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Abstract

Marine organisms are currently challenged by multiple and interactive environmental stressors. In the subtropics, warm-
ing and intensified precipitation, and hence, reduced salinity, are particularly relevant. Using the sea urchin, Heliocidaris
crassispina, we investigated the effects of warming and low salinity on fertilization success and early development. These
planktonic developmental stages play significant roles in shaping population dynamics. Gametes were exposed to a tem-
perature gradient (28—43 °C) while being held at two salinities (24 and 32). Fertilization had a higher critical temperature
(LTs), the temperature at which 50% individuals reached the designated stage, of 39 °C than that of blastula formation at
31 °C for both salinities, suggesting between-stage variations in sensitivity. The LT, for blastula formation was very close
to present-day recorded maximum sea surface temperature of 31 °C suggesting a small thermal safety factor. Larvae were
also reared to the eight-arm stage in one of the four combinations of temperatures (24 and 28 °C) and salinities (24 and 32),
which correspond to sea surface temperatures and salinities observed during the urchin’s spawning season. Low salinity and
high temperature had interactive effects in reducing larval survivorship. However, amongst larvae that survived the com-
bined stress, warming reduced the negative impact of reduced salinity on arm growth. Unexpected release of blastula-like
particles was documented in all treatments except the control (24 °C and salinity 32). Incomplete separations that resulted
in conjoined twins, however, were only found at 28 °C. There were significantly different responses in fertilization success
and larval growth between maternal lineages. Such intra-specific variations highlight the presence of phenotypic plasticity
and could imply the presence of genetic variations in response to thermal and salinity stress. Such plasticity suggests that
although purple urchins are experiencing extreme conditions that are stressful at present, they may be able to cope with the
future ocean conditions.

Introduction

Responsible Editor: M. Byrne.

Global climate change is one of the greatest threats to
Reviewed by D. Bogner and an undisclosed expert. marine organisms (Halpern et al. 2008; Deutsch et al. 2015;
McCauley et al. 2015). Average sea surface temperature is
rising at an unprecedented rate and is predicted to increase
by 0.6-2 °C by the turn of this century (IPCC 2014). Organ-
isms are not only challenged by the increasing ocean tem-
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Responses to multiple stressors often vary. Some of these
variations could be attributed to different combinations
of stresses, but also to differences in sensitivity between
taxonomic groups (Crain et al. 2008; Karelitz et al. 2017),
between populations or families of the same species (Chan
et al. 2013; Kelly et al. 2013), between developmental
stages (Delorme and Sewell 2014; Karelitz et al. 2017), and
between performance metric studies [e.g., growth, survival,
and behavior (Chan et al. 2015)]. An example of interspe-
cific variation in response to fluctuations in temperature
and salinity is polyembryony, the production of multiple
offspring from a single zygote (Craig et al. 1997). This phe-
nomenon was a documented response of larval sand dollars
(Echinarachnius parma) to fluctuations in temperature and
salinity, but not for larval urchins [Lyfechinus variegatus
(Allen et al. 2015)] nor crown-of-thorns seastar [Acanthaster
planci (Allen et al. 2017)]. Within a single urchin species,
pre-exposure of adults (mothers) affects larval growth and
survival to salinity and temperature stress (Roller and Stickle
1993). Stress responses are often maternal lineage depend-
ent, e.g., the offspring of certain sand dollar females were
more likely to clone, a proposed size reduction mechanism
to lower visual predation risk, than others when a predator
cue was present (Vaughn 2009, 2010). In addition to con-
ferring phenotypic plasticity through differences in mater-
nal conditions (Kelly et al. 2013; Morley et al. 2016), other
genotype studies using full-factorial crosses also suggested
that there are heritable components to thermal tolerance such
that some families are more resilient than others (Apple-
baum et al. 2014; Delorme and Sewell 2016; Foo et al.
2016; Sparks et al. 2017). Understanding these variations
in responses to multiple stressors is, therefore, essential for
predicting population- and community-level responses under
conditions of global climate change.

For shallow water and intertidal organisms, including
sea urchins, temperature and salinity are essential factors
that shape their physiological performance and distributions
(see reviews by Tomanek and Helmuth 2002; Helmuth et al.
2005). Combined salinity and temperature stress have been
shown to compromise larval urchin survival, development,
and physiological performance (e.g., respiration and pro-
ton pumping, Greenwood and Bennett 1981; Roller and
Stickle 1985, 1993; Metaxas 1998; Carballeira et al. 2011;
Delorme and Sewell 2014; see review of other stressors by
Przeslawski et al. 2015). Here, we focus on a subtropical
urchin because species currently living close to the tropics,
in which ambient temperatures reach close to their upper
thermal limits, may be particularly at risk of global warm-
ing (Deutsch et al. 2008, 2015; Burrows et al. 2014; Collin
and Chan 2016).

In subtropical Hong Kong (22.3°N, 114.2°E), sea sur-
face temperatures vary spatial-temporally. Eastern waters
of Hong Kong are strongly influenced by the Pearl River
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Estuary discharge and has a lower salinity of 25 compared
to 30 in the more oceanic western waters during the sum-
mer wet season (Chan et al. 2001). The Environmental
Protection Department (Hong Kong Government) moni-
tors marine water quality monthly at 76 stations distributed
across the territory (data available at http://epic.epd.gov.hk/
EPICRIVER/marine/). In Port Shelter in eastern waters, a
known habitat and sampling site for our focal organism, the
mean sea surface temperature was 23.7 °C (range from 13
to 31 °C) and the mean salinity was 31.8 (range from 21
to 36) from 1986 to 2015. The average air temperature in
Hong Kong is projected to increase by 3.1-5.5 °C, while
the mean annual rainfall is projected to increase by 10%
under the business as usual emission scenario at the end
of this century (Hong Kong Observatory, data available at
http://www.hko.gov.hk/climate_change/future_climate_e.
htm). Given a predicted increase in the number of days with
intense rainfall during the hot summer months, exposure
of coastal organisms to warming water temperatures and
reduced salinities is plausible. Since shallow water species in
Hong Kong are currently already experiencing a broad range
of environmental conditions, they are good candidates to test
the hypothesis that a large variability in present-day extreme
abiotic conditions preselects organisms to better cope with
warmer and more variable salinities in the future.

Earlier studies of salinity and temperature effects on
subtropical species in Hong Kong have focused on fouling
[e.g., Balanus amphitrite, Hydroides elegans (Qiu and Qian
1999; Pechenik et al. 2007)] or invasive species [e.g., Crep-
idula onyx (Zhao 2002)]. Often, larvae were only studied
with the use of a common garden approach (Qiu and Qian
1999; Zhao 2002). Informed by these previous works, we
designed our study to investigate the interactive effect of
salinity and temperature on an ecologically and economi-
cally important native species, the purple sea urchin, Heli-
ocidaris crassispina. The spawning period of this species is
long in Hong Kong, lasting 8 months from March to Octo-
ber, including the hot, summer wet season (Urriago et al.
2016). In a short-term exposure experiment, we tested the
hypothesis that reduced salinity decreases the thermal toler-
ances of different early development stages (fertilization and
blastula formation). In a rearing experiment, we tested for
the effect of interactive warming and reduced salinity stress
on the survival and growth of pluteus larvae and if these
responses differed between maternal lineages.

Materials and methods
Study species

Heliocidaris crassispina (A. Agassiz, 1864, formerly
Anthocidaris crassispina) ranges from the rocky coasts of
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Japan and Korea to China and is commonly observed in
the intertidal zone of Hong Kong (Chiu 1985). This spe-
cies plays an important role in controlling the community
dynamics of benthic algae in low shore rock pools in Hong
Kong (Wai and Williams 2005). Heliocidaris crassispina
is also one of the most commonly harvested and farmed
sea urchin species in China (Ding et al. 2007). Protocols
to obtain and fertilize gametes and for larval rearing of this
species are well established, and its larvae have been the
subject of various ecotoxicology studies (Vaschenko et al.
1999; Lu and Wu 2005).

Adult collection and spawning

Adults of H. crassispina were procured from a sea urchin
farm in High Island, Port Shelter, Hong Kong, and trans-
ferred immediately to the Coastal Marine Laboratory at
Hong Kong University of Science and Technology (< 1 h).
They were kept in a flow-through system at ~ 24 °C and
salinity 32 and fed ad libitum with pre-dried kelp (Lami-
nariaceae) prior to use in experiments (for up to 2 months).
Injection of 0.5-1 ml of 0.35 M KCl into the coelomic cavity
induced urchin spawning (Strathmann 1987). Sperm were
collected dry and kept on ice. Eggs were collected in filtered
seawater (FSW, 0.22 pm filtered) at control (32) and experi-
mental salinities (24) by moving the adult urchins quickly
into different beakers (< 5 min). The order of salinity pre-
sented was randomized between females. Collected eggs
were subsequently washed through a 154-pm sieve.

Short-term exposure: critical temperature
of fertilization and blastula development

A metal “heat block” modeled after Kuo and Sanford
(2009), and Collin and Chan (2016), was used to create a
thermal gradient. This heat block is a sheet of aluminum
(91 cm X 25 cm X 15 cm) with equally spaced holes (2.7 cm
in diameter). There are four rows of ten holes, arranged
length-wise thus enabling us to measure four replicate sets
during each trial. A temperature gradient ranging from 28
to 43 °C was created by running a water chiller (HS-90A,
Hailea, China) and a water bath (195001465007, Pharmacia
Biotech, Piscataway, USA) at each end. Temperature of the
heat block was measured with a thermocouple (HH-20A,
Omega, Norwalk, CT, USA) at the beginning and end of
the experiment.

Washed eggs from individual females were diluted with
the corresponding salinity water to a density of 40 eggs
ml~!. 200 eggs were placed in glass vials containing 10 ml
FSW at the two salinities [24 and 32; density chosen after
Collin and Chan (2016)]. Sperm mixtures were prepared
by adding concentrated sperm from at least two males (2—4
individuals) to Falcon tubes containing the appropriate

salinity seawater. Sperm were enumerated with duplicate
hemocytometer counts and added to the eggs at a final
concentration of 1000 sperm ml~! within the first 20 min
of spawning. Each female served as a biological replicate
with one set of control salinity (32) and one set of treat-
ment salinity (24) vials. Two replicates, i.e., eggs from two
females, were run on a single heat block trial. The vials
were placed into the heat block starting from the coolest
end, two biological replicates at a time (4 vials, 2 vials from
each female with 1 vial at salinity 32 and the other at 24).
Inserting vials column-wise ensured equal incubation times
at a given temperature. The whole block was filled within
3 min. Two hours after placing in the first set, 2—3 drops of
37% paraformaldehyde (PFA) were added to each vial in
sequence, starting from the coolest end, such staggered fixa-
tion ensured that the time exposed at each temperature was
identical. Two separate trials were performed with a total of
four females. Developmental stage (fertilization defined by
the formation of fertilization envelope, first cleavage, morula
and blastula) of the 30 haphazardly chosen individuals was
noted for each vial (staging after Collin and Chan 2016).

Critical temperatures (LTs,) for fertilization and blastula
formation, defined as the temperature at which 50% fertiliza-
tion/blastula formation was accomplished, were computed
with a logistic regression. The best-fit curves for LT, were
compared between salinity and developmental stage with
extra sum of squares F' test with the GraphPad Prism soft-
ware version 6 (California, USA).

Larval rearing experiment: experimental setup,
survival and growth estimates

We performed three replicated larval rearing experiments
with a total of 10 females, at least three females and two
males were used during each experiment (trial 1: 39 x 33
trial 2: 39 X 24; trial 3: 4Q X 33). Eggs from individual
females were kept separated and used as biological replica-
tion, i.e., 10 replicates for each treatment. These eggs were
fertilized by the addition of mixed sperm solution at a con-
centration of ~ 1000 sperm ml~!, creating maternal half sib-
lings in each experiment. Over 95% fertilization success was
confirmed by the presence of a fertilization envelope 15-min
post-fertilization. Fertilized eggs from each female were
divided into four treatments: salinity 32 at 24 and 28 °C,
salinity 24 at 24 and 28 °C, at a density of 5 individuals m1™!
in 1.5-1 glass jars containing FSW with gentle aeration. All
jars were maintained in temperature-controlled sea tables
with heaters and chillers. Larvae were fed Rhodomonas sp.
at a concentration of ~ 5000 cells mI~! daily, starting from
1 day post-fertilization, and complete water changes were
performed every other day.

Duplicate 10 ml subsamples from each jar were taken
daily to monitor the larval density (number of individual
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ml~!) for 7 days. Subsamples were fixed with 1-2 drops
of 37% PFA solution and counted on the same day, and
subsequently stored in 2% buffered PFA solution (pH 8.2)
for further measurements. Presence of detached blastula-
like particles was recorded. These blastula-like particles
(Suppl. Figure 1) resemble the exogastrulation observed
when urchin larvae were exposed to other stressors, e.g.,
lithium, chilling, low calcium and estrogen (Okazaki 1956;
Takahashi et al. 1977; Ishihara et al. 1982), but were consid-
ered evidence for “budding” in an ocean acidification study
(Chan et al. 2013).

For larval growth measurement, photographs of fifteen
larvae per jar were taken daily under a compound micro-
scope at 10x using a Nikon D5300 digital camera. Using
photographs of a stage micrometer for calibration, total body
lengths (TBL) and posterodorsal arm lengths (Fig. 1a) were
measured with Fiji ImageJ (Schindelin et al. 2012).

Fig. 1 Larval growth was
estimated by the increase in
total body length (TBL) and
average posterodorsal arm
length on larval H. crassispina
(a). Abnormal early develop-
ment was observed in both low-
salinity and warming treatments
throughout the experimental
period (b) and in the 28 °C
treatments conjoined individu-
als were found and developed
into late-stage larvae (c, d). All
scale bars are 100 um
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There was no significant difference between experimen-
tal trials and the measurements made during different trials
were pooled with female as the unit of replication. After
confirming the data met the assumptions of normality and
homogeneity with Shapiro—Wilk test and Levene’s test, the
effects of age, maternal lineage, salinity, and temperature
on larval survival, body length, and arm length were tested
with ANOVA. These statistical analyses were conducted
with SPSS 13 (IBM).

(b)

TBL
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Results

Short-term exposure: critical temperature
of fertilization and blastula formation

The resulting temperature gradient of the heat block ranged
from 28 + 0.5 to 43 + 0.5 °C and all logistic regressions of
percent fertilized/developed across the temperature gradient
were statistically significant with  values ranging from 0.59
to 0.96 (Fig. 2, Table 1). Regression curves for fertilization
and blastulae at salinity 24 and 32 were significantly differ-
ent from each other (F test, Fg 15, = 309.8, p < 0.0001). The
critical temperature (LTs) for fertilization was 39.2 + 2.4 °C
at salinity 24, which is lower than that of salinity 32 at
41.3 £ 2.5 °C (F test, F, 74 = 4.138, p = 0.0197). Simi-
larly, the LT for blastulae formation was lower at salinity
24 (31.5 + 6.9 °C) than that of salinity 32 (32.0 + 5.6 °C,
Fy76 = 10.31, p = 0.0001). At a given salinity, the LTs,
was significantly higher for fertilization than that of blastula
development (F, 75 = 430.7 and 500.5 for salinity 24 and 32,
respectively, p < 0.0001 for both salinities).

Larval rearing experiment: survival and release
of blastula-like particles

On average, larval density decreased over time, and hence,
age (days post-fertilization) had a significant effect on
survival (ANOVA, F| ;3 = 254.41, p < 0.001, Fig. 3a, b,
Table 2). Salinity (32 and 24) alone had a significant effect
on larval survival (ANOVA, F| ;0 = 5.92, p = 0.016)
while temperature (24 and 28 °C) alone did not (ANOVA,
F\ 173 = 1.87, p = 0.175). There was significant interac-
tion between these two stressors (ANOVA, F ;3 = 6.33,
p = 0.013), such that larvae reared under the control
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Fig.2 Fertilization success (a) and blastula development (b)
decreased with increasing temperature after 2 h of incubation in an
aluminum heat block (mean + standard deviation for 4 females).
The LT, temperature at which 50% development was observed was

335 365 375 395 415

Table1 Critical temperature (LTs,) of fertilization and blastula
development was computed with a logistic regression

Development process ~ Treatment LTy, (°C)  Standard 7

salinity error (+°C)
Fertilization 24 39.2 2.4 0.75

32 41.3 2.1 0.59
Blastula development 24 31.5 2.9 0.90

32 32.0 3.0 0.96

treatment of temperature 24 °C and salinity 32 had the
highest survivorship (~ 60%) compared to the other treat-
ments, 24 °C with salinity 24 (~ 20%), 28 °C with salinity
32 (~ 20%), and 28 °C with salinity 24 (~ 10%) after 7 days.

A significant difference in larval density was observed
between the ten maternal lineages studied (ANOVA,
Fy 170 = 6.05, p < 0.001), the responses of larvae from dif-
ferent females differed from each other even if they were
exposed to the same treatment (Fig. 4a—d). There were
significant interactions for female X salinity (ANOVA,
Fy 173 = 4.33, p < 0.001), female X temperature (ANOVA,
Fy 173 =3.83, p <0.001), and female X temperature X salin-
ity (ANOVA, Fy173= 2.58, p = 0.008) on larval density.

In several jars, the number of individuals increased
overnight (e.g., up to 150 and 300% of the stocking den-
sity, Fig. 4b, c¢) and small-sized individuals were repeatedly
observed in the mix of normal-sized larvae throughout the
experiment in different jars (Suppl. Figure 1). These parti-
cles could be a result of cloning through budding, or extro-
gastrulation due to stress. These particles were only found in
high-temperature (28 °C) or low-salinity (salinity 24) treat-
ments but not in the control. However, incomplete separa-
tions, resulting in conjoined individuals were observed only
in the 28 °C treatment (Fig. 1b—d).

(b)

1004

504

Percent developed

295 315

T T
335 355 375 395 415
Temp (°C)

lower for blastula formation than that for fertilization. Reduction in
salinity reduced the LTs, for a given developmental stage (squares for
salinity 32 and circles for salinity 24)
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Fig.3 Warming and salinity reduction had a synergistic effect on lar-
val survival which was estimated by the change in larval density over
time (mean + standard error of all ten females). Salinity alone had
a significant effect on larval survival but temperature did not (a, b).
Warming and salinity reduction had no interactive effect on change in
total body length (population mean + standard error, all ten females
and 15 individuals from each female ¢, d). The temperature and salin-
ity interactions had a significant effect on averaged arm length (e, f).
Low salinity alone reduced growth but warming promoted growth

Larval rearing experiment: larval growth

As larval urchins grew, total body length and average
arm length increased over time, such that age had a sig-
nificant effect on both metrics (ANOVA, Fj 1355 = 556.56
and 938.61, respectively, p < 0.0001, Table 2, Fig. 3c—f).
Salinity alone had a significant effect on both metrics and
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Table 2 Mixed model ANOVA report on effects of age, maternal lin-
eage, salinity, temperature and their interactions on larval density and
growth

Source df Mean square  F Sig.
Larval density
Age 1 16.813 251.405 < 0.0001
Female 9 0.405 6.051 < 0.0001
Salinity 1 0.396 5919 0.016
Temperature 1 0.124 1.859 0.175
Salinity X temperature 1 0.423 6.327 0.013
Salinity X female 9 0.290  4.330 < 0.0001
Temperature X female 9 0.256 3.826 < 0.0001
Salin- 9 0.173 2.581 0.008
ity X temp. X female
Error 173 0.067
Larval growth
Age
TBL 5 554237.570 556.560 < 0.0001
Arm length 5 4020342.070 938.611 < 0.0001
Female
TBL 9 13743.322  13.801 < 0.0001
Arm length 9 102904.955 24.025 < 0.0001
Salinity
TBL 1 151003.720 151.636 < 0.0001
Arm length 1 1981876.642 462.700 < 0.0001
Temperature
TBL 1 71372481 71.672 < 0.0001
Arm length 1 1009453.752 235.673 < 0.0001
Salinity X temperature
TBL 1 1905.689 1.914 0.167
Arm length 1 51400.470  12.000 0.001
Salinity X female
TBL 22138.030 22231 < 0.0001
Arm length 85569.008 19.977 < 0.0001
Temperature X female
TBL 16365.419 16.434 < 0.0001
Arm length 90580.679  21.147 < 0.0001
Salinity X temp. X female
TBL 8 4583.104  4.602 < 0.0001
Arm length 8 69975.523  16.337 < 0.0001
Error
TBL 1855 995.828
Arm length 1855 4283.287

larvae reared at salinity 32 had greater total body length and
arm length (ANOVA, F| 1355 = 151.64 and 462.70, respec-
tively, p < 0.0001). Seven days post-fertilization, the average
total body length across maternal lineage and temperature
was 250.3 + 50.9 um at salinity 24 but 287.2 + 50.9 um at
salinity 32. Temperature alone also had a significant effect
on both metrics and larvae reared at warmer temperatures
had longer total body length and arm length (ANOVA,
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Fig.4 Maternal lineage had significant effect on larval survival
and growth. The percent of larvae survived and total body length
(mean =+ standard error. n = 15) of the offspring of female 2, 3, 5 and
9. See Suppl. Figure 2 for data of all females

F) 1455 =71.67 and 235.67, respectively, p < 0.0001). Seven
days post-fertilization, average total body length across lin-
eages and salinity was 269.5 + SD 50.9 pym at 24 °C but
279.2 + SD 50.3 um at 28 °C. There was no significant
interaction between temperature and salinity on total body
length (F 1355 = 1.91, p = 0.167), but there was a significant
interactive effect on arm length (F 455 = 12.0, p = 0.001)
such that larvae at 24 °C had longer arms at salinity 24 than
in the other treatments.

Maternal lineage had a significant effect on larval
body length and arm length (Fg 1455 = 13.80 and 24.02,
respectively, and p < 0.0001). There were significant

interactions for female X salinity (Fg ;555 > 19.97, p < 0.001),
female X temperature (Fy 355 > 16.4, p < 0.001), and
female X temperature X salinity (Fy 1455 > 4.60, p < 0.001)
on larval size. In the low-salinity, high-temperature treat-
ment (salinity 24 and 28 °C), there were 12.2 and 41.2% dif-
ferences in average total body length and arm length between
the fastest and slowest growing lineages (Fig. 4e-h).

Discussions

Marine organisms are simultaneously challenged by mul-
tiple environmental stressors and understanding variability
in responses between life stages, families, and species are
essential for predicting community-level responses (Prze-
slawski et al. 2015). For the sea urchin H. crassispina,
reduction in salinity even within present-day extremes could
negatively impact thermal tolerance of early embryonic
development, larval growth, and survival. Warming further
interacted with salinity to reduce larval growth and survival.
We also observed that some maternal lineages were more
affected by these interactive stressors than others. These
results highlight both vulnerability of such an important spe-
cies in the face of climate change and the intra-specific vari-
ation which could be the basis for acclimation or adaption.

Small thermal safety factor for early development

The critical temperature (LTs) of fertilization is higher than
that of the present-day extreme of 31 °C in Port Shelter,
Hong Kong, based on Marine Water Quality Survey records
from 1986 to 2015. However, the LTy, of blastula formation
is around 31-32 °C at salinities of 24 and 32 (Fig. 2), sug-
gesting that present-day extreme heat is already detrimental
to early development. The predicted warming by 3-5 °C
could significantly negatively affect the success of embry-
onic development, and in turn, reduce the urchin popula-
tions. This observed stage-dependent response is consistent
with earlier studies on other echinoderm species in which
fertilization was more thermally tolerant than subsequent
development processes (Roller and Stickle 1985; Carbal-
leira et al. 2011; Delorme and Sewell 2014; Collin and Chan
2016).

It is worth noting that only the lifting of the fertilization
envelope was used to define “successful fertilization”. How-
ever, under ocean acidification conditions, the fertilization
envelope can form even if fertilization has failed, e.g., partial
lift-off of the fertilization envelope or hyaline blebs (Bogner
et al. 2014; Bogner 2016). Our estimated fertilization suc-
cess may be an over estimate and could account for the large
variability of “fertilization success” observed at around
37.5 °C and the relatively lower * value of the regression
at the control salinity of 32. This overestimation could also
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contribute towards a higher estimated LT, than the blastula
stage. Such between-stage differences highlight the need to
investigate and compare physiological limits across develop-
mental stages and careful investigation into the physiological
regulatory mechanisms, such that the “weakest link” can be
identified and targeted for conservation strategies.

Salinity further negatively affects larval
development

Reduction in salinity decreased the LTy, significantly for
early development and long-term exposure to low salin-
ity impacts larval survival and growth (Figs. 2, 3). There
are several possible mechanisms through which low salin-
ity exerts pressure on larval urchins, e.g., osmotic stress
increases metabolic demands (Anger 2003), oxidative
damange caused by enhanced reactive oxygen species (ROS)
generation (An and Choi 2010), or intracellular acidification
due to low extracellular sodium ion concentration inhibiting
Na*/H* exchange (Ciapa and Philippe 2013). In mediums
with low sodium ion concentrations, the cell cycle stops
due to interruption to mitosis promoting factor (MPF) and
extracellular regulated kinase (ERK) activities (Ciapa and
Philippe 2013).

Larval survivorship was the lowest when larvae expe-
rienced a temperature of 28 °C and salinity of 24 (Fig. 3),
highlighting the interactive effect of the two stressors
(Table 2). During periods of intense rainfall, salinity can fall
below 25 (e.g., in June 2006 and July 2014 at Station PM7 in
Port Shelter, EPD), suggesting potential negative effects can
already be experienced under present-day conditions. With
climate change, the mean annual rainfall of Hong Kong is
projected to increase by 10% (248 mm) by the end of this
century (Lee et al. 2008; IPCC 2014). Such an increase in
freshwater input could, therefore, interact with other climate
change-related stressors, e.g., warming and acidification to
further increase the risk the local H. crassispina population
faces.

The results from our long-term exposure experiments
may be the upper bound estimates of the impact of low salin-
ity because larval swimming behaviors were not accounted
for (Metaxas 1998; Chan 2012; Koehl and Cooper 2015).
Other studies have demonstrated that larval urchins and
other echinoderms respond to the presence of haloclines and
would actively avoid low-salinity layers (Metaxas and Young
1998; Bashevkin et al. 2016), but in some cases individuals
would venture into low-salinity layers that are sub-optimal
for growth (Arellano et al. 2012). The salinity response of
larval H. crassispina, however, is unknown and warrants
future studies. Furthermore, Port Shelter waters are shallow
and highly retentive, requiring over 20 days for complete
flushing even with over ten sources of discharge draining
freshwater into the bay (Mao et al. 2011). In the wet summer
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months, the behavioral choice, even if present, would have
limited influence on the abiotic conditions larvae experience
as they are retained in the bay. Therefore, the interactive,
negative impacts on growth and survival of the two stressors
are relevant to field conditions, and would imply a decline
in urchin population under the future climate conditions.

Stress-induced blastula-like particle release

Larval cloning has been reported in various echinoderms
and can take place via budding, fission, and autotomy (Eaves
and Palmer 2003; Knott et al. 2003). In addition to changes
in food concentration or presence of predator cues (Vickery
and McClintock 2000; Vaughn 2010), our observations sug-
gest that low salinity and high temperature might induce
cloning, and in rare cases, incomplete separation. Allen et al.
(2015) reported that low salinity and increased temperature
at fertilization can lead to polyembryony, and that these
“twins” can develop and eventually settle. While we did not
expose the eggs and sperm to low salinity or high tempera-
ture, we did transfer the fertilized embryos to their respective
treatments before hatching. Therefore, it is possible that the
cloning we observed was a result of swelling of the hya-
line layer within the fertilization envelope and/or reduced
cell—cell adhesion caused by low Ca**. Alternatively, the
release of blastula-like particles was due to exogastrulation,
which is also observed when larval urchins are exposed to
other environmental stressors. Indeed, for H. crassispina
peptides extracted from oocytes and whole embryos were
shown to induce exogastrulae formation (Yamasu et al.
1995). These maternally derived exogastrulae induction
peptides (EGIP) binds to a protein found on the hyaline
layer, removal of which with Ca?* and Mg?*-free seawater
would inhibit the function of EGIP (Kinoshita et al. 1992;
Fujita et al. 1994). Furthermore, cleavage failure during first
cellular division caused by changes in chemical properties
of the extracellular matrix and the subsequence increase
blastomere separation could also account for the conjoined
individuals (Matese et al. 1997; Bogner 2016).

Strong maternal influence on stress responses

Larvae from different maternal lineages responded differ-
ently to salinity and temperature stress in terms of survival,
growth, and frequency of blastula-like particle releases
(Fig. 4). For example, larvae of female 9 had relatively
higher mortality rate at the control conditions (24 °C and
salinity 32); however, their survivorship was comparable
to other females, if not higher, when salinity is reduced to
24 or temperature was increased to 28 °C. The differences
observed was unlikely due to differences in adult physi-
ological conditions as they originated from the same site,
were acclimated too identical lab conditions, and were of
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similar sizes. Such difference in larval responses could imply
that some wild-type individuals, which experience variable
conditions, perform better under stress. This maternal effect
has been reported in larval echinoderms, e.g., likelihood of
larval cloning differed between maternal lineages (Vaughn
2009; Chan et al. 2013). Larval response to acidification and
salinity stress is also affected by pre-adaption of the adults
(Roller and Stickle 1993; Chan et al. 2015). These differ-
ences are suggested to be a result of variability in genetic
makeup, gene expression patterns, and/or egg provisioning
(Strathmann 1987; Runcie et al. 2012; Kelly et al. 2013).
The observed phenotypic plasticity in response to tempera-
ture and salinity stress may help provide additional buffer-
ing time for the population to evolve under climate change.
Further quantitative investigation should address if these
environmental stresses exert directional selection pressure
and in turn reduce variability within a single lineage. To fur-
ther assess this possibility of evolution, better understanding
of the role of paternity, cost of the variability, heritability
of such variations, and population turnover rate is needed
(Sunday et al. 2011). Therefore, it is essential for future stud-
ies to carefully consider intra-specific variability in stress
responses and their role in coping with a changing world.

Conclusion

Our results suggest that the urchin H. crassispina, an eco-
logically important species, is currently living close to its
upper thermal limit for blastula formation, and therefore, is
vulnerable to global warming. Reduction in salinity, due to
increase in precipitation, will likely interact with warming
to further threaten larval survival of this species. However,
we observed significant intra-specific variations which could
serve as a buffer to counter climate change stress. Between-
stage and maternal lineage variations observed also high-
lighted the importance to consider various developmental
stages and family groups in multiple stressor studies. Under-
standing such phenotypic plasticity is essential for better
predictions of species, population, and community responses
to global climate change.
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