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tion marine d’Endoume, chemin de la Batterie-des-Lions, 13007 Marseille, France

epartment for Biological and Environmental Sciences, University of Gothenburg, The Sven Lovén Centre for Marine Sciences,

stineberg, 45178 Fiskebäckskil, Sweden
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A B S T R A C T

Global warming is expected to change marine species distributions; it is thus critical to

understand species current thermotolerance. The brittle star species complex Ophioderma

longicauda comprises a broadcast spawning lineage L1 and a brooding lineage L3. We

collected L1 specimens from Marseilles and Crete, and L3 specimens from Crete. We

monitored survival, autotomy and arm regeneration at 17, 26 and 30 8C during 14 weeks.

Globally O. longicauda showed good resistance to elevated temperatures compared to other

published studies on ophiuroids. The L3 sample displayed a better thermotolerance than L1

samples. Yet, more research is needed to establish whether these differences are due to

lineages, geographic origin, or random effects. We provided for the first time individual

regeneration trajectories, and showed that regeneration followed a growth curve and was

highly influenced by temperature in both lineages. Our results highlight the importance of

taking into account the presence of cryptic species when studying the potential effects of

global warming.

� 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

Le réchauffement climatique est supposé changer la distribution des espèces marines ; il

est donc crucial de comprendre la thermotolérance actuelle des espèces. Le complexe

d’espèces d’ophiure Ophioderma longicauda comprend une lignée se reproduisant grâce à

des larves, L1, et une lignée incubante, L3. Nous avons récolté des spécimens de la lignée L1

provenant de Marseille et de Crète, ainsi que des spécimens de la lignée L3 provenant de

Crète. Nous avons mesuré la survie, l’autotomie et la régénération des bras à 17, 26 et 30 8C
pendant 14 semaines. Globalement, O. longicauda a montré une bonne résistance aux
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. Introduction

Temperature is the main factor driving marine species
istributions [1–3]. Over the last century, the average
lobal temperature has increased by 0.6 8C and is projected

 increase by a further 1–6 8C by 2100 [4]. In the
editerranean Sea, an increase in sea-surface temperature
ST) has already been documented [5–8], but no clear
arming projection is currently available, due to the lack

f data in the eastern basin [9]. In the Northern hemi-
phere, species distributions are expected to shift north-
ard [10,11], or, when northward migration is not

ossible, e.g. for some marine species restricted to the
editerranean north coast, to acclimate/adapt to new
ermal conditions, or to become extinct [12]. Thermal
lerance differs between species and even between

opulations of the same species due to local adaptation
3,14]. Thus, when comparing species and populations, it

 important to test for phenotypic plasticity and/or local
daptation in order to infer a species’ potential response to
ture climate changes [15].

The brittle star Ophioderma longicauda (Bruzelius, 1805)
 a common Atlanto-Mediterranean species [16] reprodu-

ing via the production of a vitellaria larva [17]. However, it
as recently shown to be a species complex [18,19]

omprising at least six divergent mitochondrial lineages
ith contrasting life-history strategies. Three lineages

roduce dispersing larvae (lineages L1–L5–L6), while the
ree others brood their offspring (lineages L2–L3–L4)
8,19]. A recent study (Weber et al., submitted) confirmed
at L1 and L3 are separate species since they occur in

ympatry and in syntopy, but do not display the same
eproductive mode (larvae vs. brooder), do not reproduce
t the same period of the year (April vs. July, prezygotic
olation), and are genetically differentiated at a nuclear
cus, independent of the mitochondrial genome used to

efine lineages [20]. L1 is the dominant species in the
estern Mediterranean and the Atlantic basins, but seems
ss abundant in the eastern Mediterranean, where the
ominant lineages are brooders L2–L3–L4 [19]. For
xample, L1 and L3 are the only lineages present in Crete,
3 being more abundant than L1. A differential bathy-
etric distribution was also found, L1 being predomi-

antly found from five meters depth or more, and L3 being
ominant at the shallowest depths (2–3 m). Brooding
neages L2–L3–L4 are absent from the western Mediter-
anean basin [19].

Abiotic conditions in the eastern Mediterranean basin
differ from those of the western basin, and include
oligotrophic waters [21], higher salinity [22], and higher
mean water temperatures [9]. At the study site in Marseilles,
monthly average temperatures at 5 m depth range between
12 and 24 8C during the year, with maximum temperatures
around 26 8C in summer, when excluding an exceptional
thermal anomaly at 28 8C [23]. At the Crete study site,
temperatures range between 15 and 27 8C during the year,
with a maximum of around 28 8C in summer [9]. Short-term
temperature variations can be very high and differences of
10 8C can occur in 24 h in Marseilles [23]. In contrast,
summer seawater temperatures in Crete are much more
stable (Thanos Dailianis, unpublished data).

To study the thermotolerance of O. longicauda, we must
consider the occurrence of several lineages. Therefore, we
used the different lineages L1 and L3, without geographical
replicates, for this preliminary study. Based on its geogra-
phical and bathymetric distributions, the lineage L3 may be
more adapted to elevated temperatures than L1. Thermal
tolerances of L1 and L3 were measured using three
parameters: survival, spontaneous autotomy as a proxy
for thermal stress [24] and arm regeneration rate. We
assumed that a temperature environment that is favorable
to regeneration is also favorable to somatic growth of the
not-injured brittle stars. Thus, experimental investigation of
regeneration would help us making inference on the
thermal tolerances of the lineages. Three different tem-
peratures were tested, covering today’s (17–26 8C) and
future (30 8C) natural variability. Individuals from the
species L1 and L3 were collected from two locations:
Marseilles (France; L1) and Crete (Greece; L1 and L3).

2. Material and methods

2.1. Specimen collection and genetic analyses

O. longicauda specimens were collected by scuba diving
during May 2012, in Crete (358 16’ N; 258 49’ E), Greece
(n = 112) and in June 2012 from Marseilles (438 16’ N; 58
17’ E), France (n = 80). Specimens from Crete were shipped
alive to Marseilles at ambient temperature in 2-L non-
insulated plastic containers (10 individuals per container)
filled with seawater saturated with O2. The transportation
lasted 10 h in total. All individuals survived and did not
display any autotomy or other signs of stress. To reduce
possible stress due to transportation, all individuals were

températures élevées, si on compare notre étude à d’autres publications sur les ophiures.

L’échantillon L3 a montré une meilleure thermotolérance que les échantillons L1.

Cependant, des recherches complémentaires sont nécessaires pour déterminer si ces

différences sont dues à la lignée, à l’origine géographique, ou si elles sont aléatoires. Nous

avons fourni, pour la première fois, des trajectoires de régénération individuelles, et avons

montré que la régénération suivait une courbe de Gomperz et était grandement influencée

par la température dans les deux lignées. Nos résultats soulignent l’importance de la prise

en considération de la présence d’espèces cryptiques lorsque l’on étudie les effets

potentiels du réchauffement climatique.

� 2013 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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pt prior to experiment in an open seawater circuit
uarium for two weeks for acclimation (temperature
nging between 17 8C and 19 8C) and were fed once a
eek ad libitum with commercial fish pellet food.

All individuals used were genotyped to determine their
eage. A small piece of arm was cut from each individual
d DNA extracted following a Chelex protocol [25]. A 689-

 fragment of Cytochrome Oxidase I (COI) was PCR
plified with the primers COIa (5’ AGT ATA AGC GTC TGG
A GTC 3’) and COIf (5’ CTT GCA GGA GGA GGA GAY CC 3’)
ing the following parameters. An initial denaturation
p of 5 min at 95 8C, followed by 40 cycles of 30 s of
naturation at 95 8C, 30 s of annealing at 52 8C and 45 s of
tension at 72 8C, with a final extension step of 5 min at

 8C. A Restriction Fragment Length Polymorphism (RFLP)
otocol was then developed to rapidly recognize the
eage of each individual. BccI restriction enzyme (cutting
e: CCATC(N)4/) (New England Biolabs) generates differ-
t fragments lengths specific to each lineage after
gestion. Restriction simulations were done with the
line program NEBcutter V2.0 and verified with PCR
oducts of sequenced L1 and L3 individuals. For each
dividual, 10 ml of PCR product were added to 1U of Bcc I,

 of buffer NEB 1, 1X of BSA and digestion was performed
r 90 min at 37 8C. Restriction fragments were migrated

 a 2% agarose gel stained with ethidium bromide. The
LP analysis indicated that individuals collected from
ete belonged to lineages L3 (L3C; n = 80) and L1 (L1C;

 32). All individuals collected in Marseilles belonged to
eage L1 (L1M; n = 78). Beside the missing piece of arm
ed for lineage determination, individuals did not show
y sign of a recent wound.

. Experimental design

Three different temperatures were chosen to test the
ermal tolerance of O. longicauda, based on the natural
mperature variation in Crete and Marseilles during
ring and summer. A temperature of 17 8C corresponds to
e average one during the studied period, whereas 26 8C is
se to the maximal temperature observed at present
ight stress), and 30 8C would correspond to extreme
nditions projected under a global warming scenario
rong stress). This temperature was chosen to ensure that
e stress would be sufficient to cause mortality.
Two replicate tanks in semi-open circuit were used per

mperature (17, 26, 30 8C) and per group (L1M, L1C, L3C)
ch containing five (L1C) or 13 (L1M and L3C) specimens,
r a total of 18 tanks. After 2 weeks of acclimation,
mperature was raised of �1 8C per day until the desired
mperature was reached. Brittle stars were fed once a
eek ad libitum with commercial fish pellet food. At the
ginning of the experiment, four tanks (one of L3C at

 8C; L3C, L1C and L1M at 30 8C) displayed bacterial
ntaminations that rapidly killed all individuals; those
nks were excluded from further analyses.

. Animal preparation and measured parameters

Dupont and Thorndyke [26] showed that length lost
L) is the key intrinsic parameter regulating regeneration

rate (RR). As the specimens of O. longicauda displayed
heterogeneous sizes, arms were amputated at a fixed LL of
5 cm to standardize the RR. Experimentally induced
amputations were performed on the arm already ampu-
tated for DNA extraction. The position of amputation was
calculated for a LL of 5 cm from the linear relationship
between disc diameters (DD) and longest arm lengths (AL),
where AL = 0.48 DD + 0.52 (R2 = 0.88). There were no
significant differences between regressions constructed
with L1 and L3 data (n: L1 = 40; n: L3 = 42), thus L1 and
L3 data were pooled to construct the linear regression
(n = 82). For a few small individuals with arm
lengths < 5 cm, the whole arm was cut from the base of
the disc. Their regeneration trajectories are displayed in
Fig. 1, but they were excluded from further statistical
analyses testing the impact of temperature, lineage, and
populations. All amputations were performed after
anesthesia by immersion in 3.5% w/v MgCl2.6H2O in
seawater. Experimental arm amputation was achieved by
applying a scalpel blade across a natural inter-vertebral
autotomy plane. The disc of each individual was photo-
graphed to measure disc diameter and to allow individual
identification.

Aquaria were monitored daily during 14 weeks and
dead individuals were immediately removed. The length of
the regenerate was measured after anesthesia by immer-
sion in 3.5% w/v MgCl2.6H2O for each individual at weeks 3,
6, 9 and 14. At the end of the 14th week, the remaining
individuals were scored as intact or with autotomized
arms.

2.4. Statistical analyses

At the end of the experiment, individuals were
classified into three categories: intact, showing sign of
autotomy, or dead. The effects of temperatures (17, 26,
30 8C) and brittle star group of origin (L1C, L1M, L3C) were
tested by applying Fisher’s exact test on the contingency
tables displaying the number of individuals in each
category for different temperatures or different groups.
Data from replicate tanks were pooled to increase the
robustness of the analyses and average the different
responses per tank.

The kinetics of regeneration for each individual was
modeled as a Gomperz growth between regenerate length
(RL) and time. Specimens for which regenerate length was
not available for the four time points (e.g., as a
consequence of autotomy) were not considered for this
analysis. Each individual trajectory was characterized by
three parameters calculated as constants of the Gompertz
equation of an asymmetrical growth curve estimated by
the least-square method from the original data [27]. The
calculated parameters were ML, the maximal length of
the regenerate (mm); MR, maximum rate of regeneration
(the maximum growth rate of the curve at inflection point,
ip); tip, time to the inflexion point in weeks (Eq. (1)):

RL ¼ ML � e�e
�MR� t�tipð Þ

(1)

The effects of brittle star groups and temperature on
these parameters (ML, MR, tip) were investigated using the
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ilcoxon test as the data were non-normally distributed
npaired data, unilateral test L1 > L3 and L1C > L1M). All

tatistical analyses were performed with the R software
ww.r-project.org).

. Results

.1. Survival and autotomy

Autotomies and deaths occurred throughout the
xperiment but remained low in numerous cases, there-
re we did not build LT50 curves and we displayed the

nal results only. The proportion of individuals in each
ategory (intact, autotomy, dead) at the end of the 14th
eek period is presented in Fig. 2. For L1M, there was no

ignificant difference between 17 8C and 26 8C. However, a
igher mortality was observed at 30 8C compared to 17 8C
nd 26 8C (statistics in Table 1). For L1C, there was no

significant difference between 17 8C and 26 8C, but 100%
mortality was observed at 30 8C, all individuals being dead
after nine weeks of experiment (Table 1). Temperature had
no significant effect for L3, each temperature condition
displaying around 10–20% of mortality, 40% of autotomy
and 40–50% of intact individuals (Table 1).

At 17 8C (Fig. 2A), there were no significant differences
between groups (statistics in Table 2), each group
displaying high survival and few autotomy. At 26 8C
(Fig. 2B) there was no difference between L1C and L3C,
but L1M was significantly different from L1C and L3C
(Table 2). L1M did not display any mortality and only few
specimens presented signs of autotomy in comparison to
the higher proportion of autotomy observed in L1C and
L3C. At 30 8C (Fig. 2C), all comparisons between groups
were significant (Table 2). L3C had low mortality and high
autotomy, whereas L1M displayed higher mortality but
lower autotomy. For both L1M and L3 C, at least 40% of the
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ig. 1. A–C. Individual regeneration trajectories in each group (L1M, L1C and L3C) and temperature (17, 26, 30 8C). Dashed lines trajectories correspond to

dividuals with DD < 10 mm, excluded from analyses as LL < 5 cm. 1D: mean Gomperz curves, calculated from the mean of estimated parameters ML, MR

nd tip for each group and temperature. L1M: individuals of lineage L1 collected in Marseilles. L1C: individuals of lineage L1 collected in Crete. L3C:

dividuals of lineage L3 collected in Crete. DD: disc diameter. LL: length lost. ML: maximal length of regenerate. MR: maximal rate of regeneration. tip: time

 the inflexion point.
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dividuals remained alive and intact after 14 weeks at
 8C. Yet, mortality was lower in L3C (10%) compared to
M (30%) and L1C (100%).

. Regeneration

The regeneration rate was estimated from the relation-
ip between regenerate length and time following a

Gomperz growth model (Fig. 1, Table 3). For L1C, all
specimens died at 30 8C by the end of the experiment (14
weeks) and it was then not possible to measure any
regeneration rate. Temperature had a significant impact on
regeneration rate parameters (Table 4). For the three tested
groups, the maximal rate of regeneration (MR) and
maximal length of regenerate (ML) significantly increased
when temperature increased from 17 to 26 8C and the time
to the inflexion point (tip) decreased. The only exception
was the absence of significant effect between 17 and 26 8C
for ML in L3C. No significant difference between any of the
regeneration parameters was observed between 26 8C and
30 8C. At the different temperatures tested, there was no
significant effect of the group on any of the tested
regeneration parameters (Table 5) with the exception of
ML, which was significantly different between L1M and
L3C at 26 8C. Gompertz curves were only available for
individuals that remained intact until week 14. Thus we
also compared regenerate lengths at the different sampling
points to take advantage of higher sample sizes (Fig. 3).
These results indicated that L1C and L1M regenerated
significantly faster than L3C at 26 8C (p < 0.05, Wilcoxon
test). e.g. at week 14, means of regenerate lengths were
21.8 mm, 19.7 mm and 16.8 mm for L1C, L1M and L3 C,
respectively. This tendency was also confirmed by the
mean regeneration Gompertz curves for each group
(Fig. 1D). In addition, we observed that standard deviation
of ML at 26 8C and 30 8C was higher for L1M compared with
L3C. Inferences about L1C at 30 8C could not be done after
week 6 because all L1C individuals were dead at week 9.
The influence of the arm length lost is illustrated by the few
individuals for which LL was lower than 5 cm (Fig. 1C,
dashed lines). As expected, the plateau was reached sooner
and corresponded to a lower length for these individuals.

4. Discussion

4.1. Survival and autotomy

Our results showed that globally, the species complex
O. longicauda displayed good resistance to elevated
temperatures. Indeed, both O. longicauda L1 and L3
lineages could resist for three months a chronic exposure
at 26 8C with high survival (100%, 60% and 80% for L1M, L1C
and L3C, respectively) and more interestingly, there was
70% and 90% survival for L1M and L3C, respectively, after
three months at 30 8C. Those results contrast with the idea
that intertidal marine invertebrates already live at the edge
of their thermal limits [28,29]. Christensen et al. [24]
studied the brittle star Ophionereis schayeri and showed
that O. schayeri could not resist more than a few days a
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ividuals in each group (L1M, L1C, L3C) and temperature (17, 26, 30 8C)

er 14 weeks of experiment. L1M: individuals of lineage L1 collected in

rseilles. L1C: individuals of lineage L1 collected in Crete. L3C:

ividuals of lineage L3 collected in Crete.

ble 1

mparison of survival, autotomy and death between three different temperatures (17, 26, 30 8C) for each group. Proportions of each category were

mpared by applying a Fisher’s exact test.

L1M L1C L3C

7 8C vs. 26 8C NS (0.35) NS (0.39) NS (0.81)

7 8C vs. 30 8C * (0.048) ** (0.006) NS (0.84)

6 8C vs. 30 8C * (0.015) NS (0.12) NS (0.54)

: p-value > 0.05; *: 0.01 < p-value < 0.05; **: 0.001 < p-value < 0.01; ***: p-value < 0.001. P-values are in brackets. L1M: individuals of lineage L1
llected in Marseilles. L1C: individuals of lineage L1 collected in Crete. L3C: individuals of lineage L3 collected in Crete.
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mperature rise of 3 8C compared to the maximum SST
xperienced by this species. In addition, the Antarctic
rittle star Ophionotus victoriae could not acclimate to a
mperature rise of 2 8C compared to 0 8C [30]. Thus, we

an speculate that adult O. longicauda, particularly the L3
neage, would be little affected by future water tempera-
re rise. However, it is important to consider that larval or
venile survival may be more impacted by ocean warming
.g., [31–33]).

When comparing at the intra-complex level, we
howed that the L1C sample was more impacted by
levated temperature, since a higher mortality was

observed between 17 8C and 26 8C, and at the end of the
experiment, all individuals were dead at 30 8C. For L1M,
there was a significant higher mortality at 30 8C compared
to 26 8C, indicating that the specimens from Marseilles
were also affected by elevated temperature, but to a lesser
extent. In contrast, the L3C sample did not display any
difference among 17, 26, and 30 8C experiments, indicating
that temperature had no effect on mortality and autotomy.
Furthermore, the L3C sample displayed the lowest
mortality at 30 8C compared to L1M and L1C. Thus, when
estimating thermotolerance by a response difference
among temperatures, we showed that our L1 samples
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ere less thermotolerant than our L3C sample. However,
 confirm that this is actually an effect of the lineage (L1
rsus L3) and neither an effect of the local populations
nsidered nor a random effect, further experimentation
ould be performed including additional populations of
 (e.g., from North and South coasts of Crete) and
ditional replicate tanks.
Interestingly, we observed that L1 individuals from

arseilles were more resistant to elevated temperatures
6 and 30 8C) than L1 individuals from Crete, despite
gher average and maximal seawater temperatures in
ete. One explanation may be local adaptation to the rapid
ermal variations typically observed in Marseilles [23],

yet an experiment including short-term temperature
variations would better test this hypothesis. There might
also be a difference in reproductive times between L1C and
L1M that could have placed some additional stress on L1C
individuals, as the exact reproduction time of L1C is not
known yet. Another possibility is that individuals from
Marseilles were in better condition than individuals from
Crete, because they were not transported to the experi-
mental laboratory and did not undergo a change in
seawater. However, such transportation effects are unli-
kely, since the proportions of intact, autotomized, and dead
individuals did not differ among the three groups (L1C,
L1M and L3C) at the control temperature of 17 8C, and in

ble 2

mparison of survival, autotomy and death between three different groups (L1M, L1C, L3C) for each temperature. Proportions of each category were

mpared by applying a Fisher’s exact test.

17 8C 26 8C 30 8C

etween sites (L1 M vs. L1 C) NS (0.24) *** (2.0 � 10�4) * (0.044)

etween lineages (L1 C vs. L3 C) NS (0.83) NS (0.232) *** (8.17 � 10�4)

etween sites & lineages (L1 M vs. L3 C) NS (0.64) * (0.013) * (0.049)

: p-value > 0.05; *: 0.01 < p-value < 0.05; **: 0.001 < p-value < 0.01; ***: p-value < 0.001. P-values are in brackets. L1M: individuals of lineage L1

llected in Marseilles. L1C: individuals of lineage L1 collected in Crete. L3C: individuals of lineage L3 collected in Crete.

ble 5

oup effects on the regeneration rate parameters estimated from a Gomperz model.

L1M–L3C 17 8C L1C–L3C 17 8C L1M–L1C 17 8C L1M–L3C 26 8C L1C–L3C 26 8C L1M–L1C 26 8C L1M–L3C 30 8C

R NS (0.153) NS (0.304) NS (0.516) NS (0.830) NS (0.396) NS (0.303) NS (0.845)

ip NS (0.138) NS (0.264) NS (0.548) NS (0.358) NS (0.180) NS (0.119) NS (0.650)

L NS (0.920) NS (0.612) NS (0.273) * (0.0476) NS (0.086) NS (0.516) NS (0.350)

: maximal rate of regeneration; ML: maximal length of regenerate; tip: time to inflexion point. Each comparison was performed two by two with a

ilcoxon test (unpaired data, unilateral test, for parameters MR and ML: 17 < 26 < 30 8C; for parameter tip: 17 > 26 > 30 8C) since the data were non-

ble 3

generation rate parameters estimated from a Gomperz model.

17 8C 26 8C 30 8C

L1M L1C L3C L1M L1C L3C L1M L3C

 14 6 9 22 3 16 6 6

R 0.21 0.15 0.15 0.27 0.31 0.29 0.30 0.36

0.14 0.03 0.07 0.06 0.09 0.06 0.09 0.06

ip 13.28 12.97 16.89 6.74 6.0 6.94 6.04 5.51

4.68 2.63 7.06 0.99 0.8 1.38 1.03 1.01

L 11.3 12.06 20.13 23.71 24.54 19.77 23.32 20.25

6.55 3.79 14.93 7.83 6.20 4.66 8.54 4.91

: maximal rate of regeneration; ML: maximal length of regenerate; tip: time to inflexion point. Number of individuals (n), mean values and standard

viation (in italic). L1M: individuals of lineage L1 collected in Marseilles. L1C: individuals of lineage L1 collected in Crete. L3C: individuals of lineage L3

llected in Crete.

ble 4

mperature effects on the regeneration rate parameters estimated from a Gomperz model.

L1M 17–26 L1C 17–26 L3C 17–26 L1M 17–30 L3C 17–30 L1M 26–30 L3C 26–30

R ** (0.0028) * (0.012) *** (6.78 � 10�05) * (0.0203) *** (1.99 � 10�4) NS (0.31) NS (0.18)

ip *** (1.34 � 10�07) * (0.012) *** (5.87 � 10�06) *** (2.58 � 10�05) *** (1.99 � 10�4) NS (0.16) NS (0.16)

L *** (2.2 � 10�05) * (0.012) NS (0.26) ** (0.00232) NS (0.30) NS (0.89) NS (0.67)

: maximal rate of regeneration; ML: maximal length of regenerate; tip: time to inflexion point. Each comparison was performed two by two with a

ilcoxon test (unpaired data, unilateral test, for parameters MR and ML: 17 < 26 < 30 8C; for parameter tip: 17 > 26 > 30 8C) since the data were non-

rmally distributed. NS: p-value > 0.05; *: 0.01 < p-value < 0.05; **: 0.001 < p-value < 0.01; ***: p-value < 0.001. P-values are in brackets.
rmally distributed. NS: p-value > 0.05; *: 0.01 < p-value < 0.05; **: 0.001 < p-value < 0.01; ***: p-value < 0.001. P-values are in brackets.
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ddition, the experiment started after an acclimation
eriod of two weeks and lasted for 14 additional weeks.
he difference between L1 individuals from Crete and
arseilles may not reflect a true difference among
calities. We cannot exclude random effects affecting
hole tanks and biasing the results, since we observed a

ontamination at the very beginning of the experiment,
ading to complete mortality in four tanks. When

nalyzing the L3C response to thermal stress, our data
upport the hypothesis that L3 may be more resilient to
levated temperatures, as temperature had no significant
ffect on survival for this population, the samples at 17,
6 8C and 30 8C displaying similar relative proportions of
tact, autotomized, and dead individuals. This result is in

greement with the hypothesis that temperature may
ontribute to the geographical distribution of L1 and L3, as

e eastern Mediterranean displays higher temperatures.
An interesting aspect to develop in future studies would

e to test the importance of local adaptation in thermo-
lerance, as it is expected to differ between populations of
e same species [13,14]. The O. longicauda species

omplex comprising brooding and broadcasting lineages
ay then represent an ideal model to conduct research on
cal adaptation. Indeed, life-history differences among

neages have direct consequences on gene flow and
onnectivity, as confirmed by population genetic analyses
9]. Dispersal involves a cost to local adaptation, since
aladapted genotypes are likely to be introduced into a

on-native environment; thus, species reproducing via
rvae might be less prone to local adaptation [29,34]. Such

pecies however are able to explore more diverse
nvironments and can produce more offspring, thus they
ay cope with a rapid change in environmental conditions

etter than non-dispersing species such as brooders [15].
hus, conducting a thermotolerance study with several L3
nd L1 populations sampled in eastern Mediterranean, and
1 populations from western Mediterranean (ideally after
e reproduction period), would allow us to make
ferences about the link between local adaptation and

ispersal abilities, by discriminating the effects of species,
opulations and life-history trait variation.

.2. Regeneration

To our knowledge, this is the first study comparing
egeneration kinetics from different individuals (Fig. 1).
egeneration follows a growth curve with first a lag phase,
llowed by an exponential growth phase and ending with

 plateau. Biressi et al. [35] have described the cellular
rocesses during regeneration in O. longicauda (most
robably belonging to lineage L1 given the sampling
cation) and Amphiura filiformis. They identified four

hases: a repair phase, an early regenerative phase, an
termediate regenerative phase, and an advanced regen-

rative phase. During the repair and early regenerative
hases, the complete healing of the epithelial layer is
ccompanied by extensive migration and proliferation of
ells, leading to the formation of a blastema of undiffer-
ntiated cells. This phase is not associated with significant
rowth and corresponds to our lag phase. Intensive cell
roliferation during the intermediate regenerative phase

leads to rapid growth and corresponds to our exponential
growth phase. The advanced regenerative phase is the time
of slow differentiation and leads to a strong reduction in
growth rates, as indicated by the plateau.

Furthermore, we showed that regeneration increased
with temperature, as the time to inflexion point (tip) was
divided by two between 17 and 26 8C. This is consistent
with previous studies on the effect of temperature on
brittle star regeneration (e.g., [36,37]). Our data also
showed a threshold effect at 30 8C, as regeneration did not
significantly increase between 26 and 30 8C, this result
being congruent with the higher mortality observed at
30 8C for the lineage L1 and confirms the cost of survival at
elevated temperatures [38]. Overall, our results demon-
strate the importance to better define regeneration rate.
Often, the regeneration rate is only considered as the linear
relationship between regenerate length and time, but we
clearly show that this rate is not constant during the
regeneration process.

Our results did not display any difference in regenera-
tion between the three groups (L1M, L1C, and L3C), except
for the L1M vs. L3C comparison of ML at 26 8C, where L1M
displayed a significantly higher ML (maximal length of
regenerate) than L3C. The fact that only some of the
surviving individuals were considered, because the
stressed individuals autotomized their regenerate or died,
thus reducing the number of analyzed individuals, may
have reduced the differences among groups and their
statistical significance.

We observed a high inter-individual variation, espe-
cially for the plateau parameter ML. These variations were
not correlated with the size of the individuals, as DD and
ML were compared and no correlation was found (data not
shown). In addition, we showed that individual variation
was higher for L1 compared to L3, as shown by the
standard deviation comparisons. This may be a conse-
quence of the higher genetic diversity of L1 compared to L3
[19]. Species with high genetic diversity may also display
high phenotypic diversity (e.g., [38]). To confirm the
correlation between genetic and response diversities,
further regeneration studies should be performed on more
numerous populations of L3 and L1. Yet, our results
highlighted a physiological difference between L1 and L3,
supporting the fact that they are truly separated species.
The fact that the increase in regeneration rate with
temperature is greatly reduced between 26 and 30 8C
confirms that the temperature of 30 8C induces a sig-
nificant stress and supports the idea that future experi-
ments with geographic replicates may use the same
temperatures tested in this study.

Although preliminary, our results are interesting
because we compared the thermotolerance of two still
undescribed sibling species and found potential diffe-
rences. This is in agreement with the hypothesis that L1
may be less thermotolerant than L3 given their distribution
across the Mediterranean, L1 being less abundant in
eastern Mediterranean, where water temperature is more
elevated, in particular at shallower depths. If future
research confirms our results, the distribution of lineage
L3 may not change considering future warming scenarios.
In contrast, the distribution of L1 may shift both
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ographically and in bathymetry. Cryptic species are
mmon in the sea and often undetected [39,40]. Although
nerally closely related, they may respond differently to
vironmental changes. Thus, researchers currently study-
g potential responses to climate change should be aware
at different sibling species may occur within a nominal
ecies before predicting global warming impacts on a
ven species.
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