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Abstract

Climate change is increasingly impacting species and communities around the globe.
Ocean warming is particularly threating for marine ecosystems and many species of
marine invertebrates are especially sensitive to raising temperatures. We studied the
behavioural response of the purple sea urchin (Paracentrotus lividus), a common
herbivore of the Mediterranean Sea, to a thermal regime by performing an experiment
under controlled laboratory conditions. We evaluated changes in weight and the behaviour
of sea urchins after 11 days of exposure to four targeted temperatures under a sublethal
range (20, 23, 26, and 29 °C). Sea urchins modified their behavioural responses when
exposed to increasing temperatures, while no significant results for changes in weight
were found. Increasing temperatures induced higher mobility and activity, while longer
times were required for the righting response. These results suggest a strong temperature-
dependence of the behaviour of P. lividus and reveal the need for further studies on

consequences of climate change on marine invertebrates.

Introduction

Climate change has become one of the major threats for the environment due to the release
of increasing CO; emissions to the atmosphere (Brothers and McClintok, 2015; Garcia et
al., 2015). Climate change particularly threatens marine ecosystems, with increasing sea
surface temperature (SST) as one of its major dangers (Brothers and McClintok, 2015;
Garcia et al., 2015; Yeruham et al., 2015; Anton et al., 2020; Ding et al., 2020; Santos et
al., 2020). Over the last decade, oceans experienced the warmest temperatures ever
reached and the projection is that marine heatwaves will keep occurring with longer
duration and increasing intensity (Frolicher, Fischer & Gruber, 2018). Marine heatwaves
can exert devastating impacts on marine ecosystems due to elevated temperatures
surpassing the lethal limits of species (Yeruham et al., 2015; 2020). For instance, the

marine heatwave of 2015-2016 caused more than 40% of coral mortality in the Southern



Red Sea (Anton et al., 2020). Similarly, the 2003 European heatwave caused widespread
mortality of the endemic Mediterranean seagrass Posidonia oceanica (Marba and Duarte,
2010).

The Mediterranean Sea is particularly vulnerable to ocean warming due to its geographical
position and its dependency on currents and water influx from the Atlantic Ocean (Giorgi
and Lionello, 2008; Fox-Kemper et al., 2021). It is located in a transition zone between
the arid climate of North Africa and the temperate and rainy climate from central Europe
(Giorgi and Lionello, 2008). Furthermore, it is affected by interactions between mid-
latitude and tropical processes. The Mediterranean region has shown large climate shifts
in the past (Luterbacher et al., 2006) and it is because of these features that it is considered
a hot-spot in terms of future predictions of global warming and climate change
(Luterbacher et al., 2006; Giorgi and Lionello, 2008; Yeruham et al., 2015; Fox-Kemper
et al., 2021). The mean SST in summer between 2002-2010 in the Western Mediterranean
has increased 1,05 = 0,37°C compared to the temperatures relative to years 1980-2000
(Marba and Duarte, 2010; Jorda, Marba and Duarte, 2012). Predictions developed at the
moment show an increase not only in the mean SST of the Mediterranean, but also in the
maximum temperatures reached in the hottest season (Lionello, 2012; Lionello et al.,
2014; Savva et al., 2018). It is predicted an average increase of 2°C by 2050 and around
3,4°C by 2100 in the Western Mediterranean under the 2.6 and 8.5 RCP scenarios, which
are being used to drive climate model simulations according to the evolution of the
atmospheric composition (Meinshausen et al., 2011; IPCC 2007; 2013; Garcia et al.,
2015). This will drive into an average SST in summer of 29-30,5 °C by the end of the
century (Jorda, Marba and Duarte, 2012; Savva et al., 2018), which surpasses (or it is close
to) the lethal thermal threshold of several Mediterranean species (Savva et al., 2018).
Predictions show that the increase of SST is an important stressing factor on marine
invertebrates, manifested at a molecular and ecological level (Brothers and McClintok,
2015).

In temperate seas, echinoderms species play a key role as important herbivores,
controlling the structure and functioning of benthic communities (Crook, 2003; Gianguzza
et al., 2010; Bonaviri et al., 2011; Yeruham et al., 2015; Pages et al., 2018; Boudouresque



and Velarque, 2020). The purple sea urchin Paracentrotus lividus (Lamarck, 1816)
(Echinodermata: Echinoidea) is a key-stone species marine invertebrate widely distributed
in the Mediterranean Sea. Its thermal range spans from 10-15°C in winter and 18-25°C in
summer (Boudouresque and Velarque, 2020). P. lividus dominates intertidal rocky
bottoms and shallow water seagrasses beds (e.g., meadows dominated by Posidonia
oceanica or Cymodocea nodosa), with a maximum depth of 20 meters and an upper limit
marked by desiccation (Crook, 2003; Yeruham et al., 2015; Boudouresque and Velarque,
2020).

Temperature is an abiotic variable that affects sea urchins (Brothers and McClintok, 2015;
Yeruham et al., 2015; Zhang et al., 2017; Pages et al., 2018; Ding et al., 2019; Santos et
al., 2020). In the absence of food constraints, temperature can control physiological
responses involved in metabolic processes, including respiration and feeding rates and
somatic and gonadal growth (Yeruham et al., 2015; 2020; Santos et al., 2020;). Even
though they are a eurythermal species that can tolerate a wide range of extreme
temperatures (4-30°C) (Yeruham et al., 2015; 2020; Boudouresque and Velarque, 2020),
sea urchins have an optimal temperature at which different traits of performance peak
(Boudouresque and Velarque, 2020; Santos et al., 2020). Increasing temperatures (within
the nonlethal range) commonly rise the metabolic activity of organisms, leading to the
increase of the activity of their organisms as well as their velocity (Gibert et al., 2016;
Pagés et al., 2018). It has been demonstrated that changes in the environmental
temperature can affect the behaviour of ectotherm organisms and alter their body size
(Gibert et al., 2016; Zhang et al., 2017; Ding et al., 2020). Movement patterns, such as
velocity, as well as feeding rates may also present changes at higher temperatures (Kordas,
Harley and o’Connor, 2011; Gibert et al., 2016; Pages et al., 2018), though it is difficult
to assess (Lejeusne et al., 2009).

Sea urchins present neuromuscular-mediated behaviours such as righting responses and
foraging behaviours, that can be used as proxies of their health status and their capacity to
protect themselves from environmental stresses (Brothers and McClintock, 2015; Ding et
al., 2020). There are studies assessing the response of behavioural traits of sea urchins

regarding temperature (Zhang et al., 2017; Pages et al., 2018; Ding et al., 2020). The



righting response - the capacity to coordinate tube feet and spine movements to invert
themselves onto their oral side (Bayed et al., 2005; Ding et al., 2020) - is a common
behaviour used as an indicator of their physiological status in relation to environmental
changes as well as a health measure in relation to the stress level of the organisms
(Lawrence and Cowell, 1996; Bayed et al., 2005). It is measured in the laboratory by
inverting the organisms onto their aboral side and quantifying the time (seconds) they
require to turn back into their oral side using the tube feet and spines (Kleitman, 1941,
Lawrence and Cowel, 1996; Bayed et al., 2005; Ding et al., 2020). Righting response can
be used to assess the general physiological status of sea urchins because urchins must have
a minimum degree of coordination between the tube feet and spines (Kleitman, 1941;
Lawrence and Cowell, 1996; Bayed et al., 2005). This degree of coordination may vary
along the temperature gradient.

Foraging behaviour refers to the behavioural responses displayed by sea urchins in relation
to availability or presence of food and it has been used to assess the effect of environmental
variables such as temperature on movement patterns of echinoids (Pages et al., 2018; Ding
et al., 2020). We are assessing two foraging behaviours in this study: foraging time — time
required for the sea urchin to reach food — and foraging velocity — distance travelled by
the sea urchin to reach food. Other studies have previously measured these behavioural
responses in sea urchins (Pages et al., 2018; Ding et al., 2020) and they are considered
appropriate behavioural responses to get a general knowledge of the fitness and health
status of sea urchins, as well as to find the optimal temperature of their activity (Pages et
al., 2018; Ding et al., 2020).

Despite the ecological importance of urchins, as well as their economic value, not many
quantitative studies have investigated their behavioural ecology with regard to
temperature (Crook, 2003). This study aims to quantify the effects of sublethal
temperatures in the behaviour of the purple sea urchin Paracentrotus lividus. A laboratory
experiment was performed in the Institute of Advanced Mediterranean Studies (IMEDEA,
Mallorca, Spain), where several sea urchins were exposed to temperatures ranging from

20 to 29°C for 11 days. Growth and three behavioural responses were measured and



analysed to measure their relationship with temperature. Thus, we worked under the
hypothesis that temperature had an effect in the behaviour of sea urchins.

Material and methods

Collection and maintenance of sea urchins

A total of 20 sea urchins (Paracentrotus lividus) were collected in Port de Valldemossa,
Mallorca (39° 43° 04°°N, 2° 35° 13”’ E) (Figure 1) on May 16" 2022 between 0,5 and 3 m
depth over a rocky substrate. This urchin collection was authorized by the local authorities
(Government of Balearic Islands; GOIB). Salinity (37,4 PSU) and temperature (20,4°C)
were measured in situ to acclimatize the urchins to similar conditions in the laboratory as
those in the field. Urchins were fed with Padina pavonica, a brown algae widely
distributed in the Mediterranean Sea, which is a known food preference of P. lividus
(Garcia et al., 2015; Boudouresque and Velarque, 2020).

Figure 1. Sampling area of Paracentrotus lividus (Port de Valldemossa, Mallorca, Spain).



Specimens were transported to IMEDEA within one hour of collection. Specimens were
weighed and put into different aquariums inside a temperature chamber (Figure 2). The
20 sea urchins were randomly distributed in five 15 L aquariums (length x width x height:
25 cm x 25 cm x 30 cm) from Blau Aquaristic’s equipment (Blau aquaristic: Cubic
panoramic; www.blau-aquaristic.com). Each aquarium with four urchins was disposed
inside large tanks (length x width x height: 80 cm x 35 cm x 34,5 cm) with fresh water,
where the temperature was controlled (objective T3(°C) + 0,5) using IKS-Aquastar system
(www.iks-aqua.de) to control de temperature. Daily water changes (3 L) were made during

the experiment, as well as daily measures and adjustments of salinity (37,5 + 0,3 PSU).
To maintain the water in the aquariums clean, a water filter was set inside each aquarium
and a bubbler was included to maintain normoxia conditions during the experiment. The

photoperiod was programmed to settle 13 hours of light and 11 hours of night.

Figure 2. Disposition of tanks and aquariums during the experiment, inside the temperature chamber,
in IMEDEA.

Two grams of P. pavonica were administrated ad libitum to each aquarium every 2 0 3
days during the experiment to feed the urchins but they were starved for 24h before taking

behavioural measurements to standardize the hunger level across urchins.
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Experimental design

The urchins were acclimated for seven days, and an increase of 1°C/day was made in each
aquarium until reaching the targeted-temperatures of 20°C, 23°C, 26°C, and 29°C.
Measurements were taken individually on each urchin the first day they reached the
targeted temperature and 11 days after being exposed to that temperature.

On each sea urchin we measured growth and three behavioural responses: weight change
(gr/day), standardized weight change (%), righting response (s), foraging time (s) and
foraging velocity (mm/min) (Table 1). Behavioural responses were measured in 6 L
individual aquariums, filled with 50% fresh sea water and 50% water from their treatment

aquarium.

Table 1. Description of the response variables of the experiment.

Variable type Response variable Description

Unit

physiological weight Change in weight after 11 days of exposure

physiological standarized weight Percentage of weight loss or gained weight
behavioural  righting response Time a sea urchin takes to invert themselved onto its oral side after being turned upside down
behavioural foragingtime  Time a sea urchin took to reach the food incentive
behavioural ~ foraging velocity Distance a sea urchin reached in a minute

An additional aquarium with four urchins was maintained at 20 °C during the experiment
and used as a control treatment. Same measurements as taken for the experiment were

taken the first day and the last day of the experiment.

Righting response

All behavioural responses were measured in the 6 L aquariums by setting a GOPRO Hero
5 camera on top of the aquariums. Righting response was quantified by setting each sea

urchin onto his aboral side and measuring the time (s) they took to invert themselves onto

their oral using a timer and not for more than 15 min.

10

grams (gr)
%
seconds (S)
seconds (S)
mm/min



Foraging time

Foraging time was considered the time (s) each sea urchin took to reach the food (Padina
pavonica) After the righting response was measured, a food incentive was disposed inside
the aquarium at a known distance from the urchin. The movement of the individuals was
recorded for 30 min. When the sea urchins did not reach the food, a value of 1800 s was

noted. Data was extracted from the analysis of the videos.

Foraging velocity

The foraging velocity was considered a behavioural response related to the exposure to a
food incentive. It was calculated with the data extracted from the videos taken during the

experiment following this formula:

distance covered (imm)

Velocity (mm/min) =
y (mm/min) time of movement in 30’ (minutes)

Weight of sea urchins

Weight was measured in grams using a balance from the laboratory. Weight measurements
were also taken the day urchins were collected so urchins could be distributed across
treatments with comparable weights.

Changes in weight were calculated following the formula:

. (w2-w1)
~ days of exposure

AW

where W1 is the weight from the first measure and W2 the weight at the end of the

exposure.
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Weight change was also standardized by weight to get a percentage of weight change per

urchin using this formula:

(w2 —-w1i)
s X

AW (%) = ™

100

Statistical analysis

All statistical analysis and graphics were carried out either using R studio or Excel. In
table 2 the response variables used are described.

Temperature was considered a continuous variable to perform linear models in R studio
and allow us to test the linear effect of temperature on the response variables. In order to
perform linear regressions in R, the function Im() was used following this structure:

linealgressionX <- Im (responsevariable ~ temperature, data = mydatabase)

Linear regressions were plotted using ggplot.

Table 2. Description of the response variables measured in our study.

Response variable n Minimum  Maximum Mean = SE
Weight 4 -0,485 0,155 -0,039 + 0,068
Stardarized weight 4 -5,731 1,597 -0,548 + 0,798
Righting response 4 39 565 138,933 + 69,894
Foraging time 4 101 1800 1011,063 + 321,062
Foraging velocity 4 0 41,584 11,213 £ 6,396

Results
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Control treatment

For the control treatment, it was verified that there were no changes in the response
variables during the duration of the experiment. No significant differences were found
between the two sampling times for changes in weight or the behavioural variables using
the analysis of the variance (ANOVA) (Table 3; p value < 0,05).
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Figure 3. Bar plots for all variables used in the experiments at 20°C (control temperature), measured
two times along the experiment: (1) first day they reached 20°C and (2) after 32 days of exposure to
20°C.

Time (seconds)
Velocity (cm/second)
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Table 3. Results of the analysis of the variance (ANOVA) run for the four variables treated.

Analysis of the Variance
response variable Df  Fvalue p value

weight 1 0 0,995
righting response 1 0,038 0,852
foraging time 1 0,051 0,829
foraging velocity 1 0,066 0,806

Notes of spines lost and whether they had eaten or not were taken to keep track of signs

on health issues or stress. No mortality or stress signs were seen during the experiment.
Righting response

The righting response resulted to have a marginally significant dependence on temperature

(Figure 4; p value = 0,102; Adjusted R? = 0,130), showing a positive relationship.

600
0
500
400

a

ponse (s)

_— N W
< o =
o <o =

Righting res

<

o
19 20 21 22 23 24 25 26 27 28 29 30
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Figure 4. Linear regression between temperature (°C) and righting response (s) of the sea urchin P.
lividus after 11 days of exposure to four different temperature treatments. Black solid dots indicate the

mean (£ SE) while grey circles represent raw measurements.
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Foraging time

The relation between foraging times and increasing temperatures was positive and
significant (Table 4, Figure 5; Adjusted R? = 0,241; p value = 0,031).

2000
1800
1600

= 1400

1200

1000

800
600
400
200

0
19 20 21 2223 24 25 26 27 28 29 30
Temperature (°C)

Foraging time

Figure 5. Linear regression between temperature (°C) and foraging time (s) of the sea urchin P. lividus
after 11 days of exposure to four different temperature treatments. Black solid dots indicate the mean (#

SE) while grey circles represent raw measurements.

Foraging velocity

Results for foraging velocity were similar to those of foraging time. We found that a
positive and significant relationship between velocity of sea urchins and temperature
(Table 3; Figure 7; p value = 0,02; Figure 6).
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Figure 6. Linear regression between temperature (°C) and foraging velocity (mm/min) of the sea urchin
P. lividus after 11 days of exposure to four different temperature treatments. Black solid dots indicate

the mean (£ SE) while grey circles represent raw measurements.

Weight of sea urchins

After 11 days of exposure to the four different temperatures, no significant results were
found for changes in weight (Table 4; p value = 0,956; adjusted R? = -0,07) in relation to
the temperature treatments. The regression model for the growth in P. lividus, measured
in weight changes after 11 days of exposure to each treatment, is presented in figure 7.

There was no significant relationship between weight changes (standardized by weight of

the urchin) and temperature (Table 4; p value = 0,986; adjusted R? = -0,07).
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Figure 7. Weight change in the sea urchin P. lividus after 11 days of exposure to the four targeted-

temperatures. Black solid dots indicate the mean (£ SE) while grey circles represent raw measurements.
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Table 4. Linear regression results for all response variables.

lineal
variables regression -
Df F statistic p value Adj R
Weight changes | 0,003 0,956 0,070
(gr/day) ’ ’ ’
Righting
response
1 3,098 0,102 0,130
(s)
Foraging time
1 5,767 0,031 0,241
(s)
Foraging
velocity
) 1 7,19 0,02 0,323
(mm/min)
Weight (%) 1 0,0003 0,986 -0,071
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Discussion

Increasing temperatures can trigger complex dynamics in marine communities, including
changes of behaviour in marine invertebrates. In our experiment, we document a strong
temperature-dependence of the behaviour of the urchin Paracentrotus lividus.
Temperature affected the foraging behaviour of P. lividus, both in terms of foraging time
and foraging velocity. Foraging time decreased and foraging velocity increased along a
temperature gradient spanning from 20 to 29 °C, meaning the urchins got to the food faster
at higher temperatures. Previous experiments assessing the effect of temperature in the
foraging behaviour of different species of sea urchins show mixed results (Pageés et al.,
2018; Ding et al., 2020). For instance, Pages et al., (2018) reported that the consumption
rates — another measurement of the foraging behaviour of sea urchins - of P. lividus are
strongly related to temperature. On the other hand, results from Ding et al., (2020) showed
no significant difference in the foraging behaviour of the sea urchin Mesocentrotus nudus
after being exposed to three temperatures (10 °C, 15 °C, 20 °C). Even though for both of
those experiments and ours the targeted temperatures were below the lethal threshold, our
experiment included a high temperature treatment close to thermal threshold of P. lividus
in the eastern Mediterranean of 30,5 °C (Yeruham et al., 2015), which might explain the
strong temperature-dependence of urchin behaviour found in our results. Nevertheless, the
grazing activity of these herbivores can shape the structure and functioning of marine
benthic communities (Lawrence, 1975; Duggins, 1981; Benedetti-Cecchi and Cinelli,
1995; Schiel, Steinbeck and Foster, 2004; Hereu, 2005), and changes in their foraging
behaviour related to ocean warming might trigger unexpected changes in the
Mediterranean coastal communities.

Our results showed that the urchins took longer to turn around as temperature increased.
The righting response time more than tripled from 20°C to 29°C (righting response
increased from 85 to 271 s at 20 °C and 29 °C respectively), but no optimum for righting
response was found. The experiment performed by Brothers and McClintok (2015)

showed higher righting response times for the sea urchin L. variegatus when exposed to
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28 °C as compared to 32 °C, showing a similar response that found in our experiment,
where higher righting response times were found as temperatures approached to the upper
limit of 30,5 °C described by Yeruham et al., (2015). The ability of righting themselves
up has been related to their defence against predators. Lower righting response times
related to increasing temperatures might have great consequences due to the interaction of
the sea urchins with their ecosystem — a reduced ability of righting themselves up might
make P. lividus a vulnerable prey that could trigger a decrease of urchin density in benthic
ecosystems, potentially affecting community structure and ecosystem functioning by
causing trophic cascades.

We did not find changes in the growth rate of P. lividus after being exposed to targeted
temperatures for 11 days along a temperature gradient. It is known that metabolic rates of
sea urchins tend to increase at warmer temperatures as long as it does not surpass the
species thermal limit (Lemoine and Burkepile, 2012; Gibert et al., 2016; Pagés et al., 2018;
Boudouresque and Velarque, 2020; Santos et al., 2020), which we did not exceed in our
experiment. However, 11 days might not have been enough time to observe changes in
the weight of the sea urchins. Pages et al., (2018) exposed P. lividus for two months to the
targeted-temperatures between 16 and 31 °C and reported a quadratic response with an
increase in body weight from 16 °C up to an optimum of 22 °C followed by a steadily
weight decrease from 23 to 31 °C.

No urchins died during our experiment, indicating that the thermal limit of this population
of urchins from the western Mediterranean was not reached at 29° C. Unfortunately, in
our experiment we were unable to identify the optimum temperature of any of the
performance traits assessed since the relations with temperature were linear (increasing or
decreasing) instead of quadratic. However, we were able to demonstrate that the behaviour
of P. lividus is strongly affected by temperature.

Therefore, we believe further investigation needs to be taken to find the optimum
temperature of P. lividus in the Western Mediterranean. The simulation of more complex
scenarios (e.g., adding other trophic levels such as predators and resources) might be key
to understand the dynamics involved in the behaviour of sea urchins in shallow coastal

ecosystems under climate change scenarios.
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Despite their ecological importance, the behaviour of sea urchins has rarely been
quantified in relationship to temperature. Given the importance of echinoids as key-stone
species in shallow coastal ecosystems, it is necessary to have a better understanding of the
complex dynamics that could develop in a rapidly warming ocean.
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