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a b s t r a c t

Ocean warming is causing Sea Surface Temperature (SST) to rise, which is projected to reach +2
to +4.5 ◦C by the end of the 21st century. Temperature is considered the most important factor
controlling the distribution, physiology, morphology and behavior of marine invertebrates. Early life
history stages appear to be particularly sensitive to ocean warming. Effects of ocean warming on larval
development have been documented in a wide range of invertebrate species; however, few studies
have tested the effects of temperature on gastropod larvae. Here, we assessed the effects of two
seawater temperature treatments: control (20 ◦C) and high (25 ◦C), on survival and larval development
of Patella ordinaria through manipulative experiments. Data were analyzed using two-way ANOVA
by permutations. To evaluate the effects of temperature and time on larval development, at each
larval stage (oocyte, 2 cells, 4 cells, morula, trochophore, veliger, pediveliger), two-way permutational
multivariate analysis of variance (PERMANOVA) was performed. In both analyses, temperature (20 ◦C
vs. 25 ◦C) and time (3, 6, 19, 24, 28, 32 and 42 h) were used as fixed factors. The results showed
a negative impact of high temperature on larval development and survival of P. ordinaria, and the
implications are discussed. The early developmental stages of P. ordinaria larvae are studied for the
first time.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

As a consequence of increased greenhouse gases concentra-
ion, sea surface temperatures (SST) have risen considerably
Bindoff et al., 2007). Ocean warming is causing a SST rise pro-
ected to reach +2 to +4.5 ◦C by the end of the 21st century
IPCC, 2014). Temperature is considered the most important
actor controlling the distribution, physiology, morphology and
ehavior of marine invertebrates (Doney et al., 2009). Diverse
pecies can broaden their distribution range, leading towards a
lobal tropicalization (Perry et al., 2005; Horta e Costa et al.,
013) and meridionalization (Brito et al., 2005; Yapici et al.,
016) of marine biota. Responses to climate change stressors
eem to be highly species-specific and effects on fitness-related
arameters can be either negative or positive (Wittmann and
örtner, 2013). However, the habitats the species occupy seem
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to play an important role. Species with temperate affinities can
show the negative effects of increased temperature, such as on
the survival of those already at their distribution limit (Harley
et al., 2006). In contrast, species with tropical affinities can show
positive responses to temperature increase as their distribution
range broadens (López et al., 2020).

Early life history stages are considered to be more sensitive
to environmental stress than adult stages and such impacts have
received much attention (reviewed by Dupont et al., 2009; Byrne
and Przeslawski, 2013). These life stages may be particularly
sensitive to ocean warming (Pechenik, 1987; Gosselin and Qian,
1997). In fact, the effects of ocean warming on larval develop-
ment have been documented in a wide range of invertebrate
species (O’Connor et al., 2007; see review by Dupont et al., 2009).
Survival, development and growth of early life stages may have
particularly severe consequences for species where their persis-
tence or recovery from disturbance hinges on larval recruitment
(Byrne et al., 2011; Byrne and Przeslawski, 2013). However, few
studies have tested the effects of temperature on gastropod lar-
vae, although some have assessed the impacts of temperature
and pH changes on Patella vulgata (Findlay et al., 2009), the

opisthobranch Stylocheilus striatus (Allen, 2012) and temperature,
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salinity and/or ocean acidification on Nassarius genus (Zhao and
Jin, 2001; Zhao et al., 2009; Zhang et al., 2014).

The Canary Islands are an archipelago in a subtropical re-
gion where the gastropod Patella crenata (Class Gastropoda, Fam-
ily Patellidae), recently denominated Patella ordinaria (Titselaar,
2019) is distributed. Its populations have undergone severe de-
cline in recent decades as a consequence of intensive anthro-
pogenic pressure (Batista, 2001; Cabrera, 2001; Navarro et al.,
2015; González-Lorenzo, 2015). This species lives in intertidal
and subtidal habitats on all islands in the archipelago (Batista,
2001; González-Lorenzo, 2015). Some studies have described the
ecology and biology of P. ordinaria (see Batista, 2001; Cabrera,
2001; Navarro et al., 2015; González-Lorenzo, 2015); however,
how ocean warming affects it has not yet been investigated.

The Canary Islands are near to the Saharan upwelling. The cold
Canary Current and trade winds give rise to a variety of mesoscale
phenomena (Barton et al., 1998, 2004). These phenomena gen-
erate a longitudinal Sea Surface Temperature difference that can
exceed 2 ◦C between the islands of Lanzarote (East) and El Hierro
(West) (Barton et al., 1998). In addition, recent studies show a
rising trend of 0.28 ◦C per decade between 1982–2013 in the
Canary Islands (Vélez-Belchí et al., 2015).

This study is focused on the effects of temperature on survival
and larval development in P. ordinaria. Since it is a species with
temperate affinities, we hypothesized that it would show its vul-
nerability to ocean warming in future climate change scenarios
in the form of lower survival rates of its larval stages.

2. Materials and methods

We ran a manipulative experiment in the laboratory to assess
the effects of temperature rise, according to the ocean warming
predictions on Patella ordinaria larval development.

2.1. Limpet collection

Twelve mature specimens were collected by snorkel divers
in February 2019, coinciding with availability of reproductively
mature individuals (see González-Lorenzo, 2015) in a natural
habitat located in the municipality of Candelaria (28o22’6.939’’
N, 16o21’41.982’’ O). This locality is constituted of artificial blocks
where these animals are settled. The individuals were transported
to the laboratory under controlled humidity and darkness imme-
diately after collection, where they were placed in an aquarium
at 20 ◦C with filtered seawater (FSW).

2.2. Spawning induction and fertilization

As limpets do not show external sexual dimorphism, all indi-
viduals were exposed to spawning induction by different tech-
niques reported in the bibliography, along with newly tested
approaches. The chosen techniques consisted of strong continu-
ous air bubbling and/or injecting KCl, a compound used in other
invertebrates to induce spawning (Corpuz, 1981; Ferranti et al.,
2018; Kay and Emlet, 2002).

For the bubbling method, seven individuals were deposited in
seven 100 ml sterile beakers in FSW. Seawater was vigorously
bubbled for 2 h using standard Eheim aquarium oxygenators
positioned at the bottom of each beaker (Kay and Emlet, 2002;
Ferranti et al., 2018). The KCl technique was applied to seven
individuals by injecting 1.5ml of KCl (0.1 M) through the mantle.
Finally, after bubble treatment seven females spawned success-
fully and three males released sperm from the KCl technique. Eggs
were collected in the FSW, while male gametes were collected
directly from each individual using a micropipette and kept at
4 ◦C until used. Gametes were mixed before contact with those
of the opposite sex.

To carry out fertilization assays, eggs and sperm were added
together in beakers with 100ml of filtered seawater (FSW) for
one hour at 20 ◦C, in a proportion of 6000 eggs to 6 sperm
drops. Afterwards, the solution was filtered (60 µm) and treated
t different temperatures. Before fecundation, spermmobility and
ggs state were checked. No eggs were exposed to alkaliniza-
ion conditions, despite such recommendations in the literature
Ferranti et al., 2018).

.3. Experimental setup

Temperature was manipulated in two 40 l aquariums, one
as a control treatment (20 ◦C) corresponding to natural sea
ater conditions in the Canary Islands in winter and another high
emperature (+5 ◦C), predicted for the year 2100 in the region,
IPCC 2013). These were warmed and kept at constant temper-
tures by Eheim Jager heaters. Three replicates (3 independent
eakers) were placed on a support in each aquarium, consisting
f 100ml of autoclaved filtered seawater with an average density
f 14 fertilized eggs/ml. All replicates were subjected to a 14/10 h
ight/dark cycle, with constantly aerated seawater in each beaker
Fig. 1).

Larval survival (measured as number of live larvae) and em-
ryonic stage were assessed in the samples after 48 h. Counts
ere done by taking 3 aliquots of 1 ml from each replicate beaker
nd observing under the microscope. The sampling times were
, 6, 19, 24, 28, 32 and 42. In each aliquot, the number of eggs
as registered at the different stages of cell division: oocyte with
horion, fertilized egg, 2 cells, 4 cells, morula, trochophore, veliger
nd pediveliger larvae under the microscope at each sampling
ime. For all combinations of temperature and time, 3 replicates
ere performed where 3 ml of each replicate were counted.

.4. Data analysis

In order to assess the effects of seawater temperature on larval
urvival in the species, the data were analyzed by means of a two-
ay PERMANOVA, where temperature (2 levels; 20 ◦C vs. 25 ◦C)
nd time (7 levels; 3 h, 6 h, 19 h, 24 h, 28 h, 32 h and 42 h) were
sed as fixed factors.
To evaluate the effects of temperature and time on embryonic

evelopment, a permutational multivariate analysis of variance
PERMANOVA) was performed with the same design as described
bove.
Euclidean distances were used for all analyses of variance,

nd the respective significant terms were examined a posteriori
ith pairwise comparisons by permutations (Anderson, 2005). If
here were insufficient possible permutations for a reasonable
est, corrected p-values were obtained with Monte Carlo random
raws from the asymptotic permutation distribution. All statis-
ical analyses were carried out using PRIMER6 & PERMANOVA+
.1.0.1 software.

. Results

.1. Larval development

At the end of the experiment, larval development of P. or-
inaria was described for the first time in control treatment.
omplete larval development took at least 42 h, passing through
ight different stages: oocyte with chorion (Fig. 2A), fertilized egg
ere observed at 1 h after fertilization (Fig. 2B). Early divisions
ere fast, two blastomere embryos at 3 h (Fig. 2C), four blas-
omere embryos and morula stages were observed within 3–6 h
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Fig. 1. Detail of experimental setup.

Fig. 2. Developmental stages of Patella ordinaria in control treatment. (A) Oocyte with chorion. (B) Fertilized egg. (C) 2-cell stage. (D) 4-cell stage. (E) Morula. (F) Early
swimming trochophore. (G) Late swimming trochophore. (H) Pre-torsional veliger. (I) Late-pretorsional veliger. (J) Swimming pediveliger. (K) Crawling pediveliger.
(L) Crawling pediveliger beginning post-larva stage. Scale bars 100 µm. Abbreviations: ch: chorion; ac: apical cilia; pc: prototrochal cilia; ls: larval shell; V: velum;
vc: velar cilio; ct: cephalic tentacle; t: telotroch.
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Table 1
(A) Result of the two-way PERMANOVA comparing survival larvae of Patella
ordinaria in two temperature treatments (Tr=20 ◦C vs. Tr=25 ◦C) and between
sampled times (Ti=3 h vs. 6 h vs. 19 h vs. 24 h vs. 28 h vs. 32 h vs. 42
h). (B) A posteriori pairwise comparisons of the significant interaction of factor
‘Temperature treatment x Time’. Significant results (p < 0.05) are shown in bold
(A) Survival

Factor DF SS MS Pseudo-F P (perm)

Tr 1 5.1852e−3 5.1852e−3 1.5051e−3 0.9684
Ti 6 341.92 56.986 16.541 0.0001
TrxTi 6 48.976 8.1627 2.3693 0.0496
Res 28 96.465 3.4452
Total 41 487.36

(B) Pair wise

Treatment Time t P(perm) Permutations
number

P(MC)

20 ◦C vs. 25 ◦C 3 h 2.1767 0.0995 10 0.0905
20 ◦C vs. 25 ◦C 6 h 0.2835 1 6 0.798
20 ◦C vs. 25 ◦C 19 h 1.225 0.3037 10 0.2895
20 ◦C vs. 25 ◦C 24 h 1.0335 0.4994 10 0.364
20 ◦C vs. 25 ◦C 28 h 1.4033 0.1993 6 0.2404
20 ◦C vs. 25 ◦C 32 h 1.2562 0.2024 5 0.281
20 ◦C vs. 25 ◦C 42 h 3.4684 0.1003 4 0.0282

Fig. 3. Mean values ± SE of density in larvae/ml of Patella ordinaria at each
time sampled (3 h; 6 h; 19 h; 24 h; 28 h; 32 h; 42 h). Significant differences
are shown with an asterisk (*).

(Fig. 2 D–E).Early trochophores were observed between 6-19 h
(Fig. 2 F–G).Early veliger and veliger were registered between 32–
42 h post fertilization (Fig. 2 H–I)and swimming and crawling
pediveliger stages were observed at 42 h (Fig. 2 J–L).

3.2. Larval survival

Survival decreased with time, with significant differences in
treatment*time (Table 1A). A posteriori pairwise tests revealed
that these differences appeared among temperature treatments
at 42 h (Table 1B).

At 42 h post-fertilization, in control treatment (20 ◦C) larval
density was 0.88 larvae/ml, while at (25 ◦C) treatment no larvae
were observed (0 larvae/ml). The highest densities were observed
at the beginning of the experiment in both treatments, with
higher densities at 25 ◦C than at 20 ◦C (see Fig. 3).

3.3. Larval development

Significant differences in larval development were observed
between temperature treatments and times (Table 2A), where
in the control treatment all larval stages were observed. These
differences were observed between temperature treatments at
42 h (Table 2B).
Table 2
(A) Results of the two-way PERMANOVA comparing the effect of temperature
(Tr) and time (Ti) on embryonic development of Patella ordinaria (B) A posteriori
pairwise comparisons of the significant interaction of factors ‘Temperature
treatment × Time’. Significant differences are shown in bold.
(A) Larval development

Factor DF SS MS Pseudo-F P (perm)

Tr 1 25.813 25.813 4.6295 0.0053
Ti 6 225.45 37.575 6.7389 0.0001
TrxTi 6 118.1 19.684 3.5301 0.0001
Res 28 156.13 5.5759
Total 41 525.49

(B) Pairwise tests

Treatment Time t P (perm) Permutations
number

P (MC)

20 ◦C vs. 25 ◦C 3 h 1.6969 0.2124 10 0.1323
20 ◦C vs. 25 ◦C 6 h 0.91185 0.6982 10 0.4678
20 ◦C vs. 25 ◦C 19 h 1.3252 0.2002 10 0.2301
20 ◦C vs. 25 ◦C 24 h 1.1849 0.2046 10 0.2931
20 ◦C vs. 25 ◦C 28 h 0.99172 0.5922 10 0.4214
20 ◦C vs. 25 ◦C 32 h 1.4707 0.2069 10 0.1858
20 ◦C vs. 25 ◦C 42 h 2.7931 0.1046 10 0.0324

The first stages (oocytes and oocytes with chorion) were
abundant in the two temperature treatments throughout the
entire process. The presence of oocytes without a membrane
was greater in the control treatment than in the temperature
treatment (16 oocytes/ml and 9 oocytes/ml respectively), while
the proportion of oocytes with a membrane varied around 5
oocytes/ml in the two treatments, developing slightly faster in
the temperature treatment (see Fig. 4).

The 2cell, 4cell and morula stages began to be present at 3 h
and 6 h in both treatments. The trochophores were observed
in the control samples after 7 h, while at elevated temperature
trochophores were observed only at 32 h. The veliger state was
only observed in the control treatment after 32 h (Fig. 4).

The highest trochophore percentages were observed in the
control treatment at 19, 24 and 28 h (Fig. 4A) while at elevated
temperature the percentage was very low, with densities of 0.02
larvae/ml (Fig. 4B). Finally, the veliger and pediveliger were only
present in the control treatment at 32 and 42 h respectively and
with values around 1 larva /ml (Fig. 4).

4. Discussion

This study describes for the first time the larval cycle of
Patella ordinaria. It also shows the negative effects of temperature
increase on its larval development in laboratory experiments.

The early stages of larval development in Patella ordinaria
ppear in this study to be very similar to other related limpet
pecies such as P. ferruginea (Espinosa et al., 2010; Guallart et al.,
020) or P. vulgata (Dodd, 1957; Wanninger et al., 1999) and
lightly faster than those recorded in P. caerulea (Wanninger
t al., 1999). In both cases, development times did not exceed
8 h, making these species very vulnerable to any environmental
lteration to which they are subjected (Morgan, 1995; Guallart
nd Templado, 2012; Parker et al., 2009).
As in various other marine organisms, the larval develop-

ent of P. ordinaria was negatively affected by the projected
uture temperature rise. Similar results have been observed in
ther invertebrates such as the echinoderm species Heliocidaris
rythrogramma (Byrne et al., 2009), where an increase of 6 ◦C
ed to an anomalous and incomplete larval development, or in
eridiastra calcar where a 2 ◦C rise decreased larval size and
urvival (Nguyen et al., 2012). However, positive responses have
een observed in other early stages of cnidarian species (Chua
t al., 2013).
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Fig. 4. Cumulative percentage of early larval stages for each time sampled. A.
Under control temperature treatment. B. Under high temperature treatment.

This study shows how the temperature rise expected at the
end of the century is likely to negatively affect larval development
in P. ordinaria, at least under laboratory conditions. This increase
(5 ◦C) prevented the larval cycle of our target species from being
fully accomplished. During the first stages, the higher tempera-
ture at first accelerated larval development but soon later halted
it.

Since not all marine organisms respond equally to these situa-
tions, P. ordinaria is a gastropod linked to cold-temperate waters,
o one would not expect a temperature increase to favor its larval
evelopment. Even so, there are species that have benefited from
he progressive SST increase, as part of ongoing tropicalization
r meridionalization processes. A case in point is the sea urchin
iadema africanum, favoring its larval development (Hernández
t al., 2010).
Other work carried out with some species of the genera

ytilus (Gaylord et al., 2011; Gazeau et al., 2010), Crassostrea
(Miller et al., 2009) and Stylocheilus (Allen, 2012) has revealed
the vulnerability of these types of mollusks to alterations in pH,
also derived from climate change. This further issue would have
been interesting to include in this experiment, since an inter-
action between temperature and pH could modify the response
to the temperature rise, either intensifying or counteracting its
effect. Currently there are few studies on the impact of climate
change on gastropods and more specifically on the Patella genus.
The present study constitutes a first approach to how climate
change affects this important species in the Canary Islands. How-
ever, future research using intermediate temperatures, such as
23 ◦C, is necessary to assess the short term effects of climate
change on P. ordinaria populations. Indeed, several studies show
that some intertidal invertebrates are already living near their
physiological tolerance limits (Tomanek, 2008; Somero, 2010).
Consequently, already shifting base-line environmental condi-
tions may be pushed to suboptimal or lethal levels by extremes
such as heat waves. With these results, this study highlights the
need to protect this key species inhabiting rocky bottoms in the
Canary Islands in areas considered climatic refuges. These areas
have colder temperatures due to their orographic or regional
microclimate conditions, naturally affording it more protection,
particularly in such areas where warming is not expected to be so
pronounced. In this way, survival of P. ordinaria populations could
at least be ensured on some stretches of the north-eastern coasts
of the Canaries. For these and other reasons, there is a continued
need to carry out research on how such species will adapt to a
future faced with climatic changes, including its impact on newly
settled specimens.
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