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Anthropogenic climate change has increased the frequency and intensity of marine heatwaves that may broadly
impact the health of marine invertebrates. Rising ocean temperatures lead to increases in disease prevalence in
marine organisms; it is therefore critical to understand how marine heatwaves impact immune system devel-
opment. The purple sea urchin (Strongylocentrotus purpuratus) is an ecologically important, broadcast-spawning,

Body si
In:nZu:ezefunction omnivore that primarily inhabits kelp forests in the northeastern Pacific Ocean. The S. purpuratus life cycle in-
Larvae cludes a relatively long-lived (~2 months) planktotrophic larval stage. Larvae have a well-characterized cellular

immune system that is mediated, in part, by a subset of mesenchymal cells known as pigment cells. To assess the
role of environmental temperature on the development of larval immune cells, embryos were generated from
adult sea urchins conditioned at 14 °C. Embryos were then cultured in either ambient (14 °C) or elevated (18 °C)
seawater. Results indicate that larvae raised in an elevated temperature were slightly larger and had more
pigment cells than those raised at ambient temperature. Further, the larval phenotypes varied significantly
among genetic crosses, which highlights the importance of genotype in structuring how the immune system
develops in the context of the environment. Overall, these results indicate that larvae are phenotypically plastic

in modulating their immune cells and body length in response to adverse developmental conditions.

1. Introduction

Marine heatwaves (MHWs) are increasing in frequency and intensity
due to global change and are characterized by periods of elevated sea
surface temperatures (SST) that last for weeks to months and can span
thousands of kilometers (Frolicher et al., 2018; Hobday et al., 2016).
MHW events can have catastrophic impacts on marine habitats (e.g,
coral reef ecosystems (Fordyce et al., 2019) and kelp forests (Smale
et al., 2019)), and can have drastic impacts on marine communities
through species range shifts (Sanford et al., 2019), decreased produc-
tivity (Whitney, 2015), altered food webs (Smith et al., 2021), and mass
mortality events (Hoegh-Guldberg and Bruno, 2010; Laufkotter et al.,
2020). MHW events are particularly stressful to benthic marine organ-
isms, which are often unable to relocate to more favorable environ-
ments. As a result, during MHW events, benthic marine organisms must
either have mechanisms to acclimate to their new environment via
phenotypic plasticity or face potential mortality (Snell-Rood et al., 2018;
West-Eberhard, 2003).
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Recently, MHWs have impacted regions of the Mediterranean,
western Australia, the northwest Atlantic, and the northeast Pacific
(Shanks et al., 2020). In the northeast Pacific, which encompasses the
California Current System, a MHW dubbed “the Blob” was a warming
event lasting from 2013 to 2016, and more recently, a MHW lasting from
2019 to 2020 (dubbed “Blob 2.0”) plagued the same region (Amaya
et al., 2020; Oliver et al., 2018; Scannell et al., 2020) which had
devastating ecological consequences ( Smith et al., 2023). During “the
Blob” MHW, SST increased an average of 1-4 °C (Cavole et al., 2016;
Chamorro et al., 2023; Di Lorenzo and Mantua, 2016). The northeast
Pacific has emerged as a hotspot for persistent MHW events due to
long-term warming resulting from anthropogenic greenhouse gas
emissions (Laufkotter et al., 2020). Since “the Blob” event, a series of
shorter MHW events have been documented in this area (Leach et al.,
2021).

The increased prevalence of MHWs has magnified disease prevalence
in the ocean (Burge et al., 2014; Rubio-Portillo et al., 2015). Elevated
ocean temperatures can threaten biodiversity and survivability of
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marine organisms by affecting disease transmission, host susceptibility,
pathogen survival and development (Harvell et al., 2002). There is also a
positive correlation between growth rates of marine bacteria and fungi
and increased temperature (Harvell et al., 2002). For example, increased
temperature leads to a higher susceptibility of white band disease in
reef-building corals (Bruno et al., 2007; Burge et al., 2014; Heron et al.,
2010). The incidence of white band disease in Acropora palmata in-
creases when median sea surface temperatures are >28.5 °C (Randall
and Van Woesik, 2015). Although a limited number of mechanistic
studies have been performed, two hypotheses for these observations
have been proposed: 1) warmer waters relax the over-wintering
dormancy of pathogenic microbes; and 2) persistent heat induces
stress responses that suppress immune system function (Randall and Van
Woesik, 2015). High temperatures have been implicated in the recent
increased disease prevalence of sea star wasting disease (SSWD), which
affects at least twenty species of sea stars off the west coast of North
America (Bates et al., 2009; Eisenlord et al., 2016; Kohl et al., 2016;
Miner et al., 2018). This disease has the potential to drastically impact
community composition through local extinction events
(Montecino-Latorre et al., 2016) and has led to trophic cascades
resulting in kelp barrens and altered population structures (Schultz
et al., 2016). In cooler water temperatures, SSWD progression slows but
still results in mortality events, indicating that if elevated temperatures
do subside, SSWD infections persist (Kohl et al., 2016). Since MHWs are
projected to increase in intensity and severity over the coming years
(Frolicher et al., 2018; Hobday et al., 2016), disease prevalence and host
susceptibility will continue to plague marine organisms leading to
potentially irreversible damage in marine ecosystems. Here, we examine
the consequences of marine heatwaves on immune system development
in another echinoderm species: the purple sea urchin (Strongylocentrotus
purpuratus).

Strongylocentrotus purpuratus is an ecologically and economically
important omnivore that inhabits the California Current System (CCS),
which stretches from Baja California, Mexico to British Columbia,
Canada (Checkley and Barth, 2009; Manier and Palumbi, 2008; Pearse,
2006). S. purpuratus are broadcast spawners with a biphasic life cycle
that includes a long-lived planktotrophic larval stage which enables
larvae to travel hundreds of kilometers via ocean currents (Okamoto
et al., 2020; Pearse, 2006). Because pelagic S. purpuratus larvae may
experience drastically different temperatures and environmental con-
ditions from those of their parents, larvae exhibit the capacity to accli-
mate to variable environments (Gray, 2013; Leach and Hofmann, 2023;
Puisay et al., 2018; Strader et al., 2022). It has been shown that elevated
temperatures increase both growth and development rate in sea urchin
larvae (Fujisawa and Shigei, 1990; O’Connor et al., 2007; Wong and
Hofmann, 2020). Furthermore, temperatures experienced during early
development have been shown to greatly influence survival in various
tropical and temperate sea urchin species (Byrne et al., 2009; O’ Connor
et al., 2007; Sewell and Young, 1999). A large portion of sea urchin
gametogenesis, which occurs in the late fall and early winter, overlaps
with occurrences of MHWs in the CCS, particularly over the last decade
(Chamorro et al., 2023; Leach and Hofmann, 2023; Reed et al., 2016).
Therefore, it is important to understand if and how temperatures
experienced during early embryogenesis influence the development of
the larval immune system.

The purple sea urchin has a sophisticated and complex innate im-
mune system (Smith, 2012) composed of several specialized cell types
that mediate pathogen responses in both the adult and larval life stages
(Rast et al., 2006; Smith et al., 2006) In S. purpuratus, larval immune
cells are derived from mesenchymal cells that are specified in early
embryogenesis during the mid-blastula stage (Solek et al., 2013). These
include pigment cells, which, in uninfected animals, exhibit a stellate
morphology and are primarily localize to the larval ectoderm, with
concentrations in the tips of the arms and the apical end of the larvae
(Ho et al., 2016; Smith et al., 2008). However, when exposed to certain
strains of bacteria, pigment cells become active, change shape, and
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migrate to the site of infection (Ho et al., 2016).

Here, we identified how variation in developmental temperature
impacts the morphology and immune cell development of S. purpuratus
larvae. Specifically, we examined how developmental temperature and
genotype impacted larval body size and immune system development by
quantifying pigment cells. We find that larvae reared in elevated tem-
peratures were larger and had more pigment cells than those reared in
ambient temperatures. Furthermore, analysis of the individual genetic
crosses revealed that genotype influences pigment cell count, but not
overall body length. These results suggest that S. purpuratus larvae
exhibit phenotypic plasticity in response to developmental temperature
that shapes not only overall morphology, but also immune system
development. Since marine heatwaves are not projected to cease in
duration or intensity in the near future (Frolicher et al., 2018; Hobday
et al., 2016), and coincide with increases in marine diseases, (Burge
et al.,, 2014; Rubio-Portillo et al., 2015) these results highlight that
phenotypic plasticity in immune cell development may enable
S. purpuratus larvae to persist during periods of prolonged heat stress.

2. Methods
2.1. Conditioning of adult sea urchins

Adult S. purpuratus were collected off the coast of Santa Barbara,
California by SCUBA in October 2021 (SBC LTER permit = California
Department of Fish and Wildlife Scientific Collecting permit #SC-9228)
and were transported to a saltwater tank facility at Auburn University,
where animals were housed in an 85-gallon aquarium. Animals were
maintained in artificial seawater (Instant Ocean; 14 °C; salinity = 30
ppt). Temperature and salinity were monitored daily using an Apollo IV
DT304 Digital Temperature Logger (UEI) and an ATC refractometer;
water chemistry was tested weekly using respective API test kits (API
Saltwater Aquarium Master Test Kit). Adults were fed excess frozen kelp
(Macrocystis pyrifera) once a week; a 20% water change occurred two
days after feeding to stabilize water chemistry. Adults were acclimated
to these conditions for three months prior to spawning.

2.2. Spawning of adults and culturing of larvae

Adults were selected at random for spawning. Spawning was induced
by an injection of 0.53 M KCl into the coelomic cavity. Sperm was
collected dry and remained on ice until activation. Eggs were collected
in 0.22 pm-filtered artificial sea water (FASW) at 30 ppt salinity and
14 °C temperature. Gamete compatibility was assessed by ensuring that
fertilization success was >90%. To account for resource availability,
spawning occurred in two rounds. In the first round, individual crosses
were generated using one dam (Dam 1) and two sires (Sire 1 and 2). For
the second round of spawning (which occurred two weeks later), indi-
vidual crosses were established using a different set of adults: two dams
(Dam 2 and Dam 3) and one sire (Sire 3). Each spawning resulted in two
unique genetic crosses, (4 total) from three males and three females.
Fertilization occurred in ambient (14 °C) FASW. Fertilized embryos from
each cross were divided and cultured at one of the experimental tem-
peratures: ambient (14 °C) and elevated (18 °C), each with two replicate
cultures (Fig. 1A). Embryos were cultured in 4-L vessels of FASW with
stirring rotors at 20 rpm and a density of 10 embryos/pL (approximately
30,000 embryos per culture vessel).

2.3. Early life-history sampling

Larval cultures were maintained for six days. Partial (1/3 vol) water
changes were performed at 3 days post fertilization (dpf) to maintain
water quality. Offspring were collected at the pluteus stage (6 dpf) to
quantify variation in body length and pigment cell count. Approximately
600 larvae from each culture vessel were preserved in 10% aqueous
buffered zinc formalin (Z-Fix; Anatech, Ltd.), and stored at 4 °C prior to
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Fig. 1. Experimental design used to investigate the role of developmental temperature on larval immune phenotypes. (A) Gametes were collected from three
adult sires and three adult dams and crossed as shown. Cultures of fertilized embryos were divided and grown in either ambient (14 °C, shown in blue) or elevated
(18 °C, shown in gray) temperatures. Each culture condition was performed as two replicates. (B) Morphological analysis was performed on unfertilized eggs from
each dam. (C) Pluteus samples (6 dpf) were measured from each genetic cross and developmental condition. Preoral and postoral body length was measured (denoted

with purple lines) and pigment cells (red) were counted.

morphological analysis.

2.4. Egg and early embryo morphology imaging and analysis

Unfertilized eggs from each female were also preserved in Z-Fix
(approximately 600 eggs per female, collected in triplicate). Individual
eggs (n = 30 per female per triplicate) were selected at random and
photographed using a Canon Rebel X digital camera and calibrated with
a scale micrometer. Images were processed in FIJI (Schindelin et al.,
2012). Average egg diameter was determined by taking the average of
three independent diameter measurements at angles 0°, 45°, and 90° to
account for potential irregularities in egg shape (Fig. 1B). To avoid bias
in slide preps containing multiple eggs, each egg was randomly assigned
a number and a random number generator was used to choose the egg to
be measured.

2.5. Pluteus morphology imaging and analysis

To measure pigment cell number and overall body length, larvae (n
= 10 per cross per replicate) were imaged on a Zeiss Axio Observer 7
microscope with Zen Imaging Software (Zen 3.0 blue edition). Each
image consisted of 50 slices of an interval of 0.57 pm. Images were
processed using FLJI (Schindelin et al., 2012) using the “Cell Counter”
plugin (Supplemental Fig. 1). Pigment cells were counted manually. To

accurately measure larval morphology, the X, Y, and Z coordinates were
collected from each pre- and post-oral arm, as well as the apical end. The

formula \/ (x2 —x1)% + (y2 = y1)*> + (22 — 21)* was used to calculate
larval body length. Pre- and post-oral arm length was averaged for each
individual larva.

2.6. Statistical analysis

All statistical analysis was conducted in R (version 4.1.2). Tests were
run with a linear mixed effect model using the R data packages lme4
(Linear Mixed-Effects Models using ‘Eigen’ and S4, version 1.1-34)
(Bates et al., 2015); and afex (Analysis of Factorial Experiments, version
1.3) (Singmann et al., 2023). Models used to test if dam identity played a
role in egg size, included fixed effects of dam and random effect of egg
ID. To identify variation in pigment cell count, a linear mixed effect
regression model (Imer) was used with developmental treatment and
genetic combination used as fixed effects, while individual culture vessel
was used as a random effect. The interaction between genotype and
treatment was a fixed effect in the model. Additional, separate lmer
models were run to identify variation in pigment cell count due to
maternal and paternal effects. The function emmeans (Estimated Mar-
ginal Means, aka Least-Squares Means, version 1.8.8) (Lenth, 2023) was
used to extrapolate individual comparisons. The same model structure
was used to identify variation in preoral and postoral body length.
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Finally, a linear model using the lm package in R (Im: Fitting Linear
Models, R stats package, version 4.2.3) was used to identify correlations
between larval body length and pigment cell counts with developmental
temperature used as the fixed effect. Separate correlations were per-
formed to compare preoral/postoral body length and pigment cell count.
Significance was defined as p < 0.05.

3. Results
3.1. Egg diameter varies among dams

Unfertilized eggs were collected from the three dams to quantify
variation in egg size. Analysis of egg diameters reveals that the three
dams produced eggs of significantly different sizes (Fig. 2). Dam 1 had
the largest egg diameter (average = 94.17 pm; SE = 0.869 pm), while
eggs from dams 2 and 3 were slightly smaller (average egg diameters of
88.93 + 0.876 pm and 88.13 + 0.869 pm respectively). There was a
significant difference in the diameter of eggs between dams 1 and 2
(Pimer = 0.0119, Fig. 2, Supplemental Tables 1 and 3) and dams 1 and 3
(Pimer = 0.0066, Fig. 2, Supplemental Tables 1 and 3). However, there
was no significant difference in egg diameter between dam 2 and dam 3
(Pimer = 0.8317, Fig. 2, Supplemental Tables 1 and 3). Notably, a dif-
ference of 6 pm in egg diameter corresponds to up to a 14% difference in
egg volume.

3.2. Larvae grow larger when cultured in higher temperatures

To determine the effects of genotype and temperature on preoral and
postoral larval body length, we generated four genetic crosses from six
adult sea urchins. Fertilized embryos were grown at either ambient
(14 °C) or elevated (18 °C) temperatures (Fig. 1A). Larval morphology
was measured at the 4-armed pluteus stage (6 dpf). At this stage, free-
swimming larvae have fully developed gut structures and are able to
feed. Additionally, pigment cells have terminally differentiated,
ingressed through the blastocoel and are typically present near the
ectoderm (Ho et al., 2016).

Postoral body length was significantly affected by temperature dur-
ing embryogenesis. Pluteus larvae that developed in elevated

Kk

110

Mean Egg Diameter (pm)
8 2

@
(=]

70

n=90 n=86 n=90

Dam 1 Dam 3

Fig. 2. Egg diameter varies among dams. Unfertilized eggs were collected
from each dam used in the experiment (n = 90 per dam; indicated by shades of
purple). Eggs were measured three times using orthogonal planes (0°, 45°, and
90°). The average of the three measurements from each egg is shown. Signifi-
cant differences in egg size between individual dams are denoted with asterisks
(Pimer < 0.01).
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temperatures were significantly larger than those grown in ambient
conditions (Pimer = 0.0324, Fig. 3A). The average postoral body length of
larvae cultured in elevated temperatures was 276 pm (+14 pm, 95% CI);
growing in ambient temperatures resulted in an average postoral body
length of 253 pm (£13.0 pm, 95% CI). We investigated potential in-
fluences of maternal or paternal effects on postoral body length and
found no significant differences independent of temperature conditions
(Fig. 3C-Supplemental Tables 14 and 15; Fig. 3D-Supplemental Ta-
bles 13 and 15). Similar results were obtained from measurements of
preoral body length (Supplementary Fig. 2, Supplemental Tables 8-11).

3.3. Higher temperatures during embryogenesis impact pigment cell
development

In addition to identifying the effect of temperature and genotype on
larval body length, we characterized how developmental temperature
influences immune cell development. Given their importance in
responding to immune challenge and distinctive morphology (Buckley
and Rast, 2019; Ho et al., 2016), we enumerated pigment cells in each
larva. On average, larvae reared in at 18 °C had significantly more
pigment cells than larvae grown in ambient conditions (Pimer =
0.000431, Fig. 4A).

We investigated the role of genotype, maternal effects, and paternal
effects on pigment cell development. Analyses of individual crosses
revealed that genotype did not significantly influence pigment cell
numbers for larvae reared in ambient temperature conditions but was an
important factor in larvae reared in elevated temperatures (Fig. 4B).
Specifically, in elevated temperatures, larvae from cross 1.1 in had ~25
more pigment cells than larvae from cross 3.3 (pimer = 0.0046), or cross
2.3 (Pimer = 0.0034, Fig. 4B-Supplemental Tables 4-5). However, the
same crosses did not have significantly different pigment cell numbers
under ambient conditions. Similarly, larvae from cross 1.2 had on
average 16 more pigment cells when grown at 18 °C compared to the
cross 2.3 (Pimer = 0.0169) and ~20 more pigment cells than cross 3.3
(Pimer = 0.0169, Fig. 4B-Supplemental Tables 4-5).

To determine if maternal effects drive pigment cell variation among
individuals, we compared larvae produced from the three dams. At
ambient temperatures, no significant variation was observed
(Fig. 4C-Supplemental Table 5). However, we found that dam played a
significant role in pigment cell count in elevated temperatures. Under
these conditions, larvae from dam 1 had on average 19 more pigment
cells than larvae produced from dam 2 (Pumer = 0.0009,
Fig. 4C-Supplementary Tables 5-6) or dam 3 (pPimer = 0.0015,
Fig. 4C-Supplementary Tables 5-6). Additionally, there was no signifi-
cant difference in pigment cell count between dam 2 and dam 3 under
elevated temperature (Pimer = 0.72, Fig. 4C-Supplementary Tables 5 and
6). Similarly to the maternal effects, we found that under ambient
conditions, there were no significant differences between pigment cell
count based on sire (Fig. 4D-Supplementary Tables 5 and 7), while ef-
fects were evident under elevated temperature conditions. Larvae pro-
duced from sire 1 had on average 23 more pigment cells compared to
larvae produced from sire 3 under elevated temperature (pjmer = 0.0001,
Fig. 4D-Supplementary Tables 5 and 7). Additionally in the elevated
temperature treatment, larvae produced from sire 2 had significantly
more pigment cells compared to larvae produced from sire 3 (Pimer =
0.001, Fig. 4D-Supplementary Tables 5 and 7), although there is no
significant difference in pigment cell count between larvae produced
from sire 1 and sire 2 in the elevated temperature, (Dimer = 0.3454,
Fig. 4D-Supplementary Tables 5 and 7).

Notably, there was no correlation between larval length and pigment
cell number. Correlations between postoral body length and pigment
cell count in ambient temperature showed a negative, statistically sig-
nificant, small correlation between the two variables = 0.041, 95%
CI [-0.30, —0.05], p = 0.007, Fig. 5). Additionally, under elevated
temperature, we identified a negative, statistically not significant cor-
relation between pigment cell count and postoral body length (r? =
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Fig. 3. Embryos developed at elevated temperatures exhibit longer postoral body lengths. Individual adults used to generate the cultures are indicated by
different shapes. Blue shapes indicate ambient conditions (14 °C); gray shapes indicate elevated conditions (18 °C). (A) Differences in postoral body length between
larvae developed in ambient temperatures compared to larvae which developed in elevated temperatures (pjmer = 0.0324). Asterisks denote significance differences
(Pimer<0.05 = *). No significant variation was observed in postoral body length differences based on genotype (B), dams (C), or sires (D).
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0.023, 95% CI [-0.30, 1.93e-03], p = 0.053, Fig. 5).

Lastly, we quantified if egg size influenced larval postoral body
length and pigment cell count for larvae in both developmental treat-
ments. We found no significant correlation between egg diameter and
postoral body length for larvae reared in ambient conditions for dam 1
(r? = 0.0041, p = 0.629, Fig. 6A), for dam 2 (r> = 0.0029, p = 0.684,
Fig. 6A) or for dam 3 = 0.002, p = 0.734, Fig. 6A), or for larvae reared
in elevated conditions for dam 1 (r*> = 0.18, p = 0.333, Fig. 6C), or for
dam 2 (r? = 6.4 x 10’6, p = 0.989, Fig. 6C). However, we did identify a
positive, significant, correlation between egg diameter and postoral
body length for dam 3 in elevated conditions (r> = 0.21, p = 0.012,
Fig. 6C). Similarly, there was no significant correlation between pigment
cell count and egg diameter for samples reared in ambient conditions
originating from dam 1 (r2 =0.00099, p=0.811, Fig. 6B) or from dam 2
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2= 0.0018, p = 0.746, Fig. 6B). However, there is a positive, statis-
tically significant correlation between pigment cell count and egg
diameter between samples reared in ambient conditions originating
from dam 3 (r? = 0.083, p = 0.025, Fig. 6B). For samples reared in the
elevated conditions, we found no significant correlation between egg
diameter and pigment cell count between samples reared in elevated
conditions originating from dam 1 @2 = 0.0029, p = 0.779, Fig. 6D),
dam 2 (r? = 0.0045, p = 0.725, Fig. 6D), or dam 3 (r? = 3.9e-06, p =
0.992, Fig. 6D).

4. Discussion

We investigated the role of temperature on body length and immune
cell development in S. purpuratus larvae and found that elevated
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temperature during embryogenesis resulted in larvae that were larger
and had more pigment cells. In addition to the environmental influence,
this variation is also driven by genotype but not by maternal provi-
sioning, as inferred through differences in egg size. Overall, these results
suggest that environmental temperature is a primary driver of plasticity
during development.

4.1. Egg diameter varies among dams

In broadcast spawning marine organisms, egg size is one of the most
important factors contributing not only to fertilization success, but to
larval growth, development, and ultimately survival (Moran and
McAlister, 2009). Although egg size is critical for species success, this
phenotype is extremely variable not only among species, but also among
individuals. Therefore, in the context of how early developmental en-
vironments shape phenotypes, it is important to have a comprehensive
understanding of when variation occurs, and what might drive these
differences. Here, we found significant variation in egg diameter be-
tween dams. However, when identifying if variation in egg size in-
fluences larval postoral body length or pigment cell count, we found that
there was no correlation between egg size on those two factors,
regardless of developmental condition. This suggests that maternal
provisioning, which we infer from unfertilized egg size, was not a
contributing factor shaping later larval size and immune capabilities.

Intraspecific variation in egg size is not uncommon in broadcasting
spawning marine organisms (Emlet and Hoegh-Guldberg, 1997; D. R.
Levitan, 2000, 2006; Marshall et al., 2000; McEdward and Carson,
1987) and can be driven by environmental conditions, genetic variation,
or stochastic developmental processes (Moran and McAlister, 2009;
Vogt et al., 2008). The temperature experienced by dams during
oogenesis can influence the size of the egg produced (Moran and
McAlister, 2009), but likely did not cause the size differences in the eggs
observed here, as the sea urchins used for this experiment were collected
during the same dive event at the same site and were housed in the same
common garden aquarium for three-months prior to spawning. Adult sea
urchins did not spawn during this three-month acclimation period, but
their previous environmental conditions - which are likely to influence
egg size and the intraspecific variation - are unknown.

Maternal age can also influence egg size, with egg size decreasing
with advanced maternal age in some marine invertebrates (Ito, 1997;
Moran and McAlister, 2009; Qian and Chia, 1992). Since our adult sea
urchins were collected from the wild, we are unable to know for certain
their age and if this is contributing to the variation we observed in egg
diameter. Maternal size can also contribute to overall egg size such that
larger mothers produce larger eggs (George, 1994; Marshall et al., 2000;
Moran and McAlister, 2009) and may reflect the overall amount of re-
sources that can be directed to reproduction (George, 1994). However,
our data display the opposite trend. Although sea urchin adults were
randomly selected at the time of spawning, the test size of dam 1 was the
smallest (diameter = 56 cm; height = 35 cm) and produced the largest
eggs, while dam 3 was the largest (diameter = 73 cm; height = 38 cm)
and produced the smallest eggs (Supplemental Table 16). Thus, it is
likely that additional factors other than only maternal size may
contribute to the observation variation in egg diameters.

For broadcast-spawning marine invertebrates, the entire nutritive
contribution from the mother to offspring is provided in the egg, which
may result in larger eggs that are better equipped to handle develop-
mental stressors (McEdward and Carson, 1987). Additionally, larger
eggs have a great surface area to enable sperm interactions, which is
extremely beneficial for broadcast-spawners, especially in sperm-limited
conditions (Levitan, 1996; Marshall and Keough, 2007). However, in
areas with high densities of males, the influence of egg size on survival
may be reversed, as polyspermy occurs more frequently in large eggs
(Marshall and Keough, 2007). Thus, egg size is likely subject to a variety
of evolutionary pressures. After fertilization, egg size can greatly influ-
ence larval growth, development, and survival (Emlet, 1995; Levitan,
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2000; Marshall and Keough, 2007).

4.2. Developmental temperature influences body length in larval sea
urchins

The environment in which an individual develops has monumental
influence over their success and survival as an adult (Gray, 2013;
Marshall et al., 2003; Shima and Findlay, 2002). When faced with
adverse environmental conditions, organisms can either relocate to a
more favorable site, adjust to their new environment, or perish. How-
ever, larval marine organisms are often subjected to the will of the
currents, and therefore unable to relocate to more favorable environ-
ments. Temperature strongly influences larval development; under-
standing how developmental temperature shapes larval phenotypes is
extremely important in understanding how organisms will respond to
changing environments (Byrne, 2011; Byrne and Przeslawski, 2013;
O’Connor et al., 2007; Pechenik, 1984). Here, we modeled MWH con-
ditions by culturing embryos at both ambient temperature conditions
(14 °C) and at environmentally relevant MHW temperature conditions
(18 °C) until the four-arm pluteus stage (6dpf). Prior research has shown
that 14 °C is within the optimal range for culturing S. purpuratus for
proper development and survivability (Azad et al., 2012). We show that
pluteus cultured in elevated temperatures were significantly larger than
those grown in ambient temperatures. These results indicate that larval
sea urchins are phenotypically plastic to variation in temperature. The
ability to produce a plastic response when exposed to changes in envi-
ronmental condition is critical for organismal survival, particularly
during sensitive developmental stages. However, this allocation of re-
sources may come at a cost to developing larvae and have downstream
consequences after metamorphosis to adulthood. Plasticity resulting
from variation in developmental temperatures has been
well-documented in marine invertebrate larvae (Byrne, 2011; Byrne and
Przeslawski, 2013; Gonzalez-Ortegéon and Giménez, 2014; O’Connor
et al., 2007; Reitzel et al., 2004), and, more specifically, in many echi-
noderms species (Byrne and Przeslawski, 2013; Dellatorre and Mana-
han, 2023; Hoegh-Guldberg and Pearse, 1995; Karelitz et al., 2020;
Leach and Hofmann, 2023; Wangensteen et al., 2013; Wong and Hof-
mann, 2020). Our results add to this rich literature base.

The mechanistic driver that enables increased larval body length is
an increase in metabolic activity (Byrne, 2011; Sardi et al., 2023;
Somero, 2002). By increasing the rate of biochemical reactions, elevated
temperatures can affect metabolic rates (Dellatorre and Manahan, 2023;
Sin et al., 2019). In S. purpuratus, higher temperatures have been shown
to increase not only metabolic rates, but also overall body length and
arm length (Dellatorre and Manahan, 2023; Leach and Hofmann, 2023;
Strader et al., 2022). Longer arms - and therefore more cilia - also in-
crease food acquisition, which may compensate for increased energy
needs (Dellatorre and Manahan, 2023). Additionally, amino acid
transporters in the larval arms of purple sea urchins are critical for
metabolic processes such as osmoregulation, nutrition, and protein
synthesis, and are in direct contact with seawater, to facilitate the
transport of environmental nutrients (Christensen et al., 1965; Meyer
and Manahan, 2009).

In addition to morphological and metabolic changes resulting from
variation in temperature, there are ecological consequences of plank-
tonic larvae developing in increased water temperatures. Increased
developmental temperatures have been shown to decrease the time to
metamorphosis (Byrne, 2011; O’Connor et al., 2007). Shorter planktonic
larval durations may benefit larvae by decreasing rates of predation and
increasing settlement rates and overall survival (Allen, 2008; Byrne
et al., 2011; Hare and Cowen, 1997). For instance, under elevated
temperature conditions, planktonic larvae of Rhopaloeides odorabile, a
common sponge found in the Great Barrier Reef, settled 36 h faster than
those at ambient temperature conditions (Whalan et al., 2008). Short-
ened planktonic larval duration can limit genetic connectivity between
populations since larvae spend less time traversing the water column
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(O’Connor et al., 2007). Additionally, since predators prefer smaller
larvae, increasing larval size may influence the predator-prey dynamics
of marine food webs (Allen, 2008). Since marine heat waves are pro-
jected to increase in intensity and duration (Frolicher et al., 2018;
Hobday et al., 2016), and SST are rising at alarming rates
(Hoegh-Guldberg et al., 2014), our results reveal challenges that are
likely to be faced by all larval marine organisms, including S. purpuratus.

Lastly, to identify whether genotype influences postoral body length
during larval development, we generated four genetic crosses and
exposed embryos from each cross to both experimental conditions until
they reached 6 dpf (Fig. 1). We found that genotype did not significantly
impact postoral body length, regardless of developmental temperature.
These results indicate developmental temperature is the primary driver
of plasticity in larval length. Our results differ, however, from previous
research investigating genotypic effects influencing larval morphomet-
rics. In Leach and Hofmann, 2023, researchers found that both paternal
identity, and the interaction between paternal identity and larval envi-
ronment, significantly impacted larval arm length in S. purpuratus
larvae. Although this study investigated an earlier echinopluteus larval
stage, these results indicate that there may be additional drivers influ-
encing larval plasticity in stressful environments, or that genotypic ef-
fects on larval body morphometrics are prominent at -earlier
developmental stages and may cease in later larval life.

4.3. Developmental temperature and genotype influence pigment cell
count in larval sea urchins

Planktonic larvae are directly exposed to the open ocean and need to
protect themselves against environmental pathogens to reach adult-
hood. However, changes in environmental conditions can lead to an
increase in pathogens (Cohen et al., 2018; Vezzulli et al., 2013), thus
necessitating a robust immune system. Larval sea urchins in particular
have no way to modulate what enters their digestive system during
feeding, as they use a series of cilia to direct seawater into their open
mouth (Strathmann, 1975) and are unable to prevent pathogens from
entering their system. This therefore necessitates a robust innate im-
mune system to counteract invading pathogens. Here, we find that
larvae exposed to increased temperatures have significantly more
pigment cells than those grown in ambient temperatures. These results
demonstrate that larval sea urchins can alter the development of their
immune system after prolonged exposure to adverse environmental
conditions, which may serve to better protect themselves from harmful
pathogens present in their environment.

Pigment cells are unique to echinoid larvae, which makes this an
interesting model to investigate environmental impacts on immune
system development (Spurrell et al., 2023). Pigment cells are often used
as an indicator for immune response in purple sea urchin larvae due to
their red coloration, which makes cells easily quantifiable and traceable
in transparent larvae. These immune cells are initially derived from a
ring of non-skeletal mesodermal cells at approximately 24 hpf, where
they then migrate to the blastocoel early in gastrulation and eventually
migrate to the aboral ectoderm and larval arms during the larval stage of
development (Buckley and Rast, 2017; Krupke and Burke, 2014; Ransick
and Davidson, 2012). Further, there is a well characterized suite of genes
expressed in pigment cells, including polyketide synthase 1 (SpPks1),
flavin-dependent monooxygenase 3 (SpFmo3) and macrophage migra-
tion inhibitory factor 5 (SpMif5) (Spurrell et al., 2023). These pigment
cell precursor genes are first expressed in the blastula stage and remain
expressed throughout development (Spurrell et al., 2023). Although we
know the genes responsible for specifying pigment cells, and how these
cells respond to pathogenic stressors, this is the first study to examine
how these cells respond to altered environmental conditions. Future
work should examine if the genes which regulate pigment cells pro-
duction are modulated during embryogenesis in different environmental
conditions to generate the increased pigment cell numbers observed
here or if the pigment cells themselves divide in response to elevated
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temperatures.

While our study is the first to connect temperature with immune cell
development in larval sea urchins, ocean temperatures have dramatic
impacts on immune responses in other marine invertebrates. In pro-
longed exposure to elevated water temperatures, abalones (Haliotis
rubra) exhibit compromised antibacterial responses and increases in
antiviral activity, indicating a potential trade-off in immune response
due to heat stress (Dang et al., 2012). Additionally, larval lobsters
(Homarus americanus) grown in elevated temperature conditions have
higher total hemocyte numbers which serves as an indicator of the
innate immune response (Harrington et al., 2019). These results high-
light the ability of marine organisms to adjust their immune system to
better defend themselves against pathogens.

Similar to the S. purpuratus larval stage, the adult purple sea urchin
has a complex immune system that is responsive to environmental
change and is mediated by a heterogeneous suite of coelomocytes
(Barela Hudgell et al., 2022; Matranga et al., 2000, 2005; Rast et al.,
2006; Smith et al., 2006). In response to temperature stress, coelomo-
cytes increase in concentration (particularly red sphere cells and
phagocytes) (Branco et al., 2012) and upregulate heat shock proteins
(Matranga et al., 2000). In some cases, sea urchin coelomocytes are even
used as bioindicators of environmental stress (Matranga et al., 2000).
Thus, as in the larval sea urchins analyzed here, immune cell pop-
ulations in adult sea urchins are capable of responding to environmental
stressors. Although not quantified during our experiment, larvae that
have more immune cells may be able to respond to pathogens more
efficiently, as there are more immune cells to launch a response against
foreign entities. However, this may come at a cost: by allocating re-
sources to increase pigment cell numbers, other developmental pro-
cesses or functions may be compromised. Future work should seek to
identify if and how increased pigment cell concentrations mediate im-
mune threats. Additionally, not much is known about how the quantity
of pigment cells in larval stages influences coelomocyte concentration in
adulthood, so this variation could have consequences in adult sea ur-
chins as well, particularly in how adults respond to immune challenges.

Lastly, we found that genotype contributed significantly to variation
in pigment cell count, but only for larvae developed at higher temper-
atures, suggesting genotype x environment (GxXE) interactions. Simi-
larly, in Pacific oyster (Crassostrea gigas) larvae, there is a significant
interaction between environmental temperature, host genotype, and
pathogen genotype (GxGxE), with disease resistance occurring in the
warmer experimental conditions (Wendling et al., 2017). These results
indicate that there is a strong genetic basis to the development of the
immune system, and that larvae exposed to elevated temperature have
the potential to be better-equipped to handle environmental pathogens.
Larvae in our experiment were grown in sterile-filtered (0.2 pm) ASW
and were not knowingly exposed to bacteria. Thus, the responses
observed are likely based on factors controlled for in the experiment (i.
e., temperature and genotype), and not as a response to additional
pathogens.

5. Conclusions

We find that S. purpuratus larvae are phenotypically plastic in
response to developmental temperature. When developing under MHW
temperature conditions (18 °C), larvae are larger and have an increased
number of pigment cells. This plasticity enables S. purpuratus larvae to
modulate their total number of immune cells, which may affect their
ability to defend against potential pathogens. Since marine heatwaves
are projected to increase in duration and intensity in the near future
(Frolicher et al., 2018; Hobday et al., 2016), coinciding with increases in
marine diseases, (Burge et al., 2014; Rubio-Portillo et al., 2015) this
plasticity may allow S. purpuratus larvae to be better equipped to persist
during these periods of stress.



E.M. Wilkins et al.
CRediT authorship contribution statement

Emily M. Wilkins: Writing — original draft, Visualization, Method-
ology, Formal analysis, Data curation, Conceptualization. Audrey M.
Anderson: Writing — review & editing, Visualization, Formal analysis.
Katherine M. Buckley: Writing — review & editing, Visualization,
Validation, Supervision, Resources, Funding acquisition, Conceptuali-
zation. Marie E. Strader: Writing — review & editing, Visualization,
Validation, Supervision, Resources, Project administration, Funding
acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Raw data files and analysis scripts can be found at: https://github.
com/emw0083/MorphologyData.

Acknowledgements

This work was supported by a National Science Foundation award to
MES (URoL #2244811) and KMB (URoL 2323328) as well as start-up
funds provided by Auburn University. Additional support was pro-
vided by Auburn University’s CASE REU program for sponsoring AMA.
The authors would like to thank Dr. Gretchen Hofmann for providing the
animals used in this study, and Dr. Todd Steury and Dr. Dan Warner for
statistical advice. Additional thanks to Megan Maloney, Felicity Milam,
and Kiley Eckert for assistance with egg imaging and measurements.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marenvres.2024.106705.

References

Allen, J.D., 2008. Size-Specific predation on marine invertebrate larvae. Biol. Bull. 214
(1) https://doi.org/10.2307/25066658.

Amaya, D.J., Miller, A.J., Xie, S.P., Kosaka, Y., 2020. Physical drivers of the summer
2019 North Pacific marine heatwave. Nat. Commun. 11 (1) https://doi.org/
10.1038/541467-020-15820-w.

Azad, AK., Pearce, C.M., McKinley, R.S., 2012. Influence of stocking density and
temperature on early development and survival of the purple sea urchin,
Strongylocentrotus purpuratus (Stimpson, 1857). Aquacult. Res. 43 (11),
1577-1591. https://doi.org/10.1111/j.1365-2109.2011.02960.x.

Barela Hudgell, M.A., Grayfer, L., Smith, L.C., 2022. Coelomocyte populations in the sea
urchin, Strongylocentrotus purpuratus, undergo dynamic changes in response to
immune challenge. Front. Immunol. 13 https://doi.org/10.3389/
fimmu.2022.940852.

Bates, A.E., Hilton, B.J., Harley, C.D.G., 2009. Effects of temperature, season and locality
on wasting disease in the keystone predatory sea star Pisaster ochraceus. Dis. Aquat.
Org. 86 (3), 245-251. https://doi.org/10.3354/dao02125.

Bates, D., Méchler, M., Bolker, B.M., Walker, S.C., 2015. Fitting linear mixed-effects
models using lme4. J. Stat. Software 67 (1). https://doi.org/10.18637/jss.v067.i01.

Branco, P.C., Pressinotti, L.N., Borges, J.C.S., Iunes, R.S., Kfoury, R., da Silva, M.O.,
Gonzalez, M., dos Santos, M.F., Peck, L.S., Cooper, E.L., da Silva, R.M.C., 2012.
Cellular biomarkers to elucidate global warming effects on Antarctic sea urchin
Sterechinus neumayeri. Polar Biol. 35 (2), 221-229. https://doi.org/10.1007/
s00300-011-1063-5.

Bruno, J.F., Selig, E.R., Casey, K.S., Page, C.A., Willis, B.L., Harvell, C.D., Sweatman, H.,
Melendy, A.M., 2007. Thermal stress and coral cover as drivers of coral disease
outbreaks. PLoS Biol. 5 (6), 1220-1227. https://doi.org/10.1371/journal.
pbio.0050124.

Buckley, K.M., Rast, J.P., 2017. An organismal model for gene regulatory networks in the
gut-associated immune response. Front. Immunol. 8 (Issue OCT) https://doi.org/
10.3389/fimmu.2017.01297. Frontiers Media S.A.

Burge, C.A., Mark Eakin, C., Friedman, C.S., Froelich, B., Hershberger, P.K., Hofmann, E.
E., Petes, L.E., Prager, K.C., Weil, E., Willis, B.L., Ford, S.E., Harvell, C.D., 2014.
Climate change influences on marine infectious diseases: implications for

Marine Environmental Research 202 (2024) 106705

management and society. Ann. Rev. Mar. Sci 6, 249-277. https://doi.org/10.1146/
annurev-marine-010213-135029.

Byrne, M., 2011. Impact of ocean warming and ocean acidication on marine invertebrate
life history stages: vulnerabilities and potential for persistence in a changing ocean.
In: Oceanography and Marine Biology, first ed. CRC Press, p. 42.

Byrne, M., Ho, M., Selvakumaraswamy, P., Nguyen, H.D., Dworjanyn, S.A., Davis, A.R.,
2009. Temperature, but not pH, compromises sea urchin fertilization and early
development under near-future climate change scenarios. Proc. Biol. Sci. 276 (1663),
1883-1888. https://doi.org/10.1098/rspb.2008.1935.

Byrne, M., Przeslawski, R., 2013. Multistressor impacts of warming and acidification of
the ocean on marine invertebrates’ life histories. Integr. Comp. Biol. 53 (4),
582-596. https://doi.org/10.1093/icb/ict049.

Byrne, M., Selvakumaraswamy, P., Ho, M.A., Woolsey, E., Nguyen, H.D., 2011. Sea
urchin development in a global change hotspot, potential for southerly migration of
thermotolerant propagules. Deep-Sea Res. Part II Top. Stud. Oceanogr. 58 (5),
712-719. https://doi.org/10.1016/j.dsr2.2010.06.010.

Cavole, L.M., Demko, A.M., Diner, R.E., Giddings, A., Koester, I., Pagniello, C.M.L.S.,
Paulsen, M.-L., Ramirez-Valdez, A., Schwenck, S.M., Yen, N.K., Zill, M.E., Franks, P.
J.S., 2016. Biological impacts of the 2013-2015 warm-water anomaly in the
northeast Pacific: winners, losers, and the future. Oceanography 29 (2), 273-285.
https://doi.org/10.2307,/24862690.

Chamorro, J.D., McDonald, A.M., Hofmann, G.E., 2023. Transgenerational plasticity as a
mechanism of response to marine heatwaves in the purple sea urchin,
Strongylocentrotus purpuratus. Front. Mar. Sci. 10 https://doi.org/10.3389/
fmars.2023.1212781.

Checkley, D.M., Barth, J.A., 2009. Patterns and processes in the California current
system. Prog. Oceanogr. 83 (1-4), 49-64. https://doi.org/10.1016/j.
pocean.2009.07.028.

Christensen, H.N., Oxender, D.L., Liang, M., Vatz, K.A., 1965. The use of N-methylation
to direct route of mediated transport of amino acids. J. Biol. Chem. 240 (9).
https://doi.org/10.1016/50021-9258(18)97187-5.

Cohen, R.E., James, C.C., Lee, A., Martinelli, M.M., Muraoka, W.T., Ortega, M.,
Sadowski, R., Starkey, L., Szesciorka, A.R., Timko, S.E., Weiss, E.L., Franks, P.J.S.,
2018. Marine host-pathogen dynamics: influences of global climate change.
Oceanography 31 (2), 182-193. https://doi.org/10.2307/26542664.

Dang, V.T., Speck, P., Benkendorff, K., 2012. Influence of elevated temperatures on the
immune response of abalone, Haliotis rubra. Fish Shellfish Inmunol. 32 (5),
732-740. https://doi.org/10.1016/].f51.2012.01.022.

Dellatorre, M.B., Manahan, D.T., 2023. Increasing temperature results in higher
allocation of energy to protein synthesis in sea urchin larvae (Lytechinus pictus).
Biol. Bull. 244 (1), 35-50. https://doi.org/10.1086/723369.

Di Lorenzo, E., Mantua, N., 2016. Multi-year persistence of the 2014/15 North Pacific
marine heatwave. Nat. Clim. Change 6 (11), 1042-1047. https://doi.org/10.1038/
nclimate3082.

Eisenlord, M.E., Groner, M.L., Yoshioka, R.M., Elliott, J., Maynard, J., Fradkin, S.,
Turner, M., Pyne, K., Rivlin, N., Van Hooidonk, R., Harvell, C.D., 2016. Ochre star
mortality during the 2014 wasting disease epizootic: role of population size structure
and temperature. Phil. Trans. Biol. Sci. 371 (1689) https://doi.org/10.1098/
rstb.2015.0212.

Emlet, R.B., 1995. Developmental mode and species geographic range in regular sea
urchins (Echinodermata: echinoidea). Evolution 49 (3), 476-489. https://doi.org/
10.1111/j.1558-5646.1995.tb02280.x.

Emlet, R.B., Hoegh-Guldberg, O., 1997. Effects of egg size on postlarval performance:
experimental evidence from a sea urchin. Evolution 51 (1), 141-152. https://doi.
org/10.1111/j.1558-5646.1997.tb02395.x.

Fordyce, A.J., Ainsworth, T.D., Heron, S.F., Leggat, W., 2019. Marine heatwave hotspots
in coral reef environments: physical drivers, ecophysiological outcomes and impact
upon structural complexity. Front. Mar. Sci. 6 (Issue JUL) https://doi.org/10.3389/
fmars.2019.00498. Frontiers Media S.A.

Frolicher, T.L., Fischer, E.M., Gruber, N., 2018. Marine heatwaves under global warming.
Nature 560 (7718), 360-364. https://doi.org/10.1038/s41586-018-0383-9.

Fujisawa, H., Shigei, M., 1990. Correlation of embryonic temperature sensitivity of sea
urchins with spawning season. J. Exp. Mar. Biol. Ecol. 136, 123-139. https://doi.
org/10.1016,/0022-0981(90)90191-E.

George, S.B., 1994. Population differences in maternal size and offspring quality for
Leptasterias epichlora (Brandt) (Echinodermata: asteroidea). J. Exp. Mar. Biol. Ecol.
175, 121-131. https://doi.org/10.1016,/0022-0981(94)90179-1.

Gonzalez-Ortegon, E., Giménez, L., 2014. Environmentally mediated phenotypic links
and performance in larvae of a marine invertebrate. Mar. Ecol. Prog. Ser. 502,
185-195. https://doi.org/10.3354/meps10708.

Gray, E.M., 2013. Thermal acclimation in a complex life cycle: the effects of larval and
adult thermal conditions on metabolic rate and heat resistance in Culex pipiens
(Diptera: Culicidae). J. Insect Physiol. 59 (10), 1001-1007. https://doi.org/
10.1016/j.jinsphys.2013.08.001.

Hare, J.A., Cowen, R.K., 1997. Size, growth, development, and survival of the planktonic
larvae of Pomatomus saltatrix (Pisces: pomatomidae). Ecology 78 (8), 2415-2431.
https://doi.org/10.1890/0012-9658(1997)078[2415:sgdaso]2.0.co;2.

Harrington, A.M., Tudor, M.S., Reese, H.R., Bouchard, D.A., Hamlin, H.J., 2019. Effects
of temperature on larval American lobster (Homarus americanus): is there a trade-off
between growth rate and developmental stability? Ecol. Indicat. 96, 404-411.
https://doi.org/10.1016/j.ecolind.2018.09.022.

Harvell, C.D., Mitchell, C.E., Ward, J.R., Altizer, S., Dobson, A.P., Ostfeld, R.S.,
Samuel, M.D., 2002. Climate warming and disease risks for terrestrial and marine
biota. Science. https://doi.org/10.1126/science.1063699.

Heron, S.F., Willis, B.L., Skirving, W.J., Mark Eakin, C., Page, C.A., Miller, L.R., 2010.
Summer hot snaps and winter conditions: modelling white syndrome outbreaks on


https://github.com/emw0083/MorphologyData
https://github.com/emw0083/MorphologyData
https://doi.org/10.1016/j.marenvres.2024.106705
https://doi.org/10.1016/j.marenvres.2024.106705
https://doi.org/10.2307/25066658
https://doi.org/10.1038/s41467-020-15820-w
https://doi.org/10.1038/s41467-020-15820-w
https://doi.org/10.1111/j.1365-2109.2011.02960.x
https://doi.org/10.3389/fimmu.2022.940852
https://doi.org/10.3389/fimmu.2022.940852
https://doi.org/10.3354/dao02125
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/s00300-011-1063-5
https://doi.org/10.1007/s00300-011-1063-5
https://doi.org/10.1371/journal.pbio.0050124
https://doi.org/10.1371/journal.pbio.0050124
https://doi.org/10.3389/fimmu.2017.01297
https://doi.org/10.3389/fimmu.2017.01297
https://doi.org/10.1146/annurev-marine-010213-135029
https://doi.org/10.1146/annurev-marine-010213-135029
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref11
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref11
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref11
https://doi.org/10.1098/rspb.2008.1935
https://doi.org/10.1093/icb/ict049
https://doi.org/10.1016/j.dsr2.2010.06.010
https://doi.org/10.2307/24862690
https://doi.org/10.3389/fmars.2023.1212781
https://doi.org/10.3389/fmars.2023.1212781
https://doi.org/10.1016/j.pocean.2009.07.028
https://doi.org/10.1016/j.pocean.2009.07.028
https://doi.org/10.1016/S0021-9258(18)97187-5
https://doi.org/10.2307/26542664
https://doi.org/10.1016/j.fsi.2012.01.022
https://doi.org/10.1086/723369
https://doi.org/10.1038/nclimate3082
https://doi.org/10.1038/nclimate3082
https://doi.org/10.1098/rstb.2015.0212
https://doi.org/10.1098/rstb.2015.0212
https://doi.org/10.1111/j.1558-5646.1995.tb02280.x
https://doi.org/10.1111/j.1558-5646.1995.tb02280.x
https://doi.org/10.1111/j.1558-5646.1997.tb02395.x
https://doi.org/10.1111/j.1558-5646.1997.tb02395.x
https://doi.org/10.3389/fmars.2019.00498
https://doi.org/10.3389/fmars.2019.00498
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.1016/0022-0981(90)90191-E
https://doi.org/10.1016/0022-0981(90)90191-E
https://doi.org/10.1016/0022-0981(94)90179-1
https://doi.org/10.3354/meps10708
https://doi.org/10.1016/j.jinsphys.2013.08.001
https://doi.org/10.1016/j.jinsphys.2013.08.001
https://doi.org/10.1890/0012-9658(1997)078[2415:sgdaso]2.0.co;2
https://doi.org/10.1016/j.ecolind.2018.09.022
https://doi.org/10.1126/science.1063699

E.M. Wilkins et al.

great barrier reef corals. PLoS One 5 (8). https://doi.org/10.1371/journal.
pone.0012210.

Ho, E.C.H., Buckley, K.M., Schrankel, C.S., Schuh, N.W., Hibino, T., Solek, C.M., Bae, K.,
Wang, G., Rast, J.P., 2016. Perturbation of gut bacteria induces a coordinated
cellular immune response in the purple sea urchin larva. Inmunol. Cell Biol. 94 (9),
861-874. https://doi.org/10.1038/icb.2016.51.

Hobday, A.J., Alexander, L.V., Perkins, S.E., Smale, D.A., Straub, S.C., Oliver, E.C.J.,
Benthuysen, J.A., Burrows, M.T., Donat, M.G., Feng, M., Holbrook, N.J., Moore, P.J.,
Scannell, H.A., Sen Gupta, A., Wernberg, T., 2016. A hierarchical approach to
defining marine heatwaves. Prog. Oceanogr. 141, 227-238. https://doi.org/
10.1016/j.pocean.2015.12.014.

Hoegh-Guldberg, O., Bruno, J., 2010. The Impact of Climate Change on the World’s
Marine Ecosystems. Science 328 (5985), 1523-1528. https://doi.org/10.1126/
science.1189930.

Hoegh-Guldberg, O., Cai, R., Poloczanska, E.S., Brewer, P.G., Sundby, S., Hilmi, K.,
Fabry, V.J., Jung, S., Perry, L., Richardson, A.J., Brown, C.J., Schoeman, D.,
Signorini, S., Sydeman, W., Zhang, R., van Hooidonk, R., McKinnell, S.M., Turley, C.,
Omar, L., et al., 2014. The Ocean. In: Climate Change 2014: Impacts, Adaptation,
and Vulnerability. Part B: Regional Aspects. Contribution of Working Group II to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change..

Hoegh-Guldberg, O., Pearse, J., 1995. Temperature, food availability, and the
development of marine invertebrate larvae. Am. Zool. 35, 415-425. https://academi
c.oup.com/icb/article/35/4/415/174137.

Ito, K., 1997. Egg-size and number variations related to maternal size and age, and the
relationship between egg size and larval characteristics in an annual marine
gastropod, Haloa japonica (Opisthobranchia; Cephalaspidea). Mar. Ecol. Prog. Ser.
152, 187-195. https://doi.org/10.3354/meps152187.

Karelitz, S., Lamare, M., Patel, F., Gemmell, N., Uthicke, S., 2020. Parental acclimation to
future ocean conditions increases development rates but decreases survival in sea
urchin larvae. Mar. Biol. 167 (1) https://doi.org/10.1007/500227-019-3610-5.

Kohl, W.T., McClure, T.I., Miner, B.G., 2016. Decreased temperature facilitates short-
term sea star wasting disease survival in the keystone intertidal sea star Pisaster
ochraceus. PLoS One 11 (4). https://doi.org/10.1371/journal.pone.0153670.

Krupke, O.A., Burke, R.D., 2014. Eph-Ephrin signaling and focal adhesion kinase regulate
actomyosin-dependent apical constriction of ciliary band cells. Development
(Camb.) 141 (5), 1075-1084. https://doi.org/10.1242/dev.100123.

Laufkotter, C., Zscheischler, J., Frolicher, T.L., 2020. High-impact marine heatwaves
attributable to human-induced global warming. Science 369 (6511), 1621-1625.
https://www.science.org.

Leach, T.S., BuyanUrt, B., Hofmann, G.E., 2021. Exploring impacts of marine heatwaves:
paternal heat exposure diminishes fertilization success in the purple sea urchin
(Strongylocentrotus purpuratus). Mar. Biol. 168 (7) https://doi.org/10.1007/
s00227-021-03915-x.

Leach, T.S., Hofmann, G.E., 2023. Marine heatwave temperatures enhance larval
performance but are meditated by paternal thermal history and inter-individual
differences in the purple sea urchin, Strongylocentrotus purpuratus. Front. Physiol.
14 https://doi.org/10.3389/fphys.2023.1230590.

Lenth, R., 2023. Emmeans: Estimated Marginal Means, Aka Least-Squares Means, version
1.8.8.

Levitan, D., 1996. Effects of gamete traits on fertilization in the sea and the evolution of
sexual dimorphism. Earth Planet Sci. Lett. 321 (Issue 2). IEEE.

Levitan, D.R., 2000. Optimal egg size in marine invertebrates: theory and phylogenetic
analysis of the critical relationship between egg size and development time in
echinoids. Am. Nat. 156 (Issue 2).

Levitan, D.R., 2006. The relationship between egg size and fertilization success in
broadcast-spawning marine invertebrates. Integr. Comp. Biol. 46 (3), 298-311.
https://doi.org/10.1093/icb/icj025.

Manier, M.K., Palumbi, S.R., 2008. Intraspecific divergence in sperm morphology of the
green sea urchin, Strongylocentrotus droebachiensis: implications for selection in
broadcast spawners. BMC Evol. Biol. 8 (1) https://doi.org/10.1186/1471-2148-8-
283.

Marshall, D.J., Bolton, T.F., Keough, M.J., 2003. Offspring size affects the post-
metamorphic performance of a colonial marine invertebrate. Ecology 84 (12),
3131-3137. https://doi.org/10.1890/02-0311.

Marshall, D.J., Keough, M.J., 2007. The evolutionary ecology of offspring size in marine
invertebrates. Adv. Mar. Biol. 53, 1-60. https://doi.org/10.1016/50065-2881(07)
53001-4.

Marshall, D.J., Styan, C.A., Keough, M.J., 2000. Intraspecific co-variation between egg
and body size affects fertilisation kinetics of free-spawning marine invertebrates.
Marine Ecology Press Series 195, 305-309. https://doi.org/10.3354/meps195305.

Matranga, V., Pinsino, A., Celi, M., Natoli, A., Bonaventura, R., Schréder, H.C.,

Miiller, W.E.G., 2005. Monitoring chemical and physical stress using sea urchin
immune cells. In: Echinodermata. Progress in Molecular and Subcellular Biology.
https://doi.org/10.1007/3-540-27683-1_5.

Matranga, V., Toia, G., Bonaventura, R., Mii Ller, W.E.G., 2000. Cellular and biochemical
responses to environmental and experimentally induced stress in sea urchin
coelomocytes. Cell Stress & Chaperones 5 (Issue 2).

McEdward, L.R., Carson, S.F., 1987. Variation in egg organic content and its relationship
with egg size in the starfish Solaster stimpsoni. Mar. Ecol. Prog. Ser. 37, 159-169.

Meyer, E., Manahan, D.T., 2009. Nutrient uptake by marine invertebrates: cloning and
functional analysis of amino acid transporter genes in developing sea urchins
(Strongylocentrotus purpuratus). Biol. Bull. 217 (1) https://doi.org/10.1086/
BBLv217n1p6.

Miner, C.M., Burnaford, J.L., Ambrose, R.F., Antrim, L., Bohlmann, H., Blanchette, C.A.,
Engle, J.M., Fradkin, S.C., Gaddam, R., Harley, C.D.G., Miner, B.G., Murray, S.N.,
Smith, J.R., Whitaker, S.G., Raimondi, P.T., 2018. Large-scale impacts of sea star

10

Marine Environmental Research 202 (2024) 106705

wasting disease (SSWD) on intertidal sea stars and implications for recovery. PLoS
One 13 (3). https://doi.org/10.1371/journal.pone.0192870.

Montecino-Latorre, D., Eisenlord, M.E., Turner, M., Yoshioka, R., Drew Harvell, C.,
Pattengill-Semmens, C.V., Nichols, J.D., Gaydos, J.K., 2016. Devastating
transboundary impacts of sea starwasting disease on subtidal asteroids. PLoS One 11
(10). https://doi.org/10.1371/journal.pone.0163190.

Moran, A.L., McAlister, J.S., 2009. Egg size as a life history character of marine
invertebrates: is it all its cracked up to Be? Biol. Bull. 216 (3). https://doi.org/10.10
86/BBLv216n3p226.

O’Connor, M.I., Bruno, J.F., Gaines, S.D., Halpern, B.S., Lester, S.E., Kinlan, B.P.,
Weiss, J.M., 2007. Temperature control of larval dispersal and the implications for
marine ecology, evolution, and conservation. Proc. Natl. Acad. Sci. USA 104 (4),
1266-1271. www.pnas.org/cgi/content/full/.

Okamoto, D.K., Schroeter, S.C., Reed, D.C., 2020. Effects of ocean climate on
spatiotemporal variation in sea urchin settlement and recruitment. Limnol.
Oceanogr. 65 (9), 2076-2091. https://doi.org/10.1002/In0.11440.

Oliver, E.C.J., Donat, M.G., Burrows, M.T., Moore, P.J., Smale, D.A., Alexander, L.V.,
Benthuysen, J.A., Feng, M., Sen Gupta, A., Hobday, A.J., Holbrook, N.J., Perkins-
Kirkpatrick, S.E., Scannell, H.A., Straub, S.C., Wernberg, T., 2018. Longer and more
frequent marine heatwaves over the past century. Nat. Commun. 9 (1) https://doi.
org/10.1038/541467-018-03732-9.

Pearse, J.S., 2006. Ecological role of purple sea urchins. Science 314 (5801), 940-941.
https://doi.org/10.1126/science.1131888.

Pechenik, J.A., 1984. Influence of temperature and temperature shifts on the
development of chiton larvae, Mopalia muscosa. Int. J. Invertebr. Reprod. Dev. 7 (1),
3-12. https://doi.org/10.1080,/01688170.1984.10510066.

Puisay, A., Pilon, R., Goiran, C., Hédouin, L., 2018. Thermal resistances and acclimation
potential during coral larval ontogeny in Acropora pulchra. Mar. Environ. Res. 135,
1-10. https://doi.org/10.1016/j.marenvres.2018.01.005.

Qian, P.-Y., Chia, F.-S., 1992. Effect of aging on reproduction in a marine polychaete
Capitella sp. Mar. Biol. EcoL 156. https://doi.org/10.1016/0022-0981(92)90014-2.

Randall, C.J., Van Woesik, R., 2015. Contemporary white-band disease in Caribbean
corals driven by climate change. Nat. Clim. Change 5 (4), 375-379. https://doi.org/
10.1038/nclimate2530.

Ransick, A., Davidson, E.H., 2012. Cis-regulatory logic driving glial cells missing: self-
sustaining circuitry in later embryogenesis. Dev. Biol. 364 (2), 259-267. https://doi.
org/10.1016/j.ydbio.2012.02.003.

Rast, J.P., Smith, L.C., Loza-Coll, M., Hibino, T., Litman, G.W., 2006. Genomic insights
into the immune system of the sea urchin. Science 314 (5801), 952-956. https://doi.
org/10.1126/science.1134301.

Reed, D., Washburn, L., Rassweiler, A., Miller, R., Bell, T., Harrer, S., 2016. Extreme
warming challenges sentinel status of kelp forests as indicators of climate change.
Nat. Commun. 7 https://doi.org/10.1038/ncomms13757.

Reitzel, A., Miner, B., McEdward, L., 2004. Relationships between spawning date and
larval development time for benthic marine invertebrates: a modeling approach.
Mar. Ecol. Prog. Ser. 280, 13-23. https://doi.org/10.3354/meps280013.

Rubio-Portillo, E., Ramos-Espld, A.A., Antén, J., 2015. Shifts in marine invertebrate
bacterial assemblages associated with tissue necrosis during a heat wave. Coral Reefs
40, 395-404. https://doi.org/10.1007/s00338.

Sanford, E., Sones, J.L., Garcia-Reyes, M., Goddard, J.H.R., Largier, J.L., 2019.
Widespread shifts in the coastal biota of northern California during the 2014-2016
marine heatwaves. Sci. Rep. 9 (1) https://doi.org/10.1038/541598-019-40784-3.

Sardi, A.E., Bégout, M.L., Lalles, A.L., Cousin, X., Budzinski, H., 2023. Temperature and
feeding frequency impact the survival, growth, and metamorphosis success of Solea
solea larvae. PLoS One 18 (3 March). https://doi.org/10.1371/journal.
pone.0281193.

Scannell, H.A., Johnson, G.C., Thompson, L., Lyman, J.M., Riser, S.C., 2020. Subsurface
evolution and persistence of marine heatwaves in the northeast Pacific. Geophys.
Res. Lett. 47 (23) https://doi.org/10.1029/2020GL090548.

Schindelin, J., Arganda-Carreras, L., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D.J.,
Hartenstein, V., Eliceiri, K., Tomancak, P., Cardona, A., 2012. Fiji: an open-source
platform for biological-image analysis. Nature Methods 9 (7), 676-682. https://doi.
org/10.1038/nmeth.2019.

Schultz, J.A., Cloutier, R.N., Coté, I.M., 2016. Evidence for a trophic cascade on rocky
reefs following sea star mass mortality in British Columbia. PeerJ 2016 (4). https://
doi.org/10.7717/peerj.1980.

Sewell, M.A., Young, C.M., 1999. Temperature limits to fertilization and early
development in the tropical sea urchin Echinometra lucunter. J. Exp. Mar. Biol. Ecol.
236. https://doi.org/10.1016/50022-0981(98)00210-X.

Shanks, A.L., Rasmuson, L.K., Valley, J.R., Jarvis, M.A., Salant, C., Sutherland, D.A.,
Lamont, E.I., Hainey, M.A.H., Emlet, R.B., 2020. Marine heat waves, climate change,
and failed spawning by coastal invertebrates. Limnol. Oceanogr. 65 (3), 627-636.
https://doi.org/10.1002/In0.11331.

Shima, J., Findlay, A., 2002. Pelagic larval growth rate impacts benthic settlement and
survival of a temperate reef fish. Mar. Ecol. Prog. Ser. 235, 303-309. https://doi.
org/10.3354/meps235303.

Sin, E., Min, W.G., Kim, Y.B., Kim, T.W., 2019. Respiration of the sea urchin
Mesocentrotus nudus in response to large temperature fluctuations. Mar. Environ.
Res. 144, 178-185. https://doi.org/10.1016/j.marenvres.2019.01.003.

Singmann, H., Bolker, B., Westfall, J., Aust, F., Ben-Shachar, M., 2023. Afex: analysis of
factorial experiments, 1 (3-0).

Smale, D.A., Wernberg, T., Oliver, E.C.J., Thomsen, M., Harvey, B.P., Straub, S.C.,
Burrows, M.T., Alexander, L.V., Benthuysen, J.A., Donat, M.G., Feng, M., Hobday, A.
J., Holbrook, N.J., Perkins-Kirkpatrick, S.E., Scannell, H.A., Sen Gupta, A., Payne, B.
L., Moore, P.J., 2019. Marine heatwaves threaten global biodiversity and the


https://doi.org/10.1371/journal.pone.0012210
https://doi.org/10.1371/journal.pone.0012210
https://doi.org/10.1038/icb.2016.51
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1126/science.1189930
https://doi.org/10.1126/science.1189930
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref39
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref39
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref39
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref39
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref39
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref39
https://academic.oup.com/icb/article/35/4/415/174137
https://academic.oup.com/icb/article/35/4/415/174137
https://doi.org/10.3354/meps152187
https://doi.org/10.1007/s00227-019-3610-5
https://doi.org/10.1371/journal.pone.0153670
https://doi.org/10.1242/dev.100123
https://www.science.org
https://doi.org/10.1007/s00227-021-03915-x
https://doi.org/10.1007/s00227-021-03915-x
https://doi.org/10.3389/fphys.2023.1230590
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref48
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref48
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref49
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref49
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref50
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref50
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref50
https://doi.org/10.1093/icb/icj025
https://doi.org/10.1186/1471-2148-8-283
https://doi.org/10.1186/1471-2148-8-283
https://doi.org/10.1890/02-0311
https://doi.org/10.1016/S0065-2881(07)53001-4
https://doi.org/10.1016/S0065-2881(07)53001-4
https://doi.org/10.3354/meps195305
https://doi.org/10.1007/3-540-27683-1_5
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref57
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref57
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref57
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref58
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref58
https://doi.org/10.1086/BBLv217n1p6
https://doi.org/10.1086/BBLv217n1p6
https://doi.org/10.1371/journal.pone.0192870
https://doi.org/10.1371/journal.pone.0163190
https://doi.org/10.1086/BBLv216n3p226
https://doi.org/10.1086/BBLv216n3p226
http://www.pnas.org/cgi/content/full/
https://doi.org/10.1002/lno.11440
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1126/science.1131888
https://doi.org/10.1080/01688170.1984.10510066
https://doi.org/10.1016/j.marenvres.2018.01.005
https://doi.org/10.1016/0022-0981(92)90014-2
https://doi.org/10.1038/nclimate2530
https://doi.org/10.1038/nclimate2530
https://doi.org/10.1016/j.ydbio.2012.02.003
https://doi.org/10.1016/j.ydbio.2012.02.003
https://doi.org/10.1126/science.1134301
https://doi.org/10.1126/science.1134301
https://doi.org/10.1038/ncomms13757
https://doi.org/10.3354/meps280013
https://doi.org/10.1007/s00338
https://doi.org/10.1038/s41598-019-40784-3
https://doi.org/10.1371/journal.pone.0281193
https://doi.org/10.1371/journal.pone.0281193
https://doi.org/10.1029/2020GL090548
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.7717/peerj.1980
https://doi.org/10.7717/peerj.1980
https://doi.org/10.1016/S0022-0981(98)00210-X
https://doi.org/10.1002/lno.11331
https://doi.org/10.3354/meps235303
https://doi.org/10.3354/meps235303
https://doi.org/10.1016/j.marenvres.2019.01.003
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref84
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref84

E.M. Wilkins et al.

provision of ecosystem services. Nat. Clim. Change 9 (4), 306-312. https://doi.org/
10.1038/541558-019-0412-1. Nature Publishing Group.

Smith, C.L., 2012. Innate immune complexity in the purple sea urchin: diversity of the
Sp185/333 system. Front. Immunol. 3 (Issue APR) https://doi.org/10.3389/
fimmu.2012.00070.

Smith, K.E., Burrows, M.T., Hobday, A.J., Gupta, A. Sen, Moore, P.J., Thomsen, M.,
Wernberg, T., Smale, D.A., 2021. Socioeconomic impacts of marine heatwaves:
global issues and opportunities. Science 374 (6566). https://doi.org/10.1126/
science.abj3593. American Association for the Advancement of Science.

Smith, K.E., Burrows, M.T., Hobday, A.J., King, N.G., Moore, P.J., Gupta, A. Sen,
Thomsen, M.S., Wernberg, T., Smale, D.A., 2023. Biological Impacts of Marine
Heatwaves. https://doi.org/10.1146/annurev-marine-032122.

Smith, L.C., Rast, J.P., Brockton, V., Terwilliger, D.P., Nair, S.V., Buckley, K.M.,
Majeske, A.J., 2006. The sea urchin immune system. ISJ 3.

Smith, M.M., Smith, L.C., Cameron, R.A., Urry, L.A., 2008. The larval stages of the sea
urchin, Strongylocentrotus purpuratus. J. Morphol. 269 (6), 713-733. https://doi.
org/10.1002/jmor.10618.

Snell-Rood, E.C., Kobiela, M.E., Sikkink, K.L., Shephard, A.M., 2018. Mechanisms of
plastic rescue in novel environments. Annu. Rev. Ecol. Evol. Systemat. 49, 331-354.
https://doi.org/10.1146/annurev-ecolsys-110617.

Solek, C.M., Oliveri, P., Loza-Coll, M., Schrankel, C.S., Ho, E.C.H., Wang, G., Rast, J.P.,
2013. An ancient role for Gata-1/2/3 and Scl transcription factor homologs in the
development of immunocytes. Dev. Biol. 382 (1), 280-292. https://doi.org/
10.1016/j.ydbio.2013.06.019.

Somero, G.N., 2002. Thermal physiology and vertical zonation of intertidal animals:
optima, limits, and costs of living. Integr. Comp. Biol. 42 (4), 780-789. https://acade
mic.oup.com/icb/article/42/4/780/659117.

Spurrell, M., Oulhen, N., Foster, S., Perillo, M., Wessel, G., 2023. Gene regulatory
divergence amongst echinoderms underlies appearance of pigment cells in sea
urchin development. Dev. Biol. 494, 13-25. https://doi.org/10.1016/].
ydbio.2022.11.008.

Strader, M.E., Wolak, M.E., Simon, O.M., Hofmann, G.E., 2022. Genetic variation
underlies plastic responses to global change drivers in the purple sea urchin,

11

Marine Environmental Research 202 (2024) 106705

Strongylocentrotus purpuratus. Proc. Biol. Sci. 289 (1981) https://doi.org/10.1098/
rspb.2022.1249.

Strathmann, R.R., 1975. Larval Feeding in Echinoderms 15. https://academic.oup.com
/icb/article/15/3/717/2077341.

Vezzulli, L., Colwell, R.R., Pruzzo, C., 2013. Ocean warming and spread of pathogenic
vibrios in the aquatic environment. Microb. Ecol. 65 (4), 817-825. https://doi.org/
10.1007/500248-012-0163-2.

Vogt, G., Huber, M., Thiemann, M., Van Den Boogaart, G., Schmitz, O.J., Schubart, C.D.,
2008. Production of different phenotypes from the same genotype in the same
environment by developmental variation. J. Exp. Biol. 211 (4), 510-523. https://doi.
org/10.1242/jeb.008755.

Wangensteen, O.S., Dupont, S., Casties, I., Turon, X., Palacin, C., 2013. Some like it hot:
temperature and pH modulate larval development and settlement of the sea urchin
Arbacia lixula. J. Exp. Mar. Biol. Ecol. 449, 304-311. https://doi.org/10.1016/j.
jembe.2013.10.007.

Wendling, C.C., Fabritzek, A.G., Wegner, K.M., 2017. Population-specific genotype x
genotype x environment interactions in bacterial disease of early life stages of Pacific
oyster larvae. Evolutionary Applications 10 (4), 338-347. https://doi.org/10.1111/
eva.12452.

West-Eberhard, M.J., 2003. Developmental Plasticity and Evolution. Oxford Academic.

Whalan, S., Ettinger-Epstein, P., De Nys, R., 2008. The effect of temperature on larval
pre-settlement duration and metamorphosis for the sponge, Rhopaloeides odorabile.
Coral Reefs 27 (4), 783-786. https://doi.org/10.1007/s00338-008-0400-9.

Whitney, F.A., 2015. Anomalous winter winds decrease 2014 transition zone
productivity in the NE Pacific. Geophys. Res. Lett. 42 (2), 428-431. https://doi.org/
10.1002/2014GL062634.

Wong, J.M., Hofmann, G.E., 2020. The effects of temperature and pCO2 on the size,
thermal tolerance and metabolic rate of the red sea urchin (Mesocentrotus
franciscanus) during early development. Mar. Biol. 167 (3) https://doi.org/
10.1007/500227-019-3633-y.

Buckley, KM, Rast, JP, 2019 Sep. Immune activity at the gut epithelium in the larval sea
urchin. Cell Tissue Res 377 (3), 469-474. https://doi.org/10.1007/500441-019-
03095-7.


https://doi.org/10.1038/s41558-019-0412-1
https://doi.org/10.1038/s41558-019-0412-1
https://doi.org/10.3389/fimmu.2012.00070
https://doi.org/10.3389/fimmu.2012.00070
https://doi.org/10.1126/science.abj3593
https://doi.org/10.1126/science.abj3593
https://doi.org/10.1146/annurev-marine-032122
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref89
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref89
https://doi.org/10.1002/jmor.10618
https://doi.org/10.1002/jmor.10618
https://doi.org/10.1146/annurev-ecolsys-110617
https://doi.org/10.1016/j.ydbio.2013.06.019
https://doi.org/10.1016/j.ydbio.2013.06.019
https://academic.oup.com/icb/article/42/4/780/659117
https://academic.oup.com/icb/article/42/4/780/659117
https://doi.org/10.1016/j.ydbio.2022.11.008
https://doi.org/10.1016/j.ydbio.2022.11.008
https://doi.org/10.1098/rspb.2022.1249
https://doi.org/10.1098/rspb.2022.1249
https://academic.oup.com/icb/article/15/3/717/2077341
https://academic.oup.com/icb/article/15/3/717/2077341
https://doi.org/10.1007/s00248-012-0163-2
https://doi.org/10.1007/s00248-012-0163-2
https://doi.org/10.1242/jeb.008755
https://doi.org/10.1242/jeb.008755
https://doi.org/10.1016/j.jembe.2013.10.007
https://doi.org/10.1016/j.jembe.2013.10.007
https://doi.org/10.1111/eva.12452
https://doi.org/10.1111/eva.12452
http://refhub.elsevier.com/S0141-1136(24)00366-0/sref101
https://doi.org/10.1007/s00338-008-0400-9
https://doi.org/10.1002/2014GL062634
https://doi.org/10.1002/2014GL062634
https://doi.org/10.1007/s00227-019-3633-y
https://doi.org/10.1007/s00227-019-3633-y
https://doi.org/10.1007/s00441-019-03095-7
https://doi.org/10.1007/s00441-019-03095-7

	Temperature influences immune cell development and body length in purple sea urchin larvae
	1 Introduction
	2 Methods
	2.1 Conditioning of adult sea urchins
	2.2 Spawning of adults and culturing of larvae
	2.3 Early life-history sampling
	2.4 Egg and early embryo morphology imaging and analysis
	2.5 Pluteus morphology imaging and analysis
	2.6 Statistical analysis

	3 Results
	3.1 Egg diameter varies among dams
	3.2 Larvae grow larger when cultured in higher temperatures
	3.3 Higher temperatures during embryogenesis impact pigment cell development

	4 Discussion
	4.1 Egg diameter varies among dams
	4.2 Developmental temperature influences body length in larval sea urchins
	4.3 Developmental temperature and genotype influence pigment cell count in larval sea urchins

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


