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Abstract

Ongoing global changes are expected to affect theworldwide production ofmany fish-

eries and aquaculture systems. Because invertebrates represent a relevant industry,

it is crucial to anticipate challenges that are resulting from the current environmen-

tal alterations. In this review, we rely on the estimated physiological limits of six

commercialised species of sea urchins (Loxechinus albus, Mesocentrotus franciscanus,

Paracentrotus lividus, Strongylocentrotus droebachiensis, Strongylocentrotus intermedius

and Strongylocentrotus purpuratus) to define the vulnerability (or resilience) of their

populations facing ocean warming and acidification (OW&A). Considering that coastal

systemsdonot changeuniformly and that the populations’ response to stressors varies

depending on their origin, we investigate the effects of OW&A by including studies

that estimate future environmental mutations within their distribution areas. Cross-

referencing 79 studies, we find that several sea urchin populations are potentially

vulnerable to the predicted OW&A as environmental conditions in certain regions

are expected to shift beyond their estimated physiological limit of tolerance. Specifi-

cally, while upper thermal thresholds seem to be respected for L. albus along the SW

American coast, M. franciscanus and S. purpuratus southern populations appear to be

vulnerable in NW America. Moreover, as a result of the strong warming expected in

the Arctic and sub-Arctic regions, the local productivity of S. droebachiensis is also

potentially largely affected. Finally, populations of S. intermedius and P. lividus found in

northern Japan and eastern Mediterranean respectively, are supposed to decline due

to large environmental changes brought about by OW&A. This review highlights the

status and the potential of local adaptation of a number of sea urchin populations in

response to changing environmental conditions, revealing possible future challenges

for various local fishing industries.
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1 INTRODUCTION

In the actual context of global changes, ocean warming and acidifica-

tion (OW&A) are both closely related to increased atmospheric CO2

concentration and are expected to deeply impact biological commu-

nities through generalised effects on the entire oceanic system (Hale

et al., 2011; Occhipinti-Ambrogi, 2007). Since 1993, the rate of ocean

warming (OW) hasmore than doubled, and in the last decades, through

a massive CO2 output, human activities have already resulted in a

global temperature increase of 1.0◦C and pH reduction by 0.1 point

compared with the beginning of the industrial era (IPCC, 2021). If

the ‘business-as-usual’ scenario continues, predictions raise concerns

about the near-future sustainability of several fisheries and aquacul-

ture systems around the globe (Froehlich et al., 2018; Maulu et al.,

2021;Wallhead et al., 2018). Indeed, environmental changesmay chal-

lenge the growth and stability of variousmarine productions due to the

emerging consequences associated to OW&A (Froehlich et al., 2018;

Reid et al., 2019). For instance, Froehlich et al. (2018) estimated that

the extension of suitable waters to bivalve cultures are expected to

globally decline by the end of the century. Among commercialised

marine species, echinoids are observed to undergo a variety of phys-

iological, transcriptomic and immunological changes as a result of the

conditions imposed by OW&A (Byrne & Hernàndez, 2020), raising

questions about the futuremanagement of several populations.

In addition to their importance in terms of ecological services

(Matranga et al., 2005; Pearse, 2006; Sweet et al., 2016), sea urchins

are widely exploited for commercial purposes, supporting a growing

market of considerable wealth: a global production of 73,000 met-

ric tons with an estimated value of 208 million US$ (FAO, 2016; Sato

et al., 2018). Although recent studies emphasise the growing impor-

tance of echinoid farming within integrated multitrophic aquaculture

(IMTA) systems (Grosso et al., 2021; Shpigel et al., 2018), sea urchin

fisheries account for more than 99.9% of total sold per year, with

aquaculture providing the remainder (Stefánsson et al., 2017). World-

wide, the greatest demand of sea urchins occurs in Japan (80–90%),

France and Korea, while themain consumers in Europe include France,

Italy and Spain. Actually, the whole sector relies on a few marketable

species that are mainly exploited and sold. Approximately, 50% of

global landings are accounted by the Chilean sea urchin (Loxechinus

albus) harvested on the Pacific coast of South America and distributed

as a culinary product in Japan and many European countries. Other

countries showing a high level of sea urchin productivity include

United States, Canada, Japan and Russia, the most harvested species

belonging to the Mesocentrotus and Strongylocentrotus genus (i.e., M.

franciscanus, S. intermedius, S. purpuratus, S. droebachiensis). While M.

franciscanus and S. purpuratus constitute two most valuable species

on the North-West American coasts, S. droebachiensis is distributed in

many regions of the northern hemisphere, where it is also widely har-

vested. In northern Japan, S. intermedius covers a large part of the local

catches, constituting with Mesocentrotus nudus two species of highest

local demand. Finally,Paracentrotus lividus is themost historically fished

sea urchin of the Mediterranean Sea and is frequently exported to

other external markers. The P. lividus fisheries are putting large pres-

sure on wild stocks and it is estimated that many natural reserves are

now highly depleted (Shpigel et al., 2018).

Today, most of such species’ main exploitation area are expected

to dramatically change in the near future as a consequence of global

changes (Darmakari et al., 2019, Fujii et al., 2021, Valera et al., 2018),

redefining the regional species’ abundance and availability for com-

mercial fishing (Feng et al., 2021; Kawana et al., 2019; Wallhead et al.,

2018). As a result, it is critical to anticipate new opportunities and

challenges in marine production systems so that involved industries

can implement viable and long-term adaptation strategies (Froehlich

et al., 2018; Reid et al., 2019). Aquaculture and fisheries can clearly

benefit from defining the tolerance limits of target species when

confronted to global change consequences. Specific investments and

stressor mitigation policy can then be deployed to limit the negative

effects imposed by the OW&A. Overall, a deeper understanding of

how stressors affect sea urchins’ life cycle will facilitate the imple-

mentation of effective fisheries management strategies. In particular,

for poikilothermic organisms like echinoids, OW constitutes a major

environmental factor controlling their development, physiology and

genetic expression (O’Donnel et al., 2009; Byrne, 2011; Manrìquez

et al., 2019; Wong & Hofmann, 2020). Generally, OW increases the

development speed during early life stages, leading to mutations in

the skeletal growth, calcification process and several physiological pat-

terns (Byrne & Hernàndez, 2020; Byrne et al., 2014; Dworjanyn &

Byrne, 2018; Garcia et al. 2018; Sheppard Brennand et al., 2010). In

parallel to rising temperatures, ocean acidification (OA) is observed

to affect several living aspects of various echinoids species, espe-

cially in their early, most vulnerable developmental stages (Dupont &

Thorndyke, 2009). Lowering pH leads to large calcification and skeleto-

genesis complications in sea urchins, as well as to severe alterations in

their initial development, physiology and reproductive success through

hypercapnia, deregulated gene expression and reduced carbonate

availability (Byrne, 2011; Byrne & Hernàndez, 2020; Ross et al., 2011;

Wong & Hofmann, 2020). Thus, the combined effects of OW&A can

have significant implications for the development and fitness of indi-

viduals in a population, regulating their distribution across different

geographical areas (Clemente et al., 2014;Girard et al., 2012;Wallhead

et al., 2018).

Although predictions suggest a general rise in temperature and

lowering pH, oceans and seas do not warm and acidify uniformly

(Goyet et al., 2016; Lima & Wethey, 2012; Valera et al., 2018). While

some coastal areas are expected to experience intense warming,

others are cooling due to specific local conditions (e.g., increased

upwelling events; Lima &Wethey, 2012). Consequently, populations of

the same species will face significantly different environmental chal-

lenges depending on their geographical location (Evans et al., 2015;

Gaitan-Espita et al., 2017). Over the long time period, unique condi-

tions of specific areas allow adaptive phenotypic mutations, resulting

in distinct evolutionary trajectories among isolated populations (Broit-

man et al., 2020). Understanding how acclimatisation and phenotypic

plasticity differ across populations is critical for characterising and
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UBOLDI ET AL. 3

predicting evolutionary adaptation in the face of ongoing environ-

mental alterations (Whitehead 2012). Thermal tolerance, for example,

differs between populations based on their origin, influencing their

geographical distribution and defining their acclimation potential to

cope with thermal challenges (Broitman et al., 2020). Observing the

effect of OW&A in individuals from different populations is extremely

valuable because it infers transgenerational plasticity or local adap-

tation, as well as a possible means of genetic adaptation to future

altered conditions (Byrne et al., 2020; Evans et al., 2015; Kapsenberg

et al., 2017). Consequently, populations rather than species have been

favoured in this review, as expected tolerances and sensitivities to

OW&Amay vary depending on the original living conditions.

Within this context, the present review synthesises the scientific

literature focusing on the impacts of OW&A on several life stages

(i.e., planktonic and benthic post-metamorphic stages) of the most

economically relevant sea urchins’ species (L. albus,Mesocentrotus fran-

ciscanus, P. lividus, Strongylocentrotus droebachiensis, Strongylocentrotus

intermedius and Strongylocentrotus purpuratus). Based on experimen-

tal studies and field observations, we define a series of physiological,

immunological and transcriptomic alterations in different populations

facing expected environmental conditions. One main objective of this

review is to establish thepotential vulnerability of populations exposed

toOW&A conditions that fall behind their limit of tolerance in order to

inform local fishing industries to the incoming challenges enforced by

the current global changes.

2 METHODS

Selected studies focus on the effects of OW&A expected in the next

future on the entire life cycle of six sea urchin species (see above). In

order to select species of greatest economical interest, we relied on

two reports reviewing the sea urchin harvesting activity in the last

two decades (James et al., 2016, Stefánsson et al., 2017). The litera-

ture search was conducted from 06/2020 to 06/2022 on both Google

Scholar andWeb of Science, comprising only peer-reviewed papers for

the investigation section.

The search keywords included ‘warming temperature’, ‘lowering pH’,

‘increasing pCO2’ and the expression ‘ocean warming effect on’, ‘ocean

acidification effect on’, ‘combined effect of ocean warming and acid-

ification on’ with the scientific name of the target species. From all

the resulting works, we selected 61 studies (10 field observations and

51 experimental studies) that included the target species as well as

warming and/or lowering pHconsistentwith the IPCCpredictions. Par-

ticularly, by 2100, the temperature of the upper ocean (0–2000 m)

is very likely to increase by five to seven times as much under high

emission scenarios (Representative Concentration Pathway RCP8.5)

and by two to four times as much for low emission scenarios (RCP2.6)

compared with 1970 (i.e., between +0.73 and 2.58◦C by the end of

the century; IPCC, 2021). Concerning OA, IPCC (2021) states that

it is virtually certain that surface ocean pH will decline by 0.036–

0.042 or 0.287–0.29 pH units in 2081–2100, relative to 2006–2015,

for the RCP2.6 or RCP8.5 scenarios, respectively. As long as temper-

ature and pH changes were consistent with the IPCC predictions, we

included both laboratory and aquaculture-aimed studies to improve

our understanding of the warming and acidification effects on sea

urchins’ phenotypic plasticity and acclimation potential. Especially,

studies must apply thermal excursions within 3/4◦C from the annual

average maximum temperature and a lowering pH up to 0.3/0.4 units

on individuals collected from a known location in order to also con-

sider the environmental particularities of specific geographical areas

(see below). We include field observations that evaluated the effects

of recurring warming and acidification events on wild resident individ-

uals to highlighting the potential for local adaptation of populations

from naturally altered sites (e.g., CO2 vents, upwelling areas). When

available, we also relied on direct surveys to define any shifts in the

distribution of different sea urchins species to determinewhether they

are gradually replacing the considered populations.

Because environmental mutations occur at different rates depend-

ing on location, the review also includes 18 studies considering

small-scale spatial events in order to precisely assess the regional envi-

ronmental alterations imposed by OW&A. In particular, the reported

studies examine the local physical–chemical changes that take place

on different coastal systems, predicting thermal and pH shifts that will

affect a number of areas where the considered species are typically

found. As a result of cross-referencing a total 79 studies concern-

ing both sea urchin tolerance limits and environmental alterations, it

has been possible to assess the vulnerability of distinct sea urchin

populations in different geographical areas.

3 RESULTS

3.1 L. albus (Molina, 1782) – South-East Pacific

The Chilean Sea urchin L. albus native to thewest coast of South Amer-

ica is distributed from Peru to southern Chile, where it is also most

exploited. Catches of this worldwide commercialised species account

presently for approximately 50% of the echinoid’s global landings

(Stefánsson et al., 2017). In 1995, fisheries peaked with 54,609 t, then

catches declined to an average of 18,077 t per year between 2010 and

2016 (James et al., 2016).

Individuals primarily inhabit rocky shores on the intertidal zone

between 0 and 20 m depth, although they can reach significant depths

of several hundred meters (Molinet et al., 2013). According to its large

latitudinal and bathymetric distribution, populations are exposed to

a wide range of temperature and pCO2 gradients along the Chilean

coast: northernmost waters are warmer (22◦C) than southern (5◦C)

and pCO2 concentrations are higher at depth (>800 µatm) than at

surface (500 µatm;Manrìquez et al., 2019).

3.1.1 Planktonic life stages

Although planktonic stages constitute the most sensitive phase of the

whole sea urchin life cycle (Dupont & Thorndyke, 2009), one sole study
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4 UBOLDI ET AL.

focuses on the effects of OA on L. albus larvae. Gaitan-Espita et al.

(2017) showed that predicted high pCO2 (1200 µatm; 7.7 pH) leads

to significant effects on the total larval length, shifting from ∼410 to

∼380 µm in some populations. Moreover, post-oral arm length also

decreases by 12.5% (i.e., from 160 to 140 µm). In echinoplutei stages,

the appropriate sizes and proportions among body components, such

as oral arms, are essential for feeding, swimming and protection from

predators (Byrne et al., 2010). Shorter arms larvae display reduced

food capture and swimming capabilities (O’Donnell et al., 2010). Con-

sequently, echinoplutei took longer to reach the final 4-armed pluteus

stage and successwas significantly reduced (Gaitan-Espita et al., 2017).

However, phenotypic plasticity confers a potential tool to counteract

acidification across generations as the extent of these effects varies

across sampling sites. Particularly, populations of CO2-supersaturated

subregions (latitudes 18–39◦S) were less affected by water acidifica-

tion (1200µatm;7.7pH) than thoseofCO2-undersaturated subregions

(i.e., more than 40◦S; Gaitan-Espita et al., 2017). Such results reflect

contrasting selective pressures along the spatial distribution of L. albus,

with highly plastic phenotypes and greater tolerance to OA in larvae

of populations from central and northern Chile (Gaitan-Espita et al.,

2017).

3.1.2 Benthic life stages

After primary settlement on the seabed, post-settlement develop-

ment begins, involving several morphological changes to finally reach

the juvenile stage. At this stage, calcification, expansion and creation

of internal tissues lead to significant changes in mass, diameter and

the body shape (Ebert, 2001). Manrìquez et al. (2017) analysed the

effect of OW (19◦C) and acidification (945 µatm; 7.63 pH) on juve-

niles originated from northern Chile (29◦S) for a period of 7 months

(i.e., until the adult phase is reached).When compared to control (16◦C

and 430 µatm; 7.88 pH), increasing temperature and pCO2 affect

the individuals’ development, with sea urchins showing a significantly

reduced body mass (∼0.15 weight loss % d–1). Altered conditions also

increased the rate of test dissolution and decreased the structural

tenacity, resulting in easier skeletal failure. Indeed, warming increases

Mg incorporation within sea urchin skeletons, improving hardness and

test strength (Byrne et al., 2014; Dworjanyn & Byrne, 2018). However,

when exposed to acidification, it also increases carbonate dissolution,

resulting in major structural complications (Byrne et al., 2013).

In terms of feeding, L. albus consumption was observed to be largely

temperature and pH dependent: grazing rate increased by 22% at

elevated temperature (19◦C) and pCO2 (1310 µatm; 7.48 pH) com-

pared with control (16◦C and 453 µatm; 7.84 pH; Manrìquez et al.

2017). Such change in feedingmost likely relates onmetabolic changes

and may explain the reduced growth of some juveniles, with serious

consequences for productivity.

The internal coelomic fluid of sea urchins contains coelomocytes

cells that are involved in many physiological aspects and determines

the immunological capacity (Ramirez-Gomez & Garcia-Arraràs, 2010).

One central feature of such cells is the ability to synthesise heat shock

proteins (HSPs), which recognise and interact with denatured proteins

arising from intense warming stresses, minimising the probability of

their interaction with further metabolites (Tomaken & Somero, 2000).

In L. albus, the capacity to synthesise HSPs and other molecular com-

pounds is considerably influenced by temperature and pH, as well as

their interaction.According toVergara-Amadoet al. (2017), theexpres-

sion of particularmolecularmarkers (HSPs, detoxification proteins and

osmoregulatory proteins) increased in individuals from central Chile

(39◦S) exposed to warmer conditions (18◦C) than control (14.5◦C).

However, such increase occurred only during the first 12 h of exposure,

as levels returned to normal after 48 h indicating a good potential for

acclimation. In Manrìquez et al. (2019), temperature did not affect the

HSP production in Chilean individuals from the North regions (29◦S),

whereas HSP concentrations increased up to 75-fold under high tem-

peratures (20◦C) and pCO2 levels (1400 µatm; 7.45 pH). This final

example illustrates how temperature and pCO2 interact to potentially

alter the thermal stress response of L. albus, reducing individuals’ heat

tolerance and acclimation capacity.

3.1.3 L. albus facing OW&A

When considering the data reported here, L. albus appears to be able

to withstand large temperature changes without serious metabolic

consequences in the medium to long term. Warming waters (from

7 to 14◦C) are not a threat to the survival and growth of individu-

als collected from the species’ southern distributional margin (53◦S;

Detrée et al., 2020). In northern regions, 18–20◦C constitute a thresh-

old beyondwhichbothdevelopment andphysiology processes degrade

(Table 1). The wide thermal tolerance range could be attributed to the

widespread distribution along the East Pacific coastline, where L. albus

is exposed to various temperature conditions. However, the interac-

tion betweenOW&Aplays a fundamental role in defining the degree of

tolerance in different sea urchins populations (Manrìquez et al., 2017,

2019). In central andnorthernChile, settled individuals are particularly

sensitive to high temperatures (19–20◦C) and low pH (7.45–7.6 pH),

withmajor effects on their development and physiology.

The coast of Chile is expected to cool in the next future as upwelling

events intensify (Lima &Wethey, 2012; Valera et al., 2018). In contrast

to the overall thermal increase of oceans, Falvey and Garredau (2009)

claim that central and northern coasts (17–37◦S) cooled by −0.20◦C

per decade from 1979 to 2006. As a result, the upper thermal toler-

ance limits observed for L. albus may be respected in the near future,

though no experimental studies consider the lower limits. However,

northern regions are also predicted to experience lower pH of their

surroundingwaters due to increasedupwelling events (Cai et al., 2021).

Although Gaitan-Espita et al (2017) showed a high potential for adap-

tation of local populations to such particular conditions concerning the

larval phenotypic plasticity, studies on the long-term consequences of

transgenerational plasticity and/or genetic adaptation of resident indi-

viduals are still lackingwhen considering such integrated stressors (i.e.,

lowering temperature and pH).
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3.2 M. franciscanus (Agassiz, 1863) and S.
purpuratus (Stimpson, 1857) – North-East Pacific

Due to similar geographical range, red (M. franciscanus) and purple

(S. purpuratus) sea urchins’ biology and ecology have been frequently

compared in past decades (Tegner & Dayton, 1981; Miller & Elmet,

1999; Rogers-Bennett & Okamoto, 2020). While the spatial distribu-

tion ofM. franciscanus spans the entire Pacific coast of North America

(from northern Mexico to Alaska), S. purpuratus is restricted between

northern Mexico and the Canadian northwest coast. On the other

hand, purple sea urchins have a wider (5 –160 m) distribution along

the shore than red sea urchins (0–90 m). This last species grows

faster, reaching a relatively larger size and a higher commercial value

(Rogers-Bennett & Okamoto, 2020). Red sea urchins are thus mostly

commercially traded, with sales reaching up to $50 million in 2004 in

the United States (the species’ most important supplier); then, total

catches have gradually declined along the entire west coast of North

America (Rogers-Bennett, 2007).

3.2.1 Planktonic life stages

OW&Aeffects on fertilisation process remain understudied, especially

for red sea urchins. As many other sea urchin species, sperm perfor-

mance of bothM. franciscanus and S. purpuratus is strongly inhibited by

lower pH conditions, reducing the fertilisation benefit (Reuter et al.,

2011; Kapsenberg et al., 2017). Particularly, when sperms are exposed

to a slight lowering pH (7.95), fertilisation success of some echinoids

drops to values of 45 ± 5% (compared with 90 ± 7% of current condi-

tions; i.e., 8.0 pH; Sung et al., 2014). Despite such findings, Kapsenberg

et al. (2017) stated that the influenceof acidificationon the fertilisation

success of S. purpuratus varies according to the state of acclimatisation

to sudden changes in water pH, potentially leading to local popula-

tion adaptation. In particular, fertilisation in individuals exposed to

strong seasonal upwelling events (resulting in most frequent exposure

to low pH; 7.8) in the northern US regions (44◦N) was more resilient

to tested lowering pH (7.76). Instead, individuals from southern US

regions (38◦N and 34◦N) less exposed to upwelling episodes showed

greatest pH sensitivity, reducing their fertilisation success.

Moderate warming improved larval growth of red sea urchins from

southern California (34◦N), as the body size of the embryo prism stage

was20.8%greater at high (17◦C) thanat low temperature (13◦C;Wong

& Hofmann, 2020). Furthermore, warming temperature during early

developmental stagesbuffered thenegative effects of acidification (i.e.,

reduced body size) and slightly extended the individual thermal toler-

ance (Wong & Hofmann, 2020). Same authors also demonstrated that

the sole acidification (7.67 pH) had no effect on individual thermal tol-

erance, contrasting previous findings on the same population at similar

temperatures (15◦C; O’Donnell et al. 2009). In this last case, elevated

pCO2 levels (7.87 pH) lowered the expression of the molecular chap-

erone HSP 70, making larvae more vulnerable to thermal stress. The

observed disparities between studies may result from a weak differ-

ence in theexamineddevelopmental stage (i.e., prismvs. pluteus larvae)

and/or transgenerational effects caused by environmental history of

the selected parents.

The larval developmental rate of S. purpuratus of southern Califor-

nia populations also increases linearly with rising temperature (18◦C;

i.e., IPCC temperature projection during spawning season in south-

ern California) while it decreases with acidification (Stumpp et al,

2011; Padilla-Gamiño et al., 2013). In particular, whereas larvae reared

under control conditions (8.1 pH) spent 78–80% of available energy

on growth, those reared under high pCO2 (7.7 pH) spent 39 to 45%

of available energy in buffering the physiological changes caused by

acidification (Stumpp et al., 2011). This acclimation effort leads to

developmental postponement and alters severalmorphological param-

eters, such as body, arms and skeleton length (Stumpp et al., 2011;

Padilla-Gamiño et al., 2013). Similar to fertilisation, embryos transcrip-

tomic response to high pCO2 was strongly correlated to themagnitude

of pH changes naturally perceived along the mosaic of the North-

east Pacific Coast, with northern groups (44◦N) being more resilient

to acidification (Evans et al., 2015). Concerning southern populations

(32◦N), Lee et al. (2019) showed severe impacts on larval develop-

ment only below7.2 pH, indicating awide range of tolerance. However,

animals were collected in a site where high daily pH variation oper-

ates (0.36 pH units), demonstrating that the population may have

adapted to such particular conditions. Finally, simultaneous exposure

to warming (18◦C) and acidification (7.6 pH) trigger metabolic depres-

sion and transcriptomic downregulation responses in S. purpuratus

larvae from southern California (Padilla-Gamiño et al., 2013), signifi-

cantly extending the time for a complete development with potential

subsequent cascading effects on individuals’ fitness and populations’

stability (Okamoto et al., 2018).

3.2.2 Benthic life stages

When considering benthic stages, OW&A can affect themetabolic rate

(Donham et al., 2022; Ulbricht & Pritchard, 1972), mobility (Hernan-

dez et al., 2004) and growth (Azad et al., 2011; Donham et al., 2022) of

both species. Although gonad production of CalifornianM. franciscanus

was unaffected by an increase in temperature (from 13 to 16◦C) in

the presence of an adequate food supply (McBride et al., 1999), warm-

ing can still play a significant role in the survival of some populations.

Red sea urchin thermal tolerance limits reach 21◦C in northern Mex-

ico populations (28◦N; i.e., the species’ southern distributionalmargin),

as mortality was significantly higher (+20.8%) after 1 week of accli-

mation compared with 15 and 18◦C rearing conditions (Hernandez

et al., 2004). Donham et al. (2022) also contended that more frequent

upwelling events (contributing to local lowering pH at 7.4) expected in

central California (36◦N; Garcia-Reyes & Largier, 2010) would have a

negative impact on the physiology of local red sea urchins. Indeed, as

the upwelling intensity increases over time, adult individuals’ rates of

respiration, grazing, growth and calcification decrease, with potential

serious consequences for the fitness.
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8 UBOLDI ET AL.

Thermal optimum of Canadian populations of S. purpuratus (48◦N)

has been assessed between 12 and 16◦C as individual’s weight

increases after 12 weeks of such thermal exposure, recommending

that culture operations should be made at 12◦C to optimise gonad

profitability (Azad et al., 2011). There is, however, a lack of experimen-

tal studies analysing physiological changes under both warming and

acidification on settled individuals.

3.2.3 M. franciscanus and S. purpuratus facing
OW&A

According to studies, OW&Ahave amajor influence on all life stages of

both M. franciscanus and S. purpuratus. Particularly, high temperatures

(18–20◦C) associated with low pH (7.6–7.7 pH) alter the development

andphysiology of both species (Table 1). Sensitivity of individuals toOA

constitutes a crucial factor in defining the resilience of populations to

current environmental changes. In the Northeast Pacific, models pre-

dict persistent and widespread acidification episodes within the local

coastal habitat (Gruber et al., 2012). Specifically, theCaliforniaCurrent

System (CCE) is particularly vulnerable to OA since it is increasingly

exposed to waters with abnormally low surface pH compared with the

system’s historical state (Brady et al., 2020). Because of the presence

of regular upwelling events, the northern communities of the North-

west American coast experience much lower pH conditions than the

southern communities (Hofmannet al., 2014; Evanset al., 2015). In par-

ticular, 20% of pH valuesmeasured inOregon fell below 7.8, compared

with less than 2% of pH values recorded in California (Hofmann et al.,

2014). Consequently, according to Evans et al. (2015), northern pop-

ulations of M. franciscanus and S. purpuratus should be locally adapted

to OA, being more tolerant to natural pH variations and thus more

resilient to increasing upwelling events.

With regard to OW, the thermal optimum of both species remains

relatively narrow (between 12 and 18◦C) and warming temperatures

have large consequences on the individuals’ fitness and survivorship

(Table 1). In particular, while coastal cooling trends are observed in

northern areas due to increasing upwelling events (−0.2◦C/decade;

Valera et al., 2018), southern regions are expected to experience amas-

sive thermal increase before the end of the century (+4/7◦C; Lima &

Wethey, 2012; Sanchez-Cabeza et al., 2022). As a result, the northern

populations will have their thermal tolerance limits respected, though

their concerns remain about their ability to withstand the regional

increasingly upwelling events (especially in benthic life stages). On

the other hand, the regional warming of southern coastal systems

in combination with increased local acidification raise concern about

the stability of sea urchin populations at their distributional margin.

Interestingly, observations reveal that during warm periods on the

southern California coast, M. franciscanus is replaced by the Coron-

ado sea urchin (Centrostephanus coronatus; Kawana et al., 2019). The

latter species is originally found in subtropical areas but reported in

recent years to gradually shifts towards northern regions (Freiwald

et al., 2016). Such works well describe the potential vulnerability of

southern populations of red sea urchins to the conditions imposed

by OW&A. According to Sato et al. (2018) Strongylocentrotus fragilis

could be a valuable candidate to fill potential production gaps of M.

franciscanus in southern California. This species is well adapted to

low oxygen levels (11.7–16.9 mmol kg−1) and low pH (<7.44) as it

lives mainly at great depths (500 m). Despite these characteristics,

the clear technological limitations for fishing and the relatively low

profitability of its gonads (e.g., 80% reduced gonad size by weight;

Sato et al., 2018) limit the potential future marketability of this

species.

3.3 S. intermedius (Agassiz, 1864) – North-West
Pacific

With regards to the high consumption and production of echinoids in

the north-west Pacific, associated aquaculture and fisheriesmaybe the

most exposed to the consequences of global changes (Ohgaki et al.,

2019). Six species of sea urchins are harvested in the sole Japan, S.

intermedius and M. nudus accounting for 80% of total landings in the

northern regions. S. intermedius is a well-regarded species in oriental

fisheries andaquaculture production systems (particularly inHokkaido

Island; Hu et al., 2020) and can be found in both intertidal and subtidal

rocky shores (mostly between 0 and 15m) along Asia’s eastern coasts:

primarily in the Okhotsk Sea, in Japan Sea and Japanese Pacific coast.

Over the last decade, the species has also been successfully introduced

from Japan into Chinese waters, becoming an important resource for

the local aquaculture industry (Lawrence et al., 2018).

3.3.1 Planktonic life stages

Despite its economic relevance, few studies are available on S. inter-

medius’ tolerance to OW&A-related stressors, particularly on their

interaction (Table 1). Fertilisation success was only slightly impaired in

adults collected in theYellowSea (China) and exposed to high tempera-

tures (21◦C) during 15months (Zhao et al., 2018b). However, warming

significantly increased the percentage of abnormal larvae, lowering

larval survival after 9 days exposure (i.e., −20% of the survival rate

compared to control at 18◦C). In a complementary study, Chi et al.

(2021) did not detected any significant carryover effects between par-

ents and juveniles, implying that newly settled sea urchins were less

susceptible to the carryover effects under warming temperatures (15

months at 21◦C) than planktonic life stages.

Although acidification had no effect on fertilisation rate (7.6 pH;

Zhan et al., 2016), several larval body characters were altered when

exposed to lowering pH (from 7.7 to 7.5; Li et al., 2020): higher pro-

portion of abnormal larvae with asymmetrical post-oral arms, major

corrosion of spicules (Zhan et al., 2016; Li et al., 2020) and increasing

mortality after 70 h of post-fertilisation exposure (i.e., ∼15.6, ∼34.8

or ∼53.2% at either control/8.0, intermediated/7.7, or lowest/7.5 pH

respectively; Li et al., 2020).
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UBOLDI ET AL. 9

3.3.2 Benthic life stages

At higher temperatures (+3◦C) than control (20◦C), the test diameter

of Yellow Sea’s adults decreased by 2mm as did the mean body weight

by about 3 g after 10 months of exposure (Zhan et al., 2016; Zhao

et al., 2018a). Themortality rate also increased linearly with increasing

temperature (+9% mortality vs. control), indicating a relevant stress

condition (Zhanget al., 2017;Zhaoet al., 2018a). After6weeksof expo-

sure at 22◦C, gonad weight and gonad index significantly decreased

from an average of 13–9.5 g compared with control (20◦C; but not

after 10 months in Zhao et al., 2018a), most likely due to a lower food

conversation ratio at high temperatures (Zhao et al., 2016).

Acidification has general negative effects not only on individ-

ual growth but also on its genetic regulation (Zhan et al., 2020).

Indeed, growth rate and intestinal morphology of settled adults were

significantly affected after 60 days of incubation in low pH condi-

tions (7.7 pH). As a consequence, the individual’s food intake also

decreased, resulting in metabolic changes that altered the animals’

fitness. Concerning transcriptomic processes, lowering pH (from 7.7

to 7.5 pH) causes changes in the expression of two immune-related

genes (SiTNF14 and SiTGF-) that play important roles in inflamma-

tion and repairing mechanisms (Zhan et al., 2020), making individuals

potentially more vulnerable to diseases and mass mortality events.

Interestingly, S. intermedius from the Yellow Sea exhibit a lower abil-

ity to adapt to OW&A than the tropical Tripneustes gratilla sea urchin

(Zhang et al., 2022). As expected, after 29 days of exposure to high

temperatures (24◦C) and low pH (7.6), antioxidant activity increased

while cellular energy allocation decreased, indicating an unsustainable

bioenergetic state compared to T. gratilla (control at 21◦C; Zhang et al.,

2022).

3.3.3 S. intermedius facing OW&A

S. intermedius is associated to water temperatures ranging between 13

and 22◦C throughout the year, with a thermal optimum below 20◦C

(Zhao et al., 2018b). The juvenile’s tolerance threshold is equal to 23◦C,

above which high mortality rates are observed (see Zhao et al., 2016).

Consequently, the combined action of the regional warming and acid-

ification could seriously decrease the resilience of certain harvested

populations. In the northern Yellow Sea, bottom-waters (40 m) warm

at a rate of 0.0314 ± 0.142◦C/year since 1976, and lowering pH is

expected to decrease of 0.0018 units per year (Li et al., 2022). In Japan,

Valera et al. (2018) report a larger increase in sea surface tempera-

ture, with values of +0.5◦C per decade since 1982 along the Japanese

coasts. In particular, Fujii et al. (2021) well describe the future projec-

tion of physical and biogeochemical conditions of the Hokkaido Island

(northern Japan) where the expected annual-average temperature

should increase between 2.2 and 5.5◦C at the end of the century, while

the associated pH value would decrease by 0.06/0.38 (for RCP 2.6

and RCP 8.5, respectively). Combining these projections with the cur-

rent temperature and pH values (up to 24.3◦C and 7.86 pH recorded

in 2018; Fujii et al., 2021), we find estimations fall beyond the toler-

ance thresholds expected for S. intermedius (Table 1). Consequently,

we hypothesise that the impact of regional OW&A in northern Japan

is becoming an extremely important factor recommending the estab-

lishment of appropriate adaptation strategies for Japanese industries.

In recent years, the distributional range of the temperate Heliocidaris

crassispina has shifted northward (Feng et al., 2021). Usually found in

the southern region of Japan, populations of H. crassispina moved to

the Oga Peninsula (northern Honshu, Japan), where they replaced the

native M. nudus (Feng et al., 2019). Compared with S. intermedius, H.

crassispina better tolerate seawater chemical and physical variations,

being more used to tropical conditions (Dorey et al., 2018; Feng et al.

2021; Minuti et al., 2020; Mak and Chan, 2018). H. crassispina should

thus be favoured by future conditions imposed by the local OW&A,

becoming a species of major interest in the sea urchin trade of such

fishing areas.

3.4 S. droebachiensis (Müller, 1776) –
Circumpolar-North

The temperate-cold green sea urchin S. droebachiensis shows a cir-

cumpolar distribution within the northern hemisphere, being found

in the shallow subtidal zone (mostly between 0 and 50 m) of North

Atlantic andNorth Pacific oceans. The species’ geographic range spans

the Atlantic from Greenland to Cape Cod (USA) and northern Europe

including Spitzbergen, as well as the Pacific from the east coasts of

Siberia and theOkhotskSea inAsia and fromAlaska toOregon inNorth

America.

At the scale of global trade, it is considered as a lower qual-

ity resource than previously reported species because of its lower

gonadal content (i.e., gonads index below 10%; Siikavoupio et al.,

2006). Due to its large distributional area, however, S. droebachiensis

is commonly exploited along the coasts of Eastern United States and

Canada, Russia and Norway and it appeared to be a good candidate

formarine coldwater aquaculture (Siikavoupio et al., 2012; Stefánsson

et al., 2017).

3.4.1 Planktonic life stages

Although considerable responses are observed in literature, S. droe-

bachiensis planktonic stages show a high potential for acclimation

under OW&A conditions. Fertilisation success was 4.5 times lower in

adults subjected to high pCO2 (1270 µatm; 7.7 pH) during 4 months,

but no differences to control were observed under longer period

of exposure (16 months; Dupont et al., 2013). Bögner et al. (2014)

demonstrated that in individuals collected fromArctic populations, the

percentage of unfertilised eggs increases considerably at high pCO2

concentrations (550–800 µatm; ∼7.85 pH), although eggs were phys-

iologically able to dampen the effects of acidification up to 7.8 pH

(770 µatm). Consequently, Chen and Li (2018) suggested a generalised
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10 UBOLDI ET AL.

10%reduction in fertilisation success in individuals exposed to reduced

pH (7.7/7.8), with costly compensation processes compromising the

energy budget for subsequent development stages.

S. droebachiensis larvae reared in southern British Columbia (49◦N,

125◦W;Canada) developed faster during the first planktonic life phase

when reared in warmer conditions (17◦ compared with 9◦C; Feehan

et al. 2018). At 14◦C, larvae produced by adults from Nova Scotia

(45◦N, 61◦W; Ca) experienced a similar process (Hart & Scheibling,

1988). Feenhan et al. (2018), however, observed slower development

and highermortality of larvae fedwith low-quality food (i.e., kelp detri-

tus) at 17◦C, most likely due to a synergetic negative effect of thermal

stress and altered food resources. As a result, larvae may require

adequate nutritional supply and energy efficiency to compensate the

metabolic increase caused bywarming waters.

When parents were previously exposed to lowering pH during 4

months (pCO2 1270 µatm; 7.7 pH; Dupont et al., 2013), 5–9 fewer

offspring reached the juvenile stage at the endof the experiment.How-

ever, when adults were pre-exposed for 16 months, elevated pCO2

during larval development had no significant direct effect on settle-

ment success (Dupont al. 2013). In a study conducted in the Kattegat

Sea (southern Norway), Dorey et al. (2022) confirmed the presence

of a tipping point for S. droebachiensis larvae at 7.6 pH, below which

larval body growth was significantly lower after 29 days of exposure:

103m/log day in 7.2 pH compared to 141 and 139m/log day in 7.6 and

8.0 pH. Chen and Li (2018) found that larval growth and mortality in

green sea urchins collected in subarctic regions were also resilient to

OA, highlighting the phenotypic plasticity of larvae that maintained a

great swimming ability even at 7.6 pH (Chan et al., 2015).

3.4.2 Benthic life stages

Warmingwaters typically accelerate juvenile growth to the adult stage

after settlement. In S. droebachiensis the increase in growth rate is

most noticeable when thermal transition remains smooth (from 6 to

10◦C; Siikavoupio et al., 2012). The most favourable temperature for

optimal post-settlement development ranges between 9 and 13◦C in

northern Norway (70◦N), before major metabolic costs occur (Pearce

et al., 2005; Siikavoupio et al., 2012). Similarly, adults developed larger

gonads (+9%) after 11 weeks of exposure to warming temperatures

(i.e., from 6 to 12◦C), with no further increase in the range between

10 and 14◦C (Siikavoupio et al., 2006; Siikavoupio et al., 2008). The

tolerable thermal maximum appears to be 17◦C in certain populations

of the Northeast Canadian coasts (45◦N), above which individuals sig-

nificantly reduce their grazing activity and mobility (Lauzon-Guay and

Scheilbing, 2007).

When considering acidification, green sea urchins exposed to natu-

ral seasonal hypercapnia conditions displayed a remarkable resistance

to increasing pCO2 concentrations (1000–1430 µatm; 7.6 pH) by

actively compensating the extracellular lowering pH with the accumu-

lation of bicarbonate (Stumpp et al., 2012). However, the energy costs

associated with this regulation can also be a major source of repro-

ductive disturbance, possibly reducing the individual’s fitness (Stumpp

et al., 2012).

3.4.3 S. droebachiensis facing OW&A

Throughout its life cycle, S. droebachiensis shows a great acclimation

potential to cope with near future OW&A. Under moderate acidifying

conditions both larvae and adults display a good degree of tolerance

(Dorey et al., 2022; Stumpp et al., 2012; Table 1). This finding is con-

sistent with the results of Byrne et al. (2013), who found that body

development in cold water species is less influenced by acidification,

due to their adaptation to the low carbonate saturation levels found

in polar waters. However, although the tolerance range appears to be

wide (down to 7.6/7.7 pH), the ocean surface pH is expected to decline

by 0.287–0.29 pH units before 2100 in the RCP8.5 scenario (IPCC

2021), raising concern about the long-term resilience of a number of

southern populations that are less adapted to endure waters with low

carbonate concentrations.

Regarding the thermal challenge, this species can withstand a

wide range of temperatures depending on the population (Table 1).

Specimens can be found in both cold (−1◦C) and temperate (17◦C)

waters, the thermal tolerance limit reaching up to 22◦C in labora-

tory conditions (Lauzon-Guay & Scheilbing, 2007). In economic terms,

because maximum yield is reached when summer temperatures do

not exceed 12◦C (Siikavoupio et al., 2006; Siikavoupio et al., 2008),

fishing and commercialisation of S. droebachiensis should be highly effi-

cient along coasts of northern regions. However, as the rate of oxygen

consumption linearly increase with rising temperatures (Siikavoupio

et al., 2008), it is questionable at what point the metabolic balance

would shift towards an unsustainable state with subsequent drop in

productivity. In particular, sub-Arctic and Arctic regions (i.e., Nordic

Sea, Barents Sea, Bering Sea and St. Lawrence Gulf) are all consid-

ered as warming hotspots, exhibiting some of the largest temperature

increases on the globe before the end of the century (between 2 and

4.5◦C according to scenarios; Khosravi et al., 2022). In such areas,

S. droebachiensis is also the most fished and sold sea urchin species

(Stefánsson et al., 2017). Based on the studies reported here, such

intense warming temperatures are likely to bring instability to many

southern populations, with the combined action of OW&A potentially

redefining the populations’ tolerance limits and leading to important

consequences on local industries sustainability. Actually, the species

is retreating northward along the Norwegian coasts (Nyhagen et al.,

2018). In southern fjords, where special hydrographical conditions

allow the maintenance of local populations, animals become smaller

(5–3 cm average) and higher density of individuals move to deeper

waters over time (from 10/15 to 20m between 1992 and 2013; Nyha-

gen et al., 2018). According to predictions, the yield of S. droebachiensis

in northern Norway will decline significantly over the next 30 years

due to altered conditions imposed by OW&A (Wallhead et al., 2018).

Despite the high acclimatisation potential and phenotypic plasticity of

S. droebachiensis, observations suggest that environmental conditions
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UBOLDI ET AL. 11

in many areas are becoming less suitable to the harvesting of several

green sea urchin populations.

3.5 P. lividus (Lamark, 1816) – Mediterranean and
North-West Atlantic

P. lividus inhabits the Mediterranean Sea and part of the north-eastern

Atlantic, from Ireland to southern Morocco, including the archipela-

gos ofMacaronesia. Individuals are typically found on sublittoral rocky

seafloors at greater depths than its commonly associated speciesArba-

cia lixula, ranging between the intertidal plan and 30 m depth (Garcia

et al., 2018). The species is mainly harvested on the Eastern Euro-

pean coast and in the Mediterranean basin where fishing has become

increasingly attractive due to the high prices of gonads (up to €150
per kg; Grosso et al., 2021). Nowadays, because intensive harvesting

depleted severalwild stocks (Sphigel et al., 2018), some studies are car-

riedout to assess the feasibility of usingP. lividus in aquaculture inorder

to improve the system sustainability (Grosso et al., 2021; Sphigel et al.,

2018).

3.5.1 Planktonic life stages

Several studies dealing with the simultaneous effects of OW&A on

early life stages are available (Table 1). In the Canary Islands, fertilisa-

tion rates did not differ when gametes were exposed for 210 min to

rising temperature (from 19 to 25◦C) and lowering pH (7.7, 7.4; Garcia

et al., 2018). Similarly, Cohen-Rengifo et al. (2013) stated that fertili-

sation was not affected by coupled warming (from 19 to 22.5◦C) and

acidification (7.7, 7.4 pH). Such antagonistic effect could be due to the

stimulating effect of moderate warming, which usually increases fertil-

isation success and buffers the adverse effects of lowering pH (Garcia

et al., 2018). Alternatively, the sole acidification did not alter the fertil-

isation success, as gametes remain intact after an 8.1–7.7 pH exposure

over a 3-day period (Martin et al., 2011).

Considered individually, OW and OA have a significant impact on

the development of P. lividus’ planktonic stages. Warming tempera-

tures increase the proportion of eggs in the advanced division phase,

whereas low pH delays the general development (Moulin et al., 2011;

Cohen-Rengifo et al., 2013; Garcia et al., 2018). When both factors co-

occur, a slight thermal increase dampens the impacts of acidification

on larval morphology (Garcia et al., 2015; 2018): body and post-oral

arm length are reduced in P. lividus larvae exposed to low pH (7.4)

and 19◦C, while such parameters result unaffected at 20.5◦C in same

pH conditions. Interestingly, the negative effects of coastal pollutants

(i.e., gadolinium) on larval physiology were also reduced in experimen-

tal conditions of near-future temperature projections (+3◦C, 21◦C;

Martino et al., 2021). Nonetheless, when warming was excessive

(22.5/24◦C) such dampening effect disappeared, with an increase of

malformed larvae in both experiences (Garcia et al., 2015; Martino

et al., 2021). After 3 days of exposure, larval mortality increased in

7.7 pH condition in all temperature treatments (except the control

temperature 19◦C; Garcia et al., 2018), indicating a threshold in their

acclimationpotential. Similarly, the tolerance limit of 7.7 pH (at 20◦C) is

also validated for southern France’s P. lividus larvae: post-oral arms and

body lengthwere similar from8.1, to 7.7 pH after 3-day exposure, then

decreased considerably at 7.5 pH. In a complementary study, Moulin

et al. (2011) observed a potential transgenerational plasticity to buffer

the acidification influence, suggesting that larvae originating from pre-

exposed adults to lower pH (7.8) were more resilient to future OA. By

contrast, additive negative effects of 2-monthparental exposure to low

pH (7.7) were found on larval survival (Marčeta et al., 2022). Because

sea urchins tested in Moulin et al. (2011) lived in tidal pools naturally

exposed to daily pH variations, the observed differences in acclima-

tion between both studies could be attributed to different parents’ life

history.

3.5.2 Benthic life stages

Hermans et al. (2010) observed that the Mg/Ca ratio of post-settled

juvenile skeleton raises under warming (13–24◦C) until it reaches a

plateau, assuming that it results from a saturation of the magnesium

transport system during skeletogenesis. Generally, higher Mg content

improves hardness and strength of sea urchin tests exposed to rising

temperatures (e.g., Tripneustes gratilla in Dworjanyn and Byrne, 2018).

However, enhanced Mg concentration in the ossicles also leads to

higher dissolution of skeletal compounds, increasing the vulnerability

of echinoids to OA (Byrne et al., 2013). After 100 days exposure, test

robustness of P. lividus juveniles from Canary Islands decreased when

exposed to reduced pH conditions (7.6; Rodriguez et al., 2017). Sim-

ilarly, in the Ligurian Sea (NW Mediterranean), juvenile tests became

gradually more fragile under lowering pH (from 7.9 to 7.7 pH; Asnaghi

et al., 2013). However, once adult stage is reached, test integrity

was not altered after 1-year laboratory exposure to OW&A (+2◦C

and 7.9/7.8 pH; Collard et al., 2016). Still, P. lividus density often

decreases at marine CO2 vent sites, where seawater pCO2 is con-

stantly high (1000–1525 µatm; Baggini et al., 2015; Calosi et a., 2013).

Such field observations suggest a low ability to regulate extracellu-

lar acid–base balance over long periods compared with other species

(i.e., Arbacia lixula), possibly due to the elevated costs of maintaining

high bicarbonate concentrations to buffer the seawater acidification

(Calosi et al., 2013).

Individuals’ energy budgets are also temperature dependent, affect-

ing both sea urchin morphology and growth potential. In Portugal,

individuals with higher gonads index (+1.93%) were obtained at 22◦C

compared with other tested temperatures (18, 20 and 24◦C) after

90 days exposure (Santos et al., 2020). By contrast, because 24◦C

drastically reduces somatic and gonad growth, such temperature con-

stitutes a limit of tolerance for productivity of populations harvested

in the same region (Santos et al., 2020). Such results reinforce the

work of Yeruham et al. (2019) conducted over 50 days in the Eastern

Mediterranean which showed that 20–22◦C temperatures induce a

more efficient energy expenditure ratio, resulting in a higher scope for

growth (+10%) when compared with warmer treatments (24–26◦C).
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12 UBOLDI ET AL.

Beyond this threshold, the productivity of P. lividus is likely to decrease,

influencing the organism’s energy investment priorities.

3.5.3 P. lividus facing OW&A

The productivity and yield of wild P. lividus is optimal when waters

do not exceed 22◦C during the harvesting period (May–July) in the

Mediterranean Sea. In the eastern part of the basin, severe mortal-

ity events have been reported when summer temperatures exceed

30.5◦C, resulting in the collapse of many local populations (Yeruham

et al., 2015). Under OW&A, a number of models consider theMediter-

ranean Sea as a warming hotspot, predicting a generalised increase in

surface temperatures between 1.5 and 3◦C relative to present day lev-

els (Corrales et al., 2018; Darmakari et al., 2019). The coasts of the

north-east Africa and Middle East are showing the greatest seawa-

ter warming (0.05◦C/year since 1982; Shaltout &Omstedt, 2014), also

increasing the frequency of marine heatwaves (Shaltout & Omstedt,

2014; Darmakari et al., 2019). If this trend is confirmed in the next

future, summer coastal temperatures should exceed 30◦C over long

periods (Darmakari et al., 2019), far beyond the bearing limits of localP.

lividus. Moreover, a generalised acidification of the Mediterranean Sea

is expected before 2100, with a predicted pH decrease of 0.245 in the

western and 0.242 in the eastern basins, according to the RCP2.6 sce-

nario (0.462 and 0.457 under the RCP8.5 scenario; Goyet et al., 2016).

Given that specific laboratory conditions (i.e., 24◦C/7.7 pH, 24/26◦C)

significantly alter the development of P. lividus from various popula-

tions, local OW&A conditions are likely to have a considerable impact

on the distributional range of this species in theMediterranean Sea.

4 DISCUSSION

Ongoing global changes are modifying the fisheries distribution and

the productivity of many aquaculture practices (Froehlich et al., 2018;

Maulu et al., 2021; Wallhead et al., 2018). Understanding the way by

which warming and acidification may affect the life cycle of marine

organisms is essential to assess the future of marine ecosystems and

the services they provide. Nevertheless, other environmental changes

must also be taken into account in order to provide a more complete

overview of coming changes, like hypoxia, freshwater inputs and pri-

mary production turnover (Castilla-Gavilán et al., 2018;Hu et al., 2020;

Shen et al., 2019).

Within a specific range, OW enhances the development of various

sea urchins’ life stages, with inhibitory responses only after the toler-

ance threshold is exceeded. Rising temperatures, for example, improve

body size and gonad index of settled forms (Byrne and Hernàndez,

2020; Siikavoupio et al., 2012; Sole et al., 2020; Table 1). However,

excessive warming alters basic physiological processes, impairing juve-

nile development and finally increasingmortality in several populations

(Santos et al., 2020; Yeruham et al., 2019; Zhao et al., 2018b; Table 1).

Additionally, temperature strongly influences larval settlement, which

regulates population spread (Okamoto et al., 2019). Fast-growing

embryos and larvae reduce spread-specific capacity in the environ-

ment, limiting dispersal and reducing connectivity among populations

(Duarte, 2007; O’Connor et al., 2007).

Among the present studies, theOA threshold of 7.7 pH is frequently

associated to several development issues in both planktonic and ben-

thic stages of several species (Table 1). Such findings are consistent

with the work of Bednarsek et al. (2021), who established a general

tolerance threshold in echinoderms between 7.60 and 7.75, above

which impaired physiological responses appear. Water acidification

has a significant impact on the body development of both larval and

juvenile forms, altering their morphology and metabolism, with subse-

quent severe consequences on individual fitness (Gaitan-Espita et al.,

2017; Li et al., 2020; Mačeta et al., 2022; Stumpp et al., 2011; Zhan

et al., 2016; Table 1). Nonetheless, the OA threshold of sea urchins is

habitat dependent, indicating that acclimatisation and adaptation pro-

cesses can shape the individual’s sensitivity to lower pH at local scale

(Gaitan-Espita et al., 2017; Kapsenberg et al., 2017). Furthermore, OA

vulnerability appears to be strongly influenced by carryover effects

related to the living environment of parents (Chin et al., 2021; Mačeta

et al., 2022;Moulin et al., 2011; Zhao et al., 2018b).

Considered together, OW&A operate in either synergistically or

antagonistically ways at different life stages of echinoids. In some

cases, warming mitigate the effect of acidification on larvae and juve-

niles, but they also act synergistically generating damaging outcomes

(Byrne & Hernàndez, 2020; Garcia et al., 2018; Manrìquez et al., 2017;

Wong & Hofmann, 2020). Warming, in particular, mitigates the neg-

ative effects of acidification when temperatures remain within the

tolerance species range (Garcia et al., 2015; Garcia et al., 2018; Wong

and Hofmann, 2018). Conversely, when warming exceeds a specific

threshold, the negative effects of both stressors cumulate, result-

ing in far-reaching consequences (Manrìquez et al., 2017; Manrìquez

et al., 2019). Because both factors act concurrently in the marine

environment, future research must examine the impact of concurrent

factors.

In this review, we considered different populations to assess their

adaptation potential to changing environmental conditions. Such abil-

ity results from genetic adaptation to living in habitats where organ-

isms routinely experience temperature and/or acidification variations.

In particular, populations exposed to a broad range of environmental

conditions are good candidates to provide insights about transgener-

ational plasticity (Byrne et al., 2020). In general, areas naturally sub-

jected to altered physical–chemical conditions (e.g., upwelling zones,

CO2 vents, intertidal plan) demonstrate the possibility of pheno-

typic adjustment and/or beneficial genetic selection, revealing complex

plasticity–adaptation interactions (Byrne et al., 2020; Collard et al.,

2016; Kapsenberg et al., 2017; Moulin et al., 2011). As reported,

sea urchins from populations enduring extreme environmental condi-

tions appear more resilient to the tested laboratory conditions. Byrne

et al. (2020) report that parental conditioning over few generations

has limited benefits on offspring’s stress resilience in the face of

global change consequences. Nonetheless, over longer periods (i.e.,

with sufficient time to adapt), population’s genetic diversity may con-

stitute a foundation for selecting featuresmost adapted to newaltered
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conditions, potentially increasing the resilience of some populations

facing OW&A.

From a management perspective, several methodologies have been

provided to minimise the effects of OW&A. According to the adap-

tive plasticity concept, selective breeding is a technique used in

aquaculture to optimise production, overcome reduction in growth

performance and thus can be very useful to recover from diseases and

other stressors (Clements&Chopin, 2017;Reid et al., 2019).Neverthe-

less, in the presence of multiple stressors, species at the limit of their

tolerance range should have reduced survival and fitness (Froehlich

et al., 2018). In aquaculture, the IMTA is defined as a sustainable and

economically rewarding system as well as more resilient to global

change (Maulu et al., 2021). For instance, farmed seaweed and macro-

phytes should constitute valuable cultures to provide localised OA

mitigation by producing oxygen, sequestering CO2 and increasing pH

(Clements & Chopin, 2017). Furthermore, local food availability is also

a major factor in determining the magnitude of stressors as a great

food supply can dampen the negative impacts ofwaterwarming and/or

acidification on particular species (Melzer et al., 2011; Feehan et al.,

2018). It should be pointed out that species exhibiting sensitive life

stages might be farmed in appropriate land-based basins under mon-

itored conditions and subsequently moved onto outdoor farming. This

strategy could make it possible to protect organisms from exceptional

stress events (i.e., marine heatwaves or upwelling events; Reid et al.,

2019). As an example, S. purpuratus is sensitive to high temperatures

(above 16◦C) that may often be reached during increasingly frequent

Warm Blob events along the Northeast Pacific Ocean and the estab-

lishment of a similar farming strategy could rescue a large part of the

production.

In conclusion, the direct consequences of OW&A result in substan-

tial changes in all life stages of various echinoid populations, from eggs

to adults. The reported findings help in defining the highly variable

bearing capacity of populations in order to develop valid predictive

models about fishery trends. As reported by several observations, the

distribution limits of many sea urchins’ populations are changing, with

important consequences for ecological and economic systems. Assess-

ments that identify alternative ways to shift fishery emphasis from

more vulnerable to resilient species will increasingly play a crucial role

inmaintaining productivity in local industries. Understanding and eval-

uating the effects of stressors on the organisms’ life cycle is crucial

to identify possible adaptive deficiencies of populations facing future

environmental changes. Starting from practical observations such as

the accessibility, growth rate, abundance of produced meat or mar-

ketable qualities and correlating them with the capacity to withstand

OW&A, would make it possible to achieve innovative production mod-

els to stabilise the industry and thus satisfy the growing demand for

foodstuffs by human populations.

5 PERSPECTIVES

In this review, we illustrate the crucial need to conduct studies exam-

ining the effects of OW&A on different life stages of several species

of sea urchin in order to obtain an overall picture of their future dis-

tribution and availability in different geographical areas. However, it is

still challenging to find life cycles that are fully and exhaustively studied

(Table 1). Especially, authors reported a significant lack of knowledge

about the impacts of OW&A on the fertilisation process in several

species (especially L. albus, M. franciscanus and S. intermedius). Early

planktonic life stages (i.e., embryos and larvae) are better studied,

although large gaps exist (see L. albus and S. intermedius). Generally,

there is still a major lack of studies reporting the simultaneous action

of OW&A on sea urchins, leaving the potential cumulative or damp-

ening effects largely unknown. In addition, we note a lack of data on

populations found in areas predicted to be most affected by global

changes, such as the S. intermedius population on Hokkaido Island, the

easternmost populations of P. lividus in the Mediterranean Sea and S.

droebachiensis in the northern seas (Table 1).

Researchers interested in the effects of global changes on vari-

ous marine organisms must adapt their experimental models to the

expected environmental alterations within the geographical area typ-

ically occupied by the considered population, taking into great account

the local adaptation potential of the selected individuals. The capacity

to withstand OW&A consequences is strongly associated with genetic

features, transgenerational plasticity and the life experienceof progen-

itor. Several studies show that transgenerational adaptation is possible

over the long-termperiod, though someauthors argue that this feature

shows ambiguous effects (see Byrne et al., 2020). Such uncertainties

highlight the importance of studying the effects of OW&A over multi-

ple generations, allowing formore robust interpretations of population

vulnerability to environmental changes.

Due to logistical constraints, many studies use short stressor expo-

sure at rates much faster than projected global changes. The duration

of exposure to stressors is critical in experimental designs because

organisms need time to acclimate to newly imposed conditions (see

Collard et al., 2016; Stumpp et al., 2012). In fact, the final results of

manyOW&A-related studies vary greatly depending on thedurationof

the experiment (see Dupont et al., 2013). Many of the studies reported

here focus on the individual’s acclimation potential to altered envi-

ronmental conditionswhile overlooking the species’ adaptive potential

over long period of exposure to future OW&A. It is then critical for

future research to address long-term effects of stressors in order to

gain a better understanding and make more accurate predictions of

howOW&Awill affect underwater life andmarine ecosystems.
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