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Abstract
The red sea urchin Mesocentrotus franciscanus supports a highly valuable wild fishery along the West Coast of North 
America, but despite its importance in the ecology of kelp forests and as a harvested species, little is known about how M. 
franciscanus responds to abiotic stressors associated with ocean warming and acidification during its early development. 
Here, embryos of M. franciscanus were raised under combinations of two temperatures (13 °C and 17 °C) and two pCO2 
levels (475 μatm and 1050 μatm) that represent current and future coastal environments. Elevated pCO2 levels led to a 
decrease in body size of gastrula stage embryos while temperature had no effect. At the prism stage, both temperature and 
pCO2 affected body size. The warmer temperature increased the body size of prism stage embryos, offsetting the stunting 
effect of elevated pCO2 on growth. Thermal tolerance, which was estimated by exposing prism stage embryos to a range of 
temperatures and estimating the survivorship, was found to be slightly higher in those raised under warmer temperatures. 
The developmental temperature and pCO2 conditions under which embryos were raised did not have an effect on the meta-
bolic rate as measured by oxygen consumption rate at the prism stage. This study provides important insights into a species 
of high ecological and economic value. Overall, early development under elevated pCO2 conditions may adversely impact 
M. franciscanus while moderate warming may improve growth and thermal tolerance. Understanding how fishery species 
respond to abiotic stressors will facilitate our predictive capacity of how climate change will impact future populations, 
which links to issues such as sustainability and food security.

Introduction

Carbon dioxide (CO2) concentrations in Earth’s atmos-
phere have been on the rise since the Industrial Revolu-
tion, and this upward trajectory is predicted to continue 
(Godbold and Calosi 2013; IPCC 2013) with recent 
average global atmospheric CO2 levels reaching historic 

modern-day highs of 411.84 ppm as recorded at Mauna 
Loa (Dlugokencky and Tans 2016). Ocean warming and 
ocean acidification are major consequences of increasing 
atmospheric CO2 that produce considerable alterations in 
oceanic conditions worldwide. By the end of the twenty-
first century, surface ocean temperatures are predicted to 
rise by 0.73–2.58 °C (IPCC 2019). In addition, prolonged 
warming events (i.e., marine heatwaves) are predicted 
to increase in frequency, duration, and intensity (Oliver 
et al. 2018). The global area affected by marine heatwaves 
has risen in recent decades (Oliver et al. 2018). Already, 
marine heatwaves have been associated with large changes 
in community composition, species range shifts, and mass 
mortalities (Frölicher and Laufkötter 2018; Smale et al. 
2019; Ummenhofer and Meehl 2017). For example, a 
warming event in 2015–2016 led to bleaching in 91.1% of 
corals surveyed on the Great Barrier Reef (Hughes et al. 
2017). In the northeast Pacific Ocean, warming events 
associated with “the Blob” occurred between 2013 and 
2016 (Gentemann et al. 2017; Hu et al. 2017), leading to 
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northward geographical shifts of several species as well as 
mass strandings of many marine birds and mammals (Bond 
et al. 2015; Cavole et al. 2016; Sanford et al. 2019). Ocean 
warming can also have significant economic impacts if 
important marine fisheries are negatively impacted by ris-
ing temperatures (Bond et al. 2015; Cavole et al. 2016; 
Frölicher and Laufkötter 2018).

In addition to ocean warming, pH levels are expected 
to decline by 0.1–0.4 units in this century (IPCC 2013). 
Decreasing pH conditions can negatively impact marine 
organisms across a variety of taxa via a reduction in calcium 
carbonate available for calcification, acid–base imbalance, 
and a reduction in capacity for oxygen transport (Doney 
et al. 2009; Fabry et al. 2008). Furthermore, while ocean 
acidification is the primary process affecting pH in the open 
ocean, coastal systems can be highly dynamic with much 
more complex trends in changing pH levels (Doney et al. 
2009; Duarte et al. 2013; Fabry et al. 2008; Feely et al. 
2010, 2008; Salisbury et al. 2008; Wootton et al. 2008). For 
example, upwelling processes that bring low pH waters to 
the surface can cause the pH in certain coastal areas to be 
highly variable across both time and space (Feely et al. 2008; 
Gruber et al. 2012; Hofmann et al. 2010). Many studies have 
focused on how a single environmental stressor impacts 
marine organisms. However, because factors such as ocean 
temperature and pH are predicted to change, often simul-
taneously, this approach may not be adequate to accurately 
predict organismal responses to continuing ocean warming 
and acidification, and the dynamic complexity of oceanic 
habitats (Bockmon et al. 2013; Boyd et al. 2018; Byrne and 
Przeslawski 2013). It is therefore highly valuable to incorpo-
rate multiple stressors into experiments that reflect realistic 
and ecologically relevant current and future ocean condi-
tions (Frieder et al. 2014; Przeslawski et al. 2015). Such 
studies are also critical for determining optimal or detrimen-
tal conditions for economically valuable species (Munari 
et al. 2011).

Early developmental stages may be the most vulnerable 
times during the life history of many marine organisms 
(Byrne 2011; Dupont and Thorndyke 2009; Gosselin and 
Qian 1997; Kurihara 2008), and with continuing alterations 
in the marine environment due to climate change, these 
stages may act as a bottleneck that determines if a species 
will be successful in the future (Byrne 2012; Byrne and 
Przeslawski 2013; Kurihara 2008). Thermal stress and ele-
vated pCO2 levels are expected to affect different life stages 
to varying degrees, and negative impacts have the potential 
to carry over into later stages, altering population structure 
and distribution (Beckerman et al. 2002). Here we examined 
the early developmental stages of the red sea urchin, Meso-
centrotus franciscanus (A. Agassiz, 1863), and assessed how 
they responded to stressors associated with ocean warming 
and acidification.

Our focal species in this study, the red sea urchin, is a 
major ecosystem engineer that feeds upon algal communi-
ties, particularly within kelp forest ecosystems (Leighton 
et al. 1966; Rogers-Bennett 2013). This species is present 
along the western coast of North America and supports a 
lucrative wild fishery in the United States. According to 
data reported by the Pacific Fisheries Information Network 
(PacFIN), the revenue generated from the red urchin fisher-
ies in Washington, Oregon, and California was estimated 
to be over $6.4 million USD in 2018 (https​://pacfi​n.psmfc​
.org; accessed 4 June 2019). Given the large ecological role 
of M. franciscanus within kelp forest ecosystems (Leighton 
et al. 1966; Rogers-Bennett 2013) and the economic value 
of the M. franciscanus fishery (Kalvass 2000; Rogers-Ben-
nett 2013), surprisingly few studies have been conducted to 
assess how this species responds to environmental stressors. 
Elevated pCO2 levels have been shown to increase sperm 
limitation and the potential for polyspermy, and decrease 
fertilization success in M. franciscanus (Frieder 2014; Reu-
ter et al. 2011). While multistressor studies have focused on 
some sea urchin species, examination of M. franciscanus 
development under combined pCO2 and temperature stress-
ors has remained almost entirely absent from climate change 
biology. In one study, (O’Donnell et al. 2009) found that 
M. franciscanus larvae raised under elevated pCO2 levels 
exhibited a decreased ability to respond to acute elevated 
temperatures, measured by a decrease in expression levels 
of hsp70. Gaps of knowledge remain regarding how this spe-
cies responds to elevated temperatures and pCO2 levels, both 
as singular and as combined stressors. These gaps limit our 
understanding of how current populations are responding 
to stress and restrict our predictive capacity of how future 
populations will fare under continued ocean warming and 
acidification.

Here we investigated the response of M. franciscanus, 
a species that has been overlooked in climate change biol-
ogy despite its sizeable ecological and economic importance 
(Pearse 2006; Quinn et al. 1993; Rogers-Bennett 2013), to 
different temperature and pCO2 conditions during its early 
development. Embryos of M. franciscanus were raised under 
different combinations of temperature (13 °C and 17 °C) and 
pCO2 level (475 μatm and 1050 μatm) that represented eco-
logically relevant ocean conditions. These treatments were 
selected based on values recorded in kelp-dominated tem-
perate reef ecosystems inhabited by M. francsicanus as well 
as predicted ocean conditions given projected future atmos-
pheric CO2 levels (Chan et al. 2017; Hofmann and Washburn 
2015; IPCC 2013; Kapsenberg and Hofmann 2016; Rivest 
et al. 2016). After raising M. francisanus embryos under our 
selected treatment conditions, we examined how tempera-
ture and pH stressors affected embryo body size at both the 
gastrula and prism stages of early development. Lastly, we 
measured thermal tolerance and metabolic rate at the prism 
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stage to examine how developmental temperature and pCO2 
conditions affected embryo physiology. Given previously 
recorded sensitivity of M. franciscanus to decreased pH 
levels (Frieder 2014; Reuter et al. 2011), we hypothesized 
negative effects of elevated pCO2 on embryos, particularly 
when in combination with elevated temperature (O’Donnell 
et al. 2009). Although the elevated pCO2 treatment (1050 
μatm) did lead to a decrease in body size, this effect was 
offset by the warmer temperature of the 17 °C treatment, 
similar to observations made in other urchin species (Byrne 
et al. 2013a, b, c; Sheppard Brennand et al. 2010). There 
were surprisingly little effects of either pCO2 or temperature 
on embryo thermal tolerance or metabolic rate, although 
development under 17 °C led to a modest increase in embryo 
thermal tolerance.

Materials and methods

Animal collection and culturing

Adult M. franciscanus were hand-collected by SCUBA on 
February 21, 2018 from a site in the Santa Barbara Channel 
near Ellwood Mesa, Goleta, California, USA (34° 25.065′ 
N, 119° 54.092′ W) at a depth of 14 m under California 
Scientific Collection permit SC-1223. The water tempera-
ture at the location and time of collection was 13.3 °C, 
while the water temperature recorded during the three 
weeks preceding the collection ranged from 12.5 to 15.4 °C 
with an average daily temperature of 14.6 ± 0.5 °C (Reed 
2019). The sea urchins were immediately transported to 
the Marine Science Institute at the University of California 
Santa Barbara (UCSB), where they were maintained in flow-
through seawater tanks for approximately one week prior 
to spawning. Adults were spawned via an intracoelomic 
injection of 0.53 M KCl (Strathmann 1987). Sperm from 
a single adult male was collected dry and was activated by 
dilution in 0.35 μm filtered, UV-sterilized seawater (FSW) 
immediately prior to performing crosses. Activated sperm 
was visually inspected to verify high motility. Eggs were 
collected in FSW from five adult females. Eggs were visu-
ally inspected for quality and maturity (i.e., approximately 
symmetrical in shape and lacked large, visible germinal 
vesicles). A small sample of eggs from each female was 
fertilized with activated sperm from the male. These test 
fertilizations were only used to verify adequate sperm qual-
ity and high male–female compatibility within each cross, 
and were not used in the final experiment. An approximately 
equal number of eggs from each of the five females were 
gently pooled together to simulate mass spawning events 
that occur in nature. Dilute, activated sperm from the single 
male was added to the pooled eggs until approximately 98% 
fertilization success was reached. The use of a single male 

to fertilize the eggs resulted in cultures of only full- or half-
sibling embryos, limiting potential effects caused by paternal 
genetic variation and male–female interaction variation.

Approximately 120,000 embryos were placed into each 
culture vessel (total volume = 12 L) at a concentration of 
no more than 10 embryos per mL of FSW. Each culture 
vessel was composed of two, nested 5-gal buckets in which 
the inner bucket had 12 holes 5.5 cm in diameter that were 
fitted with 64-μm mesh. This allowed for a continuous flow-
through of FSW while preventing the loss of embryos. The 
temperature was modified using two Delta Star® heat pumps 
with Nema 4× digital temperature controllers (AquaLogic, 
San Diego, CA, USA) to maintain the culturing temperatures 
at either ~ 13 °C or ~ 17 °C. A flow-through CO2-mixing sys-
tem modified from Fangue et al. (2010) was used to estab-
lish pCO2 levels of either ~ 475 μatm (pH ~ 7.66) or ~ 1050 
μatm (pH ~ 7.97). Four 5-gallon reservoir tanks were used to 
establish the target pCO2 levels for each temperature, result-
ing in four total treatments. These temperature and pCO2 
conditions were selected as representative of conditions cur-
rently measured in the Santa Barbara Channel and projected 
conditions given continuing ocean warming and acidifica-
tion (Chan et al. 2017; Hofmann and Washburn 2015; IPCC 
2013; Kapsenberg and Hofmann 2016; Rivest et al. 2016). 
Specifically, the elevated temperature treatment (17 °C) 
represents the higher end of temperatures currently experi-
enced in this region as well as temperature conditions that 
are expected to become more prevalent with continued ocean 
warming. The combination of the lower temperature treat-
ment (13 °C) and the elevated pCO2 treatment (1050 μatm) 
is representative of upwelling events that occur regularly 
in this region (Chan et al. 2017; Hofmann and Washburn 
2015; Kapsenberg and Hofmann 2016; Rivest et al. 2016). 
Lastly, in the absence of upwelling, the elevated temperature 
treatment (17 °C) in combination with the elevated pCO2 
treatment (1050 μatm) represent future conditions given con-
tinued ocean acidification and warming. Treated water was 
transported to each culture vessel at a rate of 6 L/hr. There 
were three replicate culture vessels for each experimental 
condition for a total of 12 culture vessels.

Temperature, pH, salinity, and total alkalinity (TA) were 
recorded daily throughout embryo development. Tempera-
ture was measured using a wire thermocouple (Thermolyne 
PM 20700 / Series 1218). Salinity was measured using a 
conductivity meter (YSI 3100). The pH was measured fol-
lowing the standard operating procedure (SOP) 6b (Dick-
son et al. 2007b), using a m-cresol purple (Sigma-Aldrich) 
indicator dye and a spectrophotometer (Bio Spec-1601, Shi-
madzu). Water samples for measuring TA were preserved 
by poisoning FSW with saturated 0.02% mercuric chloride 
and storing the samples at 4 °C until analyzed. The TA was 
estimated using SOP 3b (Dickson et al. 2007a). Using the 
measured temperature, spectrophotometric pH, salinity, and 
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TA, parameters of pCO2 and aragonite saturation state (Ωara) 
were calculated using the carbonic acid dissociation con-
stants from Mehrbach et al. (1973) refit by Dickson and Mil-
lero (1987) using CO2calc software (Robbins et al. 2010).

Sampling

The early gastrula stage (~ 23.5 h post-fertilization (hpf) at 
17 °C and ~ 32.5 hpf at 13 °C) and the prism stage (~ 44 
hpf at 17 °C and ~ 55.5 hpf at 13 °C) were sampled from 
each culture bucket. The early gastrula stage was identified 
by the extension of the archenteron to approximately one-
half the body length of the embryo and by the formation of 
secondary mesenchyme cells. The prism stage was desig-
nated by the archenteron becoming tripartite, the develop-
ment of skeletal rods, and the formation of a pyramid-like 
body shape. Sampling was accomplished by gently siphon-
ing embryos from each culture vessel onto a submerged, 
mesh filter (35-μm). Embryos were carefully concentrated 
onto the mesh filter and transferred to a 15 mL falcon tube 
using a plastic transfer pipette. The total number of embryos 
collected from each culture vessel at each stage was esti-
mated by counting three small aliquots of embryos so that a 
coefficient of variance (CV) of less than 10% was reached. 
The average of the counts was used to calculate the average 
number of embryos per mL of FSW.

Morphometrics

Gastrula-stage embryos were preserved for body size analy-
ses using 4% formalin in FSW. The fixative for the prism 
stage was 4% formalin in 0.01 M phosphate buffered saline 
(PBS) that was buffered with 100 mM sodium perborate to 
a pH of 8.7. This buffered formalin was used for the prism 
stage to prevent dissolution of the skeletal rods. The 4% 
fixatives were added to an equal volume of seawater with 
embryos, fixing the samples in a final concentration of 2% 
formalin in seawater. These samples were stored at 4 °C for 
no longer than three weeks prior to imaging. Additionally, 
while egg size should not impact differences in embryo size 
between treatments because the same pool of eggs was dis-
tributed across all cultures and treatments, excess eggs that 
were not used to culture embryos were preserved and meas-
ured using the same methods as in Wong et al. (2019).

At both the gastrula and prism stages, individual embryos 
(n = 35) from each of the 12 culture vessels (i.e., four treat-
ments with three replicate vessels each) were photographed. 
Embryos were digitally photographed under bright field 
DIC illumination using a compound microscope (Olym-
pus BX50) with an attached digital camera (Infinity Lite) 
and Motic Images Plus software (version 3.0). The gastrula 
embryos were oriented so that the side profile of their arch-
enteron was visible and aligned with the center of the vegetal 

plate. For the gastrula stage, the length (i.e., the linear dis-
tance from the anterior to posterior end when measured 
across the center of the archenteron) and 2-dimensional area 
were measured (Fig. 2). The prism stage was oriented in a 
ventral view and each individual was measured by the length 
of the skeletal rod, from the tip of the body rod to the tip of 
the post-oral rod (Fig. 2). The digital images were calibrated 
for the 20× objective using ImageJ (National Institutes of 
Health, USA). Differences in body size measured at the gas-
trula and prism stages were tested using a two-way ANOVA 
with temperature and pCO2 set as fixed factors and culture 
vessel identity set as a random factor. These statistical analy-
ses were performed using JMP Pro software (version 11.2.0).

Thermal tolerance

To assess if developmental conditions resulted in physiologi-
cal differences between the embryos, we measured thermal 
tolerance using constant, acute temperature exposures. Ther-
mal tolerance was only measured for the prism stage. For 
each treatment, embryos across replicate culture vessels 
were pooled together to obtain approximately 7000 embryos 
per treatment. For each treatment, the embryos were divided 
equally among seven 20-mL vials so that each vial contained 
approximately 1000 embryos in 5 mL of FSW (200 embryos 
mL−1). Two water baths were attached to either end of an 
aluminum heat block to create a temperature gradient span-
ning from ~ 16 to ~ 32 °C. Each of the seven vials were dis-
tributed across the heat block so that embryos were exposed 
to different temperatures (~ 16 °C, ~ 21.5 °C, ~ 25 °C, ~ 26.5 
°C, ~ 28.5 °C, ~ 30 °C, and ~ 32 °C) for 1 h (Fig. 1). All vials 
were placed randomly within the heat block while ensuring 
that each temperature contained a vial from each treatment. 
Temperatures were recorded using a wire thermocouple 
(Thermolyne PM 20700 / Series 1218). Following the 1-h 
exposure, the vials were removed and 100 embryos from 
each vial were scored as either alive or dead based on the 
presence or absence of ciliary movement viewed under a 
light microscope. Hammond and Hofmann (2010) tested 
the effects of recovery periods of different lengths follow-
ing a 1-hr temperature treatment of urchin larvae and found 
that recovery periods did not significantly affect mortality. 
Therefore, given these past results, it was not deemed neces-
sary to incorporate a recovery period into this experiment. 
Due to the differences in timing of developmental progres-
sion, this procedure was performed separately for embryos 
raised under the 13 °C treatment and embryos raised under 
the 17 °C treatment.

Using the binary mortality data (alive or dead) for prism 
embryos exposed to each temperature, a generalized linear 
mixed-effects model was used to test for differences in ther-
mal tolerance across treatments. The model included tem-
perature treatment and pCO2 treatment as fixed factors and 
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vial identity as a random factor. Lethal temperature (LT) val-
ues were calculated via a logistic regression for each treat-
ment. While LT50 values are the standard metric used when 
assessing temperature sensitivity (de Vries et al. 2008), LT10 
and LT25 values were also calculated because these smaller 
reductions in survival may still have biologically meaningful 
consequences (Collin and Chan 2016). The statistical analy-
ses for thermal tolerance were performed using the lme4 
(Bates et al. 2015), MASS (Venables and Ripley 2002), and 
base packages in R (version 3.4.4).

Respirometry

To examine metabolic differences in embryos raised under 
different temperature and pCO2 conditions, oxygen con-
sumption rates were measured in embryos from each treat-
ment following Marsh and Manahan (1999), with some 
modifications. Metabolic rate was only measured for the 
prism stage. For each culture vessel replicate per treat-
ment (n = 12 cultures), embryos were placed into five glass 
respirometry chamber vials (684–795 μL) at a range of 
concentrations (approximately 50, 100, 200, 400, and 500 
individuals per vial). The embryos were placed in FSW 
that matched their respective pCO2 treatment, and all vials 
were incubated at a single, intermediate temperature of 
15° C. A single incubation temperature was chosen in an 
attempt to avoid differences in development and growth 
rates that would otherwise occur across treatments as 
a result of using two different temperatures during the 
incubation period. One “blank” vial for each of the three 
culture replicates per treatment was filled with only FSW 
and used as a control to account for any possible back-
ground respiration. Oxygen concentrations were measured 

following a 5- to 6-h incubation of “blank” vials and vials 
containing a range of densities of embryos (n = 34–534). 
At the end of each incubation, the seawater was transferred 
using a gas-tight syringe (Hamilton Company, USA) to 
an optode containing a fiber-optic oxygen meter (Micro 
TX3; PreSens, Germany) that had been calibrated using 
sodium sulfite (Na2SO3) and FSW. A standard curve was 
generated from which the rate of oxygen consumption per 
individual (in pmol O2 h−1 individual−1) was estimated. 
Differences in respiration rates across treatments were 
tested using a two-way ANOVA using JMP Pro software 
(version 11.2.0), with temperature and pCO2 set as fixed 
factors and culture vessel identity set as a random factor.

Results

Eggs and culturing of embryos

The average diameter of the eggs was 0.1272 ± 0.0039 mm 
and the average 2D area of the eggs was 0.0128 ± 0.0008 
mm2. Additionally, the diameter and 2D area of the eggs 
were highly correlated to one another (Linear regression, 
r2 = 0.99, F (1,173) = 21,138, p < 0.001). The early devel-
opment of the M. franciscanus embryos was normal, with 
few observed morphological abnormalities and low mor-
tality rates. In addition, target seawater conditions for each 
of the four treatments were reached and remained largely 
stable throughout the culturing period (Table 1) across all 
12 culture vessels (three replicate cultures per treatment). 
The average salinity was 33.3 ± 0.05 and the average TA 
was 2222 ± 3 μmol kgFSW−1.

Fig. 1   Schematic depicting the general setup for the thermal tolerance assays. Each colored circle represents a vial containing approximately 
1000 embryos from a given treatment
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Table 1   Seawater conditions 
throughout embryological 
development

All values are given as mean ± standard deviation

Target treatment Temperature (°C) pH pCO2 (μatm) Ωara

17 °C, 1050 μatm 17.2 ± 0.14 7.67 ± 0.004 1047 ± 11 1.15 ± 0.01
17 °C, 475 μatm 17.2 ± 0.13 7.96 ± 0.006 491 ± 6 2.10 ± 0.03
13 °C, 1050 μatm 13.1 ± 0.10 7.66 ± 0.005 1039 ± 13 0.97 ± 0.01
13 °C, 475 μatm 13.2 ± 0.04 7.98 ± 0.003 465 ± 4 1.88 ± 0.01

Table 2   Body size 
measurements for gastrula and 
prism stage embryos

All values are given as mean ± standard deviation

Treatment Gastrula length (mm) Gastrula 2D area (mm2) Prism length (mm)

17 °C, 1050 μatm 0.1500 ± 0.0069 0.0184 ± 0.0013 0.1971 ± 0.0132
17 °C, 475 μatm 0.1554 ± 0.0066 0.0195 ± 0.0012 0.2007 ± 0.0165
13 °C, 1050 μatm 0.1459 ± 0.0053 0.0176 ± 0.0010 0.1592 ± 0.0116
13 °C, 475 μatm 0.1548 ± 0.0059 0.0196 ± 0.0014 0.1701 ± 0.0124

Fig. 2   Body size measurements of embryos raised under different 
temperature and pCO2 treatment conditions, including a the length 
of the gastrula stage, b the 2D area of the gastrula stage, and c the 

length of the prism stage. Bars show standard error. Only ANOVA 
results with significant p-values are displayed on each graph
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Body size

At the gastrula stage, length and 2D area were measured for 
35 individual embryos from each of the 12 culture vessels 
(Table 2). All morphometric data were tested to verify that 
they met the assumptions of an ANOVA (i.e., approximate 
normality and homogeneity of variance). We also measured 
the length of the archenteron to calculate the ratio of the 
archenteron length to the full body length of the embryo, 
and found that the archenteron was on average extended 
52% the length of the embryo upon sampling for the gas-
trula stage (see Supplementary Material). Additionally, 
there was no significant effect of temperature (ANOVA, F 
(1,9) = 0.0717, p = 0.3308) or pCO2 treatment (ANOVA, F 
(1,9) = 0.0167, p = 0.9003) on the ratio of the archenteron to 
the embryo body length, verifying that all embryos were at 
the same stage of developmental progression at the time of 
sampling regardless of the temperature or pCO2 treatment. 
For the gastrula stage, there was no significant effect of the 
temperature treatment on either gastrula length (ANOVA, 
F (1,9) = 4.7359, p = 0.0575), or 2D area (ANOVA, F 
(1,9) = 2.3969, p = 0.1560) (Fig. 2a, b). There was, however, 
a significant effect of the pCO2 treatment on both gastrula 
length (ANOVA, F (1,9) = 44.6841, p < 0.0001) and 2D area 
(ANOVA, F (1,9) = 43.6387, p < 0.0001). Gastrula raised 
under low pCO2 conditions (475 μatm) were on average 
4.83% longer and 8.62% greater in area than those raised 
under high pCO2 conditions (1050 μatm). There was no sig-
nificant interaction between temperature and pCO2 treatment 
conditions for the gastrula stage (p > 0.05).

Prism length was measured for 35 individual embryos 
from each of the 12 culture vessels (Table 2). Unlike the 
gastrula stage, at the prism stage there were treatment effects 
for both temperature and pCO2. There was a significant 
effect of temperature treatment on prism length (ANOVA, 
F (1,9) = 160.5712, p < 0.0001), in which embryos raised 
under high temperature conditions (17 °C) were on average 
20.81% greater in length than those raised under low tem-
perature conditions (13 °C) (Fig. 2C). There was also a sig-
nificant effect of pCO2 treatment on prism length (ANOVA, 
F (1,9) = 7.2205, p = 0.0249), in which embryos raised under 
low pCO2 conditions (475 μatm) were on average 4.08% 
greater in length than those raised under high pCO2 con-
ditions (1050 μatm). There was no significant interaction 
between temperature and pCO2 treatment conditions for the 
prism stage (p > 0.05).

Thermal tolerance

Unfortunately, due to the loss of embryos during the sam-
pling process, we were unable to include embryos from 
two culture vessels (one replicate of 17 °C, 1050 μatm and 
one replicate of 17 °C, 475 μatm). Therefore, for these two 

treatments, only representatives from two of the three rep-
licate culture vessels were pooled together for the thermal 
tolerance assay. The survivorship of prism stage embryos 
was assessed across a range of temperatures (16.1–32.2 °C) 
to generate performance curves for each treatment (Fig. 3). 
A generalized linear mixed-effects model found that there 
was an effect of temperature treatment on the survivorship of 
embryos in response to temperature (p = 0.0389). However, 
pCO2 treatment had no such effect (p = 0.8431). The calcu-
lated LT10, LT25, and LT50 values of embryos raised under 
the high temperature treatment (17 °C) were greater than 
those of embryos raised under the low temperature treatment 
(13 °C) (Table 3). Although the effect of temperature treat-
ment on thermal tolerance was statistically significant, the 
difference in LT50 values was relatively small. Specifically, 
the average LT50 of embryos raised at 17 °C was only 0.3 °C 
higher than the average LT50 of embryos raised at 13 °C.

Respiration rate

The respirometry data was tested to verify it met the assump-
tions of an ANOVA (i.e., approximate normality and homo-
geneity of variance). There was no effect of temperature 
treatment (ANOVA, F (1,9) = 1.9819, p = 0.1927) or pCO2 
treatment (ANOVA, F (1,9) = 0.9042, p = 0.3665) on the 
respiration rate of prism embryos (Fig. 4). Additionally, 
there was no evident relationship between the rate of oxygen 

Fig. 3   Thermal tolerance of prism stage embryos following 1-hr tem-
perature exposures. Points are plotted as percent survivorship with the 
lines showing the logistic regression for each treatment. Only temper-
ature was found to have a significant effect (p = 0.0389)

Table 3   LT10, LT25, and LT50 values for each treatment

All values are given as mean ± standard deviation

Treatment LT10 LT25 LT50

17 °C, 1050 μatm 28.3 ± 0.1 28.8 ± 0.1 29.3 ± 0.1
17 °C, 475 μatm 28.6 ± 0.1 29.0 ± 0.1 29.4 ± 0.1
13 °C, 1050 μatm 28.1 ± 0.1 28.6 ± 0.1 29.1 ± 0.1
13 °C, 475 μatm 27.7 ± 0.2 28.4 ± 0.1 29.1 ± 0.1
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consumption and embryo body size (i.e., the average length 
of prism embryos from each culture vessel) (p > 0.056).

Discussion

Increasing temperatures and pCO2 levels are anticipated 
to impact the early developmental stages of many marine 
organisms (Byrne 2011; Byrne and Przeslawski 2013; 
Kroeker et al. 2013). However, there remains limited knowl-
edge regarding how M. franciscanus will be impacted by 
these environmental stressors despite its considerable eco-
nomic and ecological value as a fishery species that inhabits 
kelp forest ecosystems. In this study, we investigated how 
development under elevated temperature and pCO2 condi-
tions affected the morphometry and physiology of M. fran-
ciscanus embryos. There were four salient findings: (1) 
at the gastrula stage, only pCO2 had an effect on embryo 
body size, (2) at the prism stage, temperature and pCO2 had 
an antagonistic effect on body size, although temperature 
appeared to be the dominant factor, (3) temperature had a 
modest effect on thermal tolerance of the prism stage, and 
(4) being raised under different pCO2 or temperature condi-
tions did not drive significant differences in prism metabolic 
rate.

It should be noted that this study implemented an experi-
mental design in which eggs from five adult females were 
pooled together to simulate mass spawning events that occur 
in nature. However, in an effort to somewhat limit the genetic 
diversity of the embryos as well as to minimize male–female 
pairing effects, the pooled eggs were fertilized using sperm 

from a single adult male to ensure only full- or half-sibling 
embryos were used in this study. We acknowledge the caveat 
that this approach results in psuedoreplication. Future stud-
ies may opt to include multiple male–female crosses per 
experiment treatment. An experiment with multiple crosses 
will exhibit greater genetic diversity, and may require addi-
tional culturing space and resources to ensure adequate rep-
lication. It is possible that the results of this study are influ-
enced by paternal effects, and that the patterns observed here 
are unique to the quality of the male selected. While we are 
unable to separate potential paternal effects due to the use of 
a single male, visual inspection of high sperm motility and 
high fertilization success (> 98%) indicate suitable sperm 
quality and male–female compatibility. Another important 
caveat of the reported results is that this study represents a 
subset of individuals from a single population. Therefore, 
we recommend additional investigations involving different 
individuals from within this population and across differ-
ent populations to determine if the observations reported in 
this study remain consistent within the species. Nonetheless, 
this study represents an important first step in understanding 
the physiological responses of M. franciscanus to different 
environmental conditions.

Only pCO2 impacts gastrula size

The effects of temperature and pCO2 on embryo body size 
differed by developmental stage. Temperature had no effect 
on body size of gastrula embryos, while elevated pCO2 con-
ditions decreased both gastrula length and 2D area. Some 
studies have shown that elevated pCO2 levels can decrease 
gastrulation success and survival in some echinoderm spe-
cies (Ericson et al. 2010; Foo et al. 2014; Martin et al. 2011; 
Nguyen et al. 2012). In the sea urchins Strongylocentrotus 
purpuratus and Heliocidaris erythrogramma, however, high 
pCO2 was found to have no effect on developmental pro-
gression or morphological abnormality in gastrula embryos 
(Byrne et al. 2009; Padilla-Gamiño et al. 2013). In this study, 
abnormality and mortality were not directly measured. There 
was, however, an observed effect on morphometry.

Most ocean acidification studies have not examined the 
effects of pCO2 on embryo size, instead focusing primarily 
on the body size of later, calcifying stages (e.g., pluteus lar-
vae). However, elevated pCO2 levels can impact processes 
other than calcification via alterations in acid–base regula-
tion physiology (Fabry et al. 2008). Similar to what was 
observed in this study, low pH levels have been shown to 
decrease gastrula embryo length in the Antarctic urchin, 
Sterechinus neumayeri (Ericson et al. 2010; Stuck 2014). 
Stuck (2014) measured the extracellular pH (pHe) in S. 
neumayeri gastrula embryos and found that external pH 
treatments did not affect the pHe in either the gastrula blas-
tocoel or blastoderm. Therefore, the observed reduction in 

Fig. 4   Respiration rates (expressed as pmol O2 h−1 individual−1) for 
prism embryos raised under different temperature and pCO2 treatment 
conditions. Error bars show standard error. For each culture vessel 
(n = 12), oxygen consumption was measured using glass respirometry 
chamber vials (n = 5) that contained a range of different numbers of 
individual embryos per vial. All respiration measurements were per-
formed at an intermediate temperature of 15 °C
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size of the gastrula embryos may be due to the energetic 
demands associated with maintaining the pHe levels within 
the embryo despite lower pH conditions in its environment 
(Pecorino et al. 2014). This metabolic demand could leave 
less energy for the embryos to allocate towards growth 
(Stumpp et al. 2011).

In contrast, in an investigation of S. purpuratus, a spe-
cies whose habitat overlaps with that of M. franciscanus, we 
found no effect of pCO2 stress on gastrula body size (Wong 
et al. 2019). The pCO2 stress response may be influenced by 
differences in maternal provisioning because, unlike the cur-
rent study in which adults were spawned shortly after being 
collected from the field, in Wong et al. (2019), adults were 
provided high quality kelp feed ad libitum throughout game-
togenesis. The decrease in body size observed here may have 
significant biological consequences for M. franciscanus, as 
larger body sizes during early development have been linked 
to higher fitness (Smith and Fretwell 1974). Organisms that 
are larger during early development may exhibit greater per-
formance (i.e. greater growth, survivorship, and reproductive 
output) at later life stages (Marshall et al. 2003; Moran and 
Emlet 2001). Thus, a decrease in body size, even at a single 
stage during early development, may have adverse long-
term effects on an organism’s fitness, particularly when the 
stressor occurs during an essential developmental process 
such as gastrulation.

Temperature and pCO2 impact prism size

Developing under different temperature and pCO2 conditions 
had an effect on body size at the prism stage. Prism develop-
ment is immediately prior to the formation of the early plu-
teus larval stage and includes initial calcification processes 
for skeletal rod formation. Here, temperature appears to be 
the dominant factor, although an effect of pCO2 is still evi-
dent. Although a statistically significant interaction between 
stressors was not detected, temperature and pCO2 appear 
to have an antagonistic effect on prism body size, in which 
elevated temperature appears to increase body size and offset 
the reduction in body size due to elevated pCO2 levels. In 
contrast, pCO2 but not temperature affect larval body size 
in S. purpuratus (Padilla-Gamiño et al. 2013), despite this 
species sharing similar habitats with M. franciscanus. Nev-
ertheless, the pattern reported here has been documented 
in several other sea urchins species from tropical, temper-
ate, and polar regions in which temperature can mitigate the 
negative effects of low pH on early developmental stages 
undergoing calcification (Byrne et al. 2013a, b, c; Sheppard 
Brennand et al. 2010). Therefore, as ocean warming and 
ocean acidification progress, moderate warming may pro-
vide a compensatory effect as ocean pH levels continue to 
decline. With the increasing frequency of marine heatwave 
events (Frölicher and Laufkötter 2018; Ummenhofer and 

Meehl 2017), temperature may be a major factor influenc-
ing M. franciscanus during early development.

In the absence of increased temperatures, elevated pCO2 
levels stunt prism growth. This was observed in prism 
embryos raised under the 13 °C, 1050 μatm pCO2 treatment 
(Fig. 2). The temperature and pCO2 level of this treatment 
are characteristic of water conditions that occur during 
upwelling events in the Santa Barbara Channel (Hofmann 
and Washburn 2015; Kapsenberg and Hofmann 2016; Rivest 
et al. 2016). Upwelling events off the West Coast of North 
America are caused by a strengthening of northwesterly 
winds that typically begin in the early spring season (Fabry 
et al. 2008; Pennington and Chavez 2000). The timing of 
these events are highly variable, but they can coincide with 
the peak spawning period of M. franciscanus, which typi-
cally occurs in the spring and early summer (Bennett and 
Giese 1995; Kato and Schroeter 1985; Strathmann 1987). It 
is therefore possible that M. franciscanus embryos experi-
ence these combined low temperature and low pH condi-
tions in nature when spawning occurs during or immediately 
prior to an upwelling event. Additionally, the intensity and 
duration of upwelling events are expected to increase in 
the future (Diffenbaugh et al. 2004). Size reduction during 
early development may lead to increased mortality due to 
predation, as there is some evidence of predator preference 
for smaller echinoderm embryos and larvae (Allen 2008). 
Furthermore, a reduction in body size can hamper feeding 
success and further growth once the prism embryos develop 
into pluteus larvae (Chan et al. 2011; Hart 1995; Hart and 
Strathmann 1994). Lastly, the rate of development was 
influenced by temperature in which development occurred 
more slowly under the lower temperature condition of 
13 °C. Here, embryos reached the prism stage after ~ 55.5 h 
post-fertilization (hpf) when raised at 13 °C in comparison 
to ~ 44 hpf at 17 °C. Therefore, slower development caused 
by decreased temperatures may increase the period dur-
ing which vulnerable developmental stages are exposed to 
stressful pH conditions.

Temperature conditions during development have 
a modest effect on thermal tolerance

In addition to body size, we also investigated how devel-
oping under the different temperature and pCO2 treatments 
impacted the physiological performance of M. franciscanus 
at the prism stage. Although the embryos were raised under 
a multistressor environment, acute temperature exposures 
were used to assess thermal tolerance. These acute tem-
perature exposures were not designed to be ecologically 
relevant (i.e., represent events likely to occur in their natu-
ral environment), but were instead used to assess if physi-
ological differences in thermal tolerance existed among the 
embryos as a result of having developed under different 
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multistressor conditions. Temperature (i.e. 17 °C versus 
13 °C), but not pCO2 (i.e., 1050 μatm versus 475 μatm), 
affected thermal tolerance. This result is in agreement with 
findings by Karelitz et al. (2017), in which pH conditions 
did not alter thermal tolerance during early development, 
a result that was consistent across five echinoderm species 
despite differences in their ecology and environments (i.e., 
tropical, temperate, and polar). However, O’Donnell et al. 
(2009) found elevated pCO2 conditions appeared to affect 
the thermal stress response of M. franciscanus larvae raised 
at 15 °C. Specifically, M. franciscanus raised under elevated 
pCO2 levels exhibited lower levels of expression of the 
molecular chaperone hsp70, a gene affiliated with thermal 
defense, which the authors suggested meant larvae exposed 
to low pH conditions were more vulnerable to heat stress. 
Additionally, O’Donnell et al. (2009) found that following a 
1-hr temperature exposure to 31 °C, cultures displayed over 
90% survivorship regardless of pCO2 treatment. In contrast, 
during this study, less than 16% survivorship was observed 
across all cultures following a 1-h temperature exposure to 
30 °C, and the calculated LT50 values, the temperature at 
which 50% mortality occurs (de Vries et al. 2008), across all 
treatments were around 29.1–29.4 °C. The observed dispari-
ties between this study and O’Donnell et al. (2009) could 
be due to the slight difference in developmental stage (i.e., 
prism versus pluteus larvae), alterations in culturing tem-
peratures (i.e. 15 °C versus 13 or 17 °C), genetic variance, 
or transgenerational effects caused by dissimilarities in adult 
environmental history and quality.

The effect of temperature on thermal tolerance was 
relatively modest. Nonetheless, LT10, LT25, and LT50 val-
ues were consistently higher for embryos raised under 
the higher temperature of 17 °C. Even small differences 
in temperature can have biologically meaningful conse-
quences. The results of this study differ from observations 
made in S. purpuratus, in which embryos raised under 
different temperatures that matched sites where the adults 
were collected (i.e., sites that varied across the species 
biogeographic range) were found not to differ in their ther-
motolerance (Hammond and Hofmann 2010). Addition-
ally, the LT50 values reported here for M. franciscanus are 
slightly below those recorded for S. purpuratus, which are 
between 29.7 and 31.0 °C during early development (Ham-
mond and Hofmann 2010). Other sea urchin species have 
exhibited a potential for thermal acclimation and adapta-
tion, with offspring of adults from warmer regions display-
ing increased thermal tolerance during early development 
(Byrne et al. 2011; Pecorino et al. 2013). In this study, 
all of the embryos across treatments were from the same 
parents collected together from the same site. Therefore, 
we do not anticipate that variation in parental experience 
affected the differences in thermal tolerance observed here 
(i.e., transgenerational effects). Rather, the difference in 

thermal tolerance, while relatively small, is likely due 
to rapid acclimation and developmental plasticity within 
embryos raised under the warmer temperature.

Metabolic rate is unaffected by experiment 
treatments

We also examined how developing under different tem-
perature and pCO2 conditions influenced the metabolic 
rate of M. franciscanus embryos. In general, metabolic 
rates have been shown to increase with temperature (Arn-
berg et al. 2013; Manríquez et al. 2017; McElroy et al. 
2012; Pimentel et al. 2012). Low pH levels, however, can 
have varying effects on metabolism. For instance, low 
pH may decrease metabolism via extracellular acid–base 
imbalances and direct hypercapnic suppression, or it may 
increase metabolism due to higher costs associated with 
maintaining calcification and cellular homeostasis (Hoshi-
jima et al. 2017; Pörtner 2008; Stumpp et al. 2011; Widdi-
combe and Spicer 2008). In this study, we found no effect 
of either stressor on the rate of oxygen consumption at the 
prism stage. This differs from observations by Padilla-
Gamiño et al. (2013), in which simultaneous exposure to 
a warmer temperature and higher pCO2 level depressed 
respiration rates of S. purpuratus pluteus larvae.

These discordant results between studies could be due 
to species-level variances or differences in respirometry 
methods. Here, respiration rates were measured at a sin-
gle, intermediate temperature (15 °C) for the purpose of 
removing the confounding factor of increased develop-
mental rate under warmer temperatures. It is possible that 
embryos raised at 13 °C increased their oxygen consump-
tion while embryos raised at 17 °C decreased their oxygen 
consumption upon encountering the temperature change 
associated with entering the respirometry vials. This may 
have masked the effects of developmental temperature 
on metabolism. Otherwise, respiration rates may have 
increased predictably with temperature in accordance with 
the Arrhenius equation (Alcaraz et al. 2013). Alternatively, 
if the temperature treatment was maintained throughout 
respiration measurements, we may have detected meta-
bolic depression due to simultaneous high temperature and 
pCO2 exposure, similar to what was observed in S. purpu-
ratus (Padilla-Gamiño et al. 2013). The lack of metabolic 
differences in this study could also be due to the devel-
opmental stage that was examined. For instance, Stumpp 
et al. (2011) found that there was an effect of pCO2 on 
metabolic rate only once pluteus larvae began feeding. At 
earlier embryonic stages, metabolic rate did not vary by 
pCO2 treatment. Therefore, the effects of temperature and 
pCO2 on metabolic rates in M. franciscanus may only be 
visible later in development.
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Conclusions

The goal of this study was to provide much needed infor-
mation regarding a species of significant ecological and 
economic value by examining its capacity to respond to 
stressors related to climate change within an ecologi-
cally relevant context. Here, we observed a decrease in 
gastrula body size due to high pCO2 levels. This leads 
to two points for consideration regarding studies of this 
nature. First, even though they may not be actively under-
going calcification, earlier embryological stages should 
not be overlooked in ocean acidification studies. Low pH 
can influence important processes other than calcification, 
and negative impacts during early embryological develop-
ment can have detrimental carry-over effects and/or act as 
a major bottleneck for populations (Byrne 2011). Second, 
while most studies report the percent success of gastrula-
tion, few studies report how stressors impact gastrula body 
size. Sublethal effects, however, may still have significant 
biological consequences (Przeslawski et al. 2015).

Moderate ocean warming may be beneficial to M. fran-
ciscanus during early development, helping to offset the 
negative effects of ocean acidification or acute warming 
events. We observed evidence of this at the prism stage. 
This will not occur, however, during periods of upwelling, 
in which organisms will experience elevated pCO2 levels 
without simultaneous exposure to elevated temperatures. It 
is also important to note that while elevated temperatures 
can increase embryo growth and thermal tolerance, there 
may be unanticipated biological consequences to ocean 
warming. This is particularly pertinent because marine 
heatwaves are anticipated to increase in frequency and 
intensity (Frölicher and Laufkötter 2018; Ummenhofer and 
Meehl 2017). Importantly, understanding how this fishery 
species will be affected by climate change interacts heavily 
with the role of fisheries management. For example, fol-
lowing an extreme marine heatwave event along the coast 
of Western Australia, early detection of declines in abun-
dance and growth of several marine invertebrate fisheries 
(e.g., abalone, scallops, prawns, and crabs) was quickly 
followed by responsive changes in harvest strategies, 
allowing for protection and possible recovery of spawning 
stocks (Caputi et al. 2016). Effective fisheries management 
relies on studies such as the one presented here that pro-
vide important insight into the biology of the organisms 
and help enable predictions regarding future population 
dynamics. Failure to adequately consider the biology of a 
species can lead to its mismanagement. For example, Teck 
et al. (2018) identified a mismatch between the phenology 
of M. franciscanus and fishing regulations in which the 
seasonal reproductive cycle of southern California popula-
tions did not align with harvest period restrictions. Ideally, 

informed management decisions should protect the fishery 
species and bolster ecosystem resilience while also main-
taining a sustainable fishery that people rely on as a source 
of food and revenue.

As climate change continues, it will be necessary to 
enact adaptive management strategies that can keep pace 
with affected M. franciscanus populations so as to decrease 
the vulnerability of the fishery. Here, we identified nega-
tive consequences of elevated pCO2 on embryological body 
size, particularly in the absence of simultaneous warming. 
Declines in the quality and/or quantity of recruits due to 
adverse environmental effects that occur during early devel-
opment may not be immediately evident to the fishery, as 
there will be a lag between poor recruitment and low abun-
dance of mature adults available for harvest. Thus, proactive 
fisheries management may be necessary in order to curb 
the effects of climate change on early life stages that may 
lead to substandard recruitment (Caputi et al. 2016). In con-
trast, passive management systems that respond reactively 
to declines in population quality and size will be improperly 
suited to cope with the negative impacts of climate change 
(Wilson et al. 2018). Growing concerns of climate change 
effects on the red urchin fishery have already led to sugges-
tions of replacing or supplementing M. franciscanus with 
more resilient and climate change-tolerant urchin species, 
such as the pink sea urchin, Strongylocentrotus fragilis (Sato 
et al. 2018). Alternatively, the establishment of marine pro-
tected areas (MPAs) have been shown to lead to increased 
biomass of M. franciscanus (Teck et al. 2017). Overall, a 
deeper understanding of how climate change stressors affect 
M. franciscanus will facilitate the implementation of effec-
tive fisheries management strategies.

Future studies would benefit from examining the effects 
of prolonged exposure to high temperatures, particularly as 
M. franciscanus begin feeding as pluteus larvae and meta-
morphose into juveniles. There may be negative carry-over 
effects of elevated temperatures, and what may be beneficial 
at the prism stage could be detrimental at other life history 
stages. For instance, warming can decrease gonad qual-
ity and increase disease susceptibility in adult sea urchins 
(Tajima et  al. 1997; Uthicke et  al. 2014). Additionally, 
quicker development rates under elevated temperatures may 
shorten the planktonic larval duration (i.e., the length of time 
embryos and larvae are in the plankton prior to metamorpho-
sis and settlement), which can affect dispersal, recruitment 
and gene flow dynamics (Byrne et al. 2011). Overall, more 
work is required to understand how positive or negative 
effects of ocean warming will interact with ocean acidifica-
tion, and to accurately predict how they will impact popula-
tions of M. franciscanus.
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