juvenile
structures develop in the rudiment. However, this rate
of development is extremely temperature sensitive
and can vary multiple fold among temperature expo-
sures. After 1—3 mo in the planktonic pluteus phase,
larvae metamorphose and settle onto the substrate
where their morphology is similar to a juvenile urchin.

2.4.1. Larval rearing

‘We spawned and reared multiple batches of S. purpu-
ratus larvae from fertilized embryos to settlement stage
at Hopkins Marine Station, Monterey, from 1 March —
4 May 2021 following the protocol outlined by Hodin et
al. (2019). Ripe adults were obtained from the Monterey
Abalone Company on 4 December 2020, kept in the
dark in flow-through aquaria, and fed an abundance of
kelp to maintain gonadal condition. To induce the re-
lease of gametes, ripe urchins were injected with
roughly 1—3 ml of 0.5M potassium chloride through
the peristomial membrane around their mouths. Eggs
were harvested in sterilized seawater beakers and a few
drops of 1% diluted sperm were added to induce fertil-
ization. Fertilized eggs were kept in 1 1 beakers placed
in a flow-through seawater table to maintain ambient
ocean temperature in the beaker (~13°C) at a low den-
sity where they developed through blastula (24 hpf),
gastrula (48 hpf), and prism (72 hpf) phases. After 96
hpf, larvae were transferred into 201 plastic containers,
filled with sterilized seawater, placed in a flow-through
sea table to maintain ambient ocean temperature, and
aerated through the bottom to create a gentle flow and
keep larvae in suspension. Densities were kept low
(<1 ind. ml~! at first) to ensure uniform size distribu-
tions and consistent stages of development. Once the
early-pluteus phase was reached, concentrated (be-
tween ~2 and 5 million cells ml~!) microalgae (Rhodo-
monas lens) were added ad libitum into the rearing

container as a food source. Every 2—3 d, the water was
changed, and fresh microalgae were added. We con-
tinued this process for 33 d until the late-pluteus phase.
To stimulate metamorphosis and induce settlement, we
added pebbles from the Monterey Bay rocky shore into
the container with the larvae. Post settlement, we
slowed down the frequency of water changes as new
recruits fed on turf algal growth inside the rearing
vessels. Culture temperatures were maintained at
ambient seawater temperatures throughout, which
fluctuated around 13°C.

2.4.2. Experimental protocol

We measured larval respiration rates using 2 SDR
24-channel SensorDish (PreSens Precision Sensing)
instruments connected in parallel with 24-well glass
microplates (80 pl volume, Loligo Systems). Each mi-
croplate was placed inside a water bath on top of the
SDR reader where fresh water was continuously circu-
lated through a high precision water bath to manipu-
late and maintain temperatures. We measured respira-
tion rates at 6 developmental stages; blastula (24 hpf),
gastrula (48 hpf), prism (72 hpf), early-pluteus (8 d
post fertilization [dpf]), late-pluteus (28/29 dpf), and
settlement phases (36/37 dpf) at 4 temperatures that
span the natural range experienced by larvae in the
California Current System: 10, 13, 16, and 19°C. For
each temperature, user-defined calibrations were set
by taking average phase values of wells filled with
100 % air-saturated seawater and 0% air-saturated sea-
water created with sodium sulfite. For each trial, a
batch of larvae were obtained from the culture by
draining rearing vessels through an appropriately
sized dry collection sieve and placing larvae into a
glass beaker filled with sterilized seawater floated in a
water bath at 13°C (same as rearing temperature). The
temperature of the water bath was then adjusted at
~1°C h™! until the test temperature was reached. Lar-
vae were given 2 h to acclimate, which was constrained
by the time needed to reach pO,.; before new de-
velopment stages occurred. Larvae were then added
into the microplate wells, at various concentrations
depending on supply to assess density effects on
POy (ranging from a minimum of 640 to a maximum
of 10 120 individuals per well for blastula, 2040—7600
for gastrula, 1120—5000 for prism, 400—1960 for 4-
arm pluteus, 2—72 for 8-arm pluteus, and 3—10 for set-
tled developmental stages; see Supplement 2 at www.
int-res.com/articles/suppl/m739p129_supp?2.xlsx for
more details), with a transfer pipette so that the menis-
cus was seen above the well level. At least 6 wells were
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filled with 100 % air-saturated seawater only as a blank
to ensure that no background respiration was present.
The microplate wells were sealed with parafilm and
covered with a silicon pad and compression block,
such that no temperature-controlled freshwater mixed
into wells, and covered with aluminum foil so no light
entered the respirometry system. Oxygen levels were
recorded in each well with supplied SDR reader soft-
ware and logged to an excel sheet every 15 s. Oxygen
in the chamber was drawn down by larvae until none
remained, upon which the trial was terminated. Each
trial consisted of multiple wells measured at a single
temperature for a developmental phase such that rep-
licates in subsequent analyses were the wells per de-
velopmental phase/temperature (see Supplement 2
for details). We spawned and reared 2 batches of lar-
vae sequentially, each from several male and female
gametes mixed together and did not track parental/
genotype effects further. Following each trial, larvae
were transferred to test tubes, relaxed in 3.5% MgCl,
seawater solution for 10 min, and then fixed in 4%
formaldehyde in seawater solution. Larvae were
counted several months later and photographed to ac-
curately record the stages. Later, test tubes filled with
fixed larvae were centrifuged, and the fix solution was
pipetted out and replaced with 1000 pl of phosphate-
buffered solution. Test tubes were then shaken to
evenly suspend larvae, and total numbers of larvae per
well were estimated by counting the number of larvae
in 5 pipette drops (5 pl volume each), taking the aver-
age and back-calculating for early developmental
stages. The total number of larvae for late stages (8-
arm and settled individuals) were entirely counted.
Larvae were photographed under magnification using
a Leica DMil inverted microscope for cell culture.

2.4.3. Quantifying p O

Respiration rates per individual can suffer from den-
sity-dependent inhibition when larval concentrations
exceed a certain threshold (Marsh & Manahan 1999).
We did not standardize for density but recorded it per
well to make sure variability in density did not in-
fluence p O, data. For this reason, we do not report
an SMR per individual larva. We use the a-method to
estimate pOy.y for larval wells but benchmark it
against an average oxygen consumption rate of each
well, assuming that individual pO,.; would occur
around an average pO,.; per well and that tempera-
ture has a more pervasive effect on metabolic rates
than well density. We considered a measurement suc-
cessful if oxygen levels decreased in a linear trend and

leveled off below 5% and above 0% saturation. For
each drawdown curve, we excluded data above an ox-
ygen level of 70% saturation, as oxygen readings
needed time to adjust following addition of larvae.
The remaining drawdown curves from each well were
split into 100 time intervals, and oxygen consumption
rate per well (RO,) was estimated using the
‘calc_MO?2' function in the respirometry package
(Birk 2020) and paired with corresponding mean ox-
ygen level (% saturation). We used all oxygen con-
sumption rate measurements between 40 and 70 % sat-
uration to calculate the average oxygen consumption
per well. We chose this threshold as it was between
the time when oxygen levels in blanks stabilized and
before oxygen levels began limiting metabolic rates.
For each well, we estimated oxygen supply capacity
(o) as the highest value of a ( I;(o)j ) To estimate p Oyt
we divided the average oxygen consumption in each
well by its corresponding o, value. We explored den-
sity effects on pO,;; by fitting linear models to the re-
lationship between pO,.; and well density for each
developmental stage and the temperature tested.

2.4.4. Analysis

For each stage of development (blastula, gastrula,
prism, early-pluteus, late-pluteus, settlement, and
Monterey adults), we modeled p Oy, as a function of
temperature using an Arrhenius model (same as Eq. 2
but with pO,.;; as the response variable). For each
developmental stage, we estimated the Arrhenius
model coefficient (ay) as the back-transformed inter-
cept and temperature sensitivity (E) as the slope from
the linear relationship between the natural logarithm
of pO,;; and the inverse of kT (product of Boltzmann
constant k and temperature T in Kelvin). We qual-
itatively compared developmental changes in tem-
perature sensitivity (E) and overall hypoxia tolerance
(POoerit), taken as the predicted p O, at 14.5°C (mid-
point temperature of the experiment), from develop-
mental stage-specific Arrhenius models.

3. RESULTS

3.1. Temperature-dependent hypoxia tolerance
plasticity of adult urchins

3.1.1. Environmental conditions

Our 3 sampling locations are exposed to different
temperature and oxygen regimes in the California
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Current System (Fig. 2). Temperature decreased from
southern (San Diego) to northern (Clallam Bay) loca-
tions, but temperature variability was similar. San
Diego had a mean temperature of 14.3°C, ranging
between 11.1 and 17.6°C, Monterey had a mean tem-
perature of 12.0°C (9.1—-16.5°C), and Clallam Bay had
a mean temperature of 10.9°C (7.6—14.8°C). Oxygen
availability was generally above 70 % air saturation at
all locations. However, patterns varied seasonally
among the 3 locations. Mean oxygen concentration at
San Diego was 78.2% air saturation, ranging between
39 and 110.7%, Monterey had a mean of 90.1 % air sat-
uration (32 — 110.4%), and Clallam Bay had a mean
of 90.2% air saturation (2—145.5%). During the

tion in Table 1) with Monterey and between Monte-
rey and San Diego (reference population in Table S3).
We found a significant difference in SMR—tempera-
ture relationships between Clallam Bay and Monte-
rey (Table 1), a weakly significant difference between
Clallam Bay and San Diego (Table 1), and no signifi-
cant difference between San Diego and Monterey
(Table S3). Overall, the Clallam Bay population was

Table 1. Modeling results of natural logarithm of standard
metabolic rate as a linear function of Arrhenius temperature
with sampling location as full interaction term (Clallam Bay
is the reference population). R? = 0.8871, df = 5, 164, F =
257.6. Significant p-values (p < 0.05) are highlighted in bold

upwelling season, April to June, oxygen saturation
remained high at Clallam Bay, intermediate and vari- Effect Estimate SE t p
able in Monterey, and lower, around or below 50%
§aturation, in Sap Diego. Oxygen satura.tion was high ﬁféf:}g; _823; 8852 _1‘513182 zggggi
in late summer in Monterey and San Diego, but was San Diego —0.045 0.094 —0479 0633
more variable at Clallam Bay. At this location, oxygen Arrhenius temp ~ —0.841 0.042 —20.053 <0.0001
became at times hyperoxic, but also suddenly Arrhenius temp: ~ 0.211  0.052 4.064 <0.0001
dropped to values near anoxia, likely driven by pho- Monterey
. . . s Arrhenius temp: 0.166 0.066 2.512  0.013
tosynthesis and inshore upwelling variability, respec- San Diego
tively (Roegner et al. 2011). While a quantitative anal-
ysis is beyond the scope of this study,
these patterns are consistent with the
N A 25{ B 25{
oceanographic literature for these location location
areas (Roegner et al. 2011, Jacox et al. = 504 & Clallam Bay &~ 20 Monterey
2019, Howard et al. 2020a, Low et al. ‘o ° o
2021, Renault et al. 2021). We there- " {5 e 154
fore consider the sampling location € E
temperatures to range from warm (San @ 1.0 @ 1.0
Diego) to cold (Clallam Bay) in terms % %
of temperature and consider oxygen  » 0.5 o 0.51
availability to be similar at all locations
on average, but seasonally variable, 0.01 I I I ! 0.0 I ! I I I
with Clallam Bay experiencing severe S 10 15 20 25 S 10 15 20 25
intermittent hypoxic events. Temperature (°C) Temperature (°C)
C 2.51 location D 2.51 location
3.1.2. SMR 4§ 204 TSP $201{@ Ctom ey
_IU’ _‘U) . San Diego
Overall, we quantified SMR for 170 : E
adult urchins (n = 97 for Monterey, )
n = 39 for Clallam Bay, n = 34 for E
San Diego). Sample number across 02)
temperature treatment and sampling
location ranged from 2 (San Diego,

5°C) to 22 (Monterey, 16°C) and is - 5

10 15 20 25 5 10 15 20 25

shown in full in Table S2. SMR is well Temperature (OC) Temperature (OC)

approximated by Arrhenius models

Fig. 3. Standard metabolic rates (SMRs) of adult purple sea urchins. SMR data

(Fig. 3) and varies significantly be-  (points) fit with Arrhenius models (solid lines) for each sampling location: (A)
tween Clallam Bay (reference popula-  Clallam Bay, (B) Monterey, (C) San Diego, and (D) all locations combined
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more sensitive to warming temperatures, although
the data from this site had the worst fit with the Arrhe-
nius model (Table 1; Table S4 for Arrhenius model
parameters). Across all temperatures, between 5 and
22°C, the Monterey population had the highest SMRs
(Fig. 2; Fig. S2).

3.1.3. pOyerit
Overall, we quantified pOy for 164 adult urchins

(n=91for Monterey, n = 39 for Clallam Bay, n = 34 for
San Diego). Sample number across temperature treat-

to 5 (16°C) for 8-arm pluteus, and 2 (10, 16°C) to 4 (13,
19°C) for settled stages (see Table S8 for more
details). pOy,;; data were well approximated by Ar-
rhenius models for all stages of development between
10 and 19°C (Fig. 5; Table S9 for Arrhenius model
parameters), with pO,.;; increasing with temperature
for every developmental stage. From blastula to set-

Table 2. Modeling results of critical oxygen level as a quad-

ratic function of temperature with sampling location as

full interaction term (Clallam Bay is the reference popu-

lation). R? = 0.692, df = 8, 155, F = 43.44. Significant
p-values (p < 0.05) are highlighted in bold

ment and sampling location ranged from 2 (San Diego, Effect Estimate SE ¢ p
22°C) to 21 (Monterey, 16°C) and is shown in full in
Table S5. Overall hypoxia tolerance (pOaey) of adult Intercept 11.014  1.637 6.728  <0.0001
urchins was not significantly different among sam- Temp2 —1.386 0460 —3.016 0.003
li locati d ite the diff t ) tal Temp 0.153 0.259  5.877 <0.0001
p 1gg ocations, despite the different environmenta San Diego 3506 2480 —1.450 0.149
regimes they were exposed to (Table 2; Table S6). The Monterey 0.155  2.040 0.076 0.939
relationship between pO,.,;; and temperature was well Temp: San Diego ~ 1.426  0.697  2.045 0.043
approximated by a quadratic polynomial for all 3 sam- Temp; Monterey 1.383 0.564  2.451 0.057
pling locations (Fig. 4; see Table S7 for model param- Temp': San Diego —0.078 0.041 —1.915 0.058
. Y o Temp* Monterey —0.094 0.032 —2.953 0.003

eters). We did detect some weakly significant tem-
perature shape parameters between
C}allam Bay and Monterey and San A 70- , B 704 ,
Diego (Table 2). Temperature had a location location
limited effect on p Oy between 5 and 607 & clallamBay 601 Monterey
13°C, after which pOyj increased sub- %5 50+ = 50+
stantially, indicating less hypoxia tol- o\ﬁ 40 - 8 o\ﬁ 404
erance at warmer temperatures. ~ ~

5307 8 5301

R 20- R 20-
3.2. Temperature-dependent hypoxia 10 - 10 -
tolerance over developmental stages 0- 04

Overall, we quantified pO,; for 110 5 T 1t5 02C0 25 5 T1 0 1t5 02C0 25
wells (out of 194 attempts) of larvae emperature (C) emperature (°C)
from the Monterey population. The C 704 D 704 )
o . location location

other 84 (43%) wells failed to reach a 601 & San Diego 604 Monterey
reliable pO,;; either because respira- R @ Clallam Bay
tion rates were so low that time to con- § 507 @ san Diego ®
sume all oxygen exceeded the time ° @
taken to reach the next developmental =
stage, oxygen levels in wells leveled 5
off above the 5% saturation threshold
(indicating a calibration issue), or
oxygen levels increased (indicating a

leak). Replication per temperature— 5
stage treatments ranged from 1 well
(10°C) to 4 wells (16°C) for blastula, 2

Temperature (°C)

15 20 25 5 10 15 20 25
Temperature (°C)

(19°C) to 9 (16°C) for gastrula, 5 (16°C)
to 13 (13°C) for prism, 4 (10, 13, 16°C)
to 9 (19°C) for 4-arm pluteus, 2 (10°C)

Fig. 4. Temperature-dependent hypoxia tolerance of adult purple sea urchins.

Critical oxygen partial pressure (pOacitr % air saturation) data (points) fit with

quadratic polynomial models (solid lines) for each sampling location: (A) Clal-
lam, (B) Monterey, (C) San Diego, and (D) all locations combined
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Fig. 5. Temperature-dependent hypoxia tolerance of larval purple sea urchins. Critical oxygen partial pressure (pOqit, % air
saturation) data (points) fit with Arrhenius models (solid lines) for each stage of larval development: (A) blastula, (B) gastrula,
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hypoxia tolerance (p Oy at 14.5°C) was greater (low
POyuit) for embryonic stages (blastula—prism) and
decreased (pOy.y increased) throughout larval to
adult phases (Fig. 6A). Thus, early larval stages of S.
purpuratus were most sensitive to temperature vari-
ability, but least sensitive to low oxygen levels, while
adults were least sensitive to temperature, but most
sensitive to hypoxia (Fig. 6B,C). We also found little
influence of well density on pOajyy, with only 1
weakly significant linear relationship (gastrula at
13°C) among 24 tested for each larval stage/tempera-
ture with 9 positive, 10 negative, and 4 unquantifiable
slope parameters (Table S10, Figs. S3—S6), as would
be expected by random chance. We did observe per-
vasive effects of temperature on per individual meta-
bolic rates for each larval stage, which produced a
greater effect than within metabolic rate variability at
each temperature (Fig. S7).

4. DISCUSSION

The relatively low pO,; values of Strongylocen-
trotus purpuratus, compared with other marine spe-
cies (e.g. Fig. S5A in Penn et al. 2018), for all devel-
opmental phases and temperatures tested and from
all sampling locations, indicate a generally high
hypoxia tolerance across temperature. This is in
accordance with previous research on S. purpuratus,
where adults were reported to survive up to 60 h in
water with minimal oxygen levels (~10% air satura-
tion) (Low & Micheli 2018) and where larval mortal-
ity in near anoxic water (<10% air saturation) was
no different than that in fully aerated water (Eerkes-
Medrano et al. 2013). While mass mortality events
of S. purpuratus in California have occurred and
been attributed to low salinity (Hendler 2013) or
harmful algal blooms (Jurgens et al. 2015), our
results suggest it is unlikely that deoxygenation
will exceed the species' tolerance threshold across
the range of temperatures regularly experienced in
the wild, although the species will be vulnerable to
deoxygenation during severe marine heatwaves.
Compromised performance for S. purpuratus, how-
ever, can occur at oxygen levels higher than the
POqe if additional processes (e.g. digestion, move-
ment, feeding, growth, calcification) become oxygen
limited (Low & Micheli 2020, Ng & Micheli 2020)
and lethal effects of warm temperature can manifest
in fully saturated water before crossing a species’
hypoxia threshold (Ern et al. 2017). S. purpuratus
does, however, have the ability to suppress its
metabolic demand when conditions are suboptimal

for extended periods of time and re-establish nor-
mal functioning when better conditions return
(Dolinar & Edwards 2021). In the context of ocean
warming and deoxygenation in the California Cur-
rent System, and based off our temperature-depen-
dent hypoxic thresholds for aerobic metabolism, we
posit that S. purpuratus can be considered resilient
to deoxygenation.

4.1. Temperature-dependent hypoxia tolerance
across adult urchin populations

We observed similar temperature-dependent hyp-
oxia tolerance relationships for all 3 populations of S.
purpuratus despite the different thermal and oxygen
regimes they are exposed to in their source locations.
These results indicate that S. purpuratus may have
limited plasticity for this trait or for plasticity-related
physiological functioning, ensuring that optimal
POyt —temperature relationships are maintained.
Whether thermal acclimation can alter hypoxia toler-
ance of aquatic species is not clear, due to a paucity of
appropriately designed studies (Collins et al. 2021).
For those studies where pO,;; at any metabolic level
is measured in organisms acclimated to various
temperature periods, evidence is limited and varied.
For example, pO,;; at 25°C for the triplefin fish Bella-
piscis lesleyae was significantly improved following
acclimation to temperatures of 20 vs. 15°C, while
it did not change in the related species B. medius
(Hilton et al. 2008). No beneficial effect of tempera-
ture exposure duration on pO,.; was reported for
black sea bass Centropristis striata (Slesinger et al.
2019) or Doederlein's cardinalfish Ostorhinchus doe-
derleini and lemon damselfish Pomacentrus moluc-
censis (Nilsson et al. 2010). Studies testing for thermal
acclimation effects on hypoxia tolerance using the
time to loss of equilibrium (LOE) metric have reported
a positive effect of acclimation to warmer tempera-
tures in brook charr Salvelinus fontinalis (Jensen &
Benfey 2022) and Atlantic killifish Fundulus heterocli-
tus (McBryan et al. 2016).

We found no difference in temperature-dependent
hypoxia tolerance among sampling locations, despite
significantly higher resting oxygen demand (SMR)
for the Monterey population compared to both San
Diego and Clallam Bay across all temperatures tested.
The elevated resting metabolism for Monterey was
unexpected considering exposure to less extreme
temperatures compared to the other 2 sites. The most
likely explanation is that the elevated SMR of the
Monterey population is due to sample specimens
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being obtained from an in situ aquaculture operation
where they were fed ad libitum (Nilsson-Ortman &
Bronmark 2022). Variable oxygen demands yet simi-
lar hypoxia tolerances among populations indicate
that oxygen supply capacity is plastic, resulting in
consistently optimal pO,.;;, perhaps to maintain
levels of aerobic scope (Seibel & Deutsch 2020, Seibel
et al. 2021).

4.2. Temperature-dependent hypoxia tolerance
over developmental stages

We found high hypoxia tolerance (pOqeiy < 15% air
saturation) for all embryonic and larval development
phases (blastula to settlement) of S. purpuratus. There
is limited information for marine larvae pO,.;;, most
likely because of the challenges associated with mea-
suring metabolic rates for such tiny specimens (Peck
& Moyano 2016). However, those studies that have
measured larval hypoxia tolerance report relatively
high pO,.;; (low hypoxia tolerance). For example,
P Oypi for pre-settlement larvae of black-axil chromis
Chromis atripectoralis and Ambon damsel Pomacen-
trus amboinensis are estimated at 45 and 43% air sat-
uration, respectively (Nilsson et al. 2007), while pre-
settlement Dover sole Solea solea larvae have a p O
reported at 12.6 kPa (~50% air saturation) (McKenzie
et al. 2008). The only study investigating tempera-
ture-dependance of hypoxia tolerance at various lar-
val stages of an invertebrate species, the Atlantic rock
crab Cancer irroratus, reported relatively high lethal
oxygen limits and temperature sensitivities corre-
sponding to hypoxic thresholds close to 100% air sat-
uration in warm water (30°C) (Vargo & Sastry 1977).
Such findings have contributed to the proposition
that early life stages of development are generally
less tolerant to hypoxia (Vaquer-Sunyer & Duarte
2008; see review by Eerkes-Medrano et al. 2013).
However, these studies either worked on larval fish
where bone development phases can be especially
energetically expensive and do not explicitly quan-
tify metabolic demand (Edworthy et al. 2018), or used
metrics based on larval survival, which can be hard to
disentangle from hypoxia-induced mortality as larval
mortality is naturally high. A comparable recent
study to ours quantifying pO,.;; of the Australian
hybrid abalone found values ranging from 22.7% air
saturation in fertilized eggs to 14 % in mid-veliger lar-
vae (Alter et al. 2016), which are slightly higher but in
line with our study. Our results are also in accordance
with the only previous study on S. purpuratus larval
hypoxia tolerance, where Eerkes-Medrano et al.

(2013) reported no difference in survival of pluteus
larvae from Oregon when exposed to ‘near anoxia'
(<0.5ml 17!, ~7.4% saturation at temperature of ~9°C)
vs. control (5—7 ml 17!, ~74—104% saturation at tem-
perature of ~9°C) water. These results are consistent
with theoretical considerations that larvae should
have lower hypoxic thresholds than adults (Sperling
et al. 2015). Whether this finding for S. purpuratus
applies to more direct developers like fish needs to be
tested further.

The observed high hypoxia tolerance suggests it
is unlikely that deoxygenation events will be a
proximate cause for S. purpuratus larval death at
temperatures between 10 and 19°C while in the
plankton of the California Current System. Juvenile
S. purpuratus recruitment is variable in space and
time throughout the California Current, with re-
cruitment anomalies driving population booms
(Rogers-Bennett 2013, Rogers-Bennett & Okamoto
2020). These recruitment pulses are driven by
larval supply, which varies with ocean temperature
and El Nino—Southern Oscillation-driven current
patterns across California (Okamoto et al. 2020).
Indeed, temperature is a fundamental driver of
invertebrate larval development (Hoegh-Guldberg
& Pearse 1995) and specifically for S. purpuratus
(Azad et al. 2012), but our results indicate it is
unlikely to interact with oxygen in an energetically
limiting way for this species. However, we only
quantified the absolute minimum oxygen level
required to maintain levels of aerobic metabolism,
and it is possible that exposure to deoxygenation
levels above this pO,;; threshold during early em-
bryonic phases may hinder development and con-
tribute to recruitment failure. For example, Layous
et al. (2021) found that early hypoxia exposure in a
closely related sea urchin (Paracentrotus lividus)
can impede gene regulatory networks, impairing
skeletal and growth development, although the
deoxygenation treatments in that study were close
to anoxia and notably below our measured pOq.;;
of S. purpuratus.

We identified distinct patterns in temperature-de-
pendent hypoxia tolerance throughout ontogenetic
development phases (Fig. 6) that can be explained by
developmental morphology and function. Tempera-
ture sensitivity (E) decreased with development from
blastula to late-pluteus, while overall hypoxia toler-
ance remained consistent during embryonic phases
(blastula to prism), but decreased (higher pOy;) fol-
lowing the transition to early-pluteus (Fig. 6A,B).
Oxygen is supplied to the developing animal
embryos via diffusion across the egg surface area,
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while the rate of internal energy conversion fueling
growth and differentiation sets oxygen demands
(Pearse & Cameron 1991, Martin et al. 2020). If total
metabolic oxygen demand increases with egg vol-
ume, then supply via surface area diffusion will fail to
meet this demand at increasingly higher oxygen
levels, resulting in a higher pO,.; (Martin et al.
2020). The consistently low pO,.,;; measured across
embryonic stages (blastula to prism) suggests that
either metabolic oxygen demand does not increase,
despite an increase in volume, or that oxygen supply
increases through changes in membrane permeability
with development. This was confirmed by Meyer et
al. (2007), who reported no difference in individual
metabolic rates for S. purpuratus embryos over
the first 4 d of development. We did, however, find a
~2-fold increase in temperature sensitivity (E) for
these embryonic phases compared to later phases.
Warming increases rates of biochemical reactions
and hence oxygen demand following an exponential
relationship (Gillooly et al. 2001), while supply re-
mains relatively constrained by a lower rate of oxygen
diffusivity increases (Han & Bartels 1996) and by dif-
fusion over a fixed surface area, causing pOy; to be
reached at increasingly higher oxygen levels with
warming (Martin et al. 2020). Following the transition
from prism to early-pluteus, overall hypoxia tolerance
progressively decreases, which coincides with the
onset of larval feeding, active swimming, skeletal
development (Smith et al. 2008), and the subsequent
increase in per individual metabolic oxygen demand
(Meyer et al. 2007). However, the onset of feeding
may contribute to the simultaneous reduction in tem-
perature sensitivity (E). To feed and swim, pluteus lar-
vae pass water along their arms via ciliated beats into
their mouth, which drives water exchange, replenish-
ing an oxygen diffusion gradient and maintaining res-
piration rates (Strathmann 1971). If warming speeds
up ciliated beat frequency and swimming speeds,
the subsequent increase in metabolic oxygen de-
mand may be accompanied by greater rates of oxygen
supply, dampening the temperature effect that would
otherwise drive p O, higher.

There are several caveats with the experimental
design in this study that caution against drawing gen-
eralizable conclusions and extrapolating beyond the
species and system investigated here. First, the study
involved 21 temperature—location treatment combi-
nations for the adult study and 24 temperature—
developmental stage treatment combinations for the
larval study, which resulted in some treatments not
being replicated sufficiently (i.e. no replication for
blastula at 10°C). While we fit regression models

across the range of temperatures for each develop-
mental stage and/or sampling location, when replica-
tion levels are low at the lowest/highest tempera-
tures, it is possible for anomalous measurements to
have a disproportionate effect on regression model
parameters. Furthermore, there are several confound-
ing variables that were not explicitly considered but
may have influenced the results of the study. Adult
specimens were collected from different habitats,
namely in the ocean at depths around 15 m in San
Diego, from a nearshore ocean-based aquaculture
facility in Monterey, and from an intertidal environ-
ment in Clallam Bay. Given commonly fluctuating
temperatures in intertidal environments, it is possible
that the Clallam Bay organisms may have (at times)
experienced warmer conditions than the subtidal San
Diego specimens despite being from the more north-
ern locality (i.e. depth and geography are confound-
ing variables). Nonetheless, at a broad level, we have
clearly sampled 3 unique populations of S. purpuratus
for physiological comparison. The acclimation proto-
col prior to experimentation was also different with
recirculating tanks for San Diego, ocean cages for
Monterey, and flow-through systems for Clallam Bay.
These confounding exposures may have influenced
measurements (i.e. higher SMRs for the Monterey
population from an aquaculture farm). The fact that
hypoxia tolerance is similar despite different levels
of baseline respiration recorded here suggests that
our findings of consistent adult hypoxia tolerance
among populations is robust. Similarly, with the lar-
val study, acute thermal shock (2 h) and variable den-
sities among wells may have influenced respiration
rates, but the consistent patterns between hypoxia
tolerance and development for each temperature
tested indicates a level of robustness to the patterns
observed. Nevertheless, it is important that more
studies test hypoxia tolerance across a wide range of
temperatures and multiple populations before any
generalizations can be made.

Overall, the interaction of developmental phase-
specific pO,;; Arrhenius model parameters (Table S9)
results in hypoxia tolerance of adults being lower
(higher pOy.;) than any earlier developmental
stage at any temperature currently experienced
throughout the core distribution of S. purpuratus in
the California Current System. This was unex-
pected, as larvae are generally considered more
sensitive to environmental extremes than adults.
The consistency of temperature-dependent hyp-
oxia tolerance among adult populations, despite
exposure to different thermal and oxygen regimes,
suggests this critical threshold may not be able to
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change or that related physiological process are
plastic such that pOj. remains optimally low.
These findings agree with another study that quan-
tified pOyy for an aquatic organism (barramundi
Lates calcarifer) at multiple locations and tempera-
tures (Collins et al. 2013). Because oxygen demand
varied among populations rather than pO,; thres-
holds, our results point towards plastic oxygen
supply capacities to maintain sufficient oxygen
provision (Seibel & Deutsch 2020), resulting in vari-
able levels of absolute aerobic metabolic scope but
not breadth or factorial aerobic scope. This, how-
ever, needs to be tested further (Deutsch et al.
2015, Scheuffele et al. 2021).

Data availability. All data required to produce the analyses
in this study are included in the supplementary material.
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