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Abstract Knowledge about migration potential is key to forecasting species distributions in
changing environments. For many marine benthic invertebrates, migration happens during
reproduction because of larval dispersal. The present study aims to test whether larval size
can be used as a surrogate for migration potential arising from larval longevity, competence,
sinking, or swimming behavior. The hypothesis was tested using larvae of three sympatric
gorgonian species that release brooded lecithotrophic larvae in the same season:
Paramuricea clavata, Corallium rubrum and Eunicella singularis. Despite different
fecundities and larval sizes, the median larval longevity

was similar among the three species. Free-fall speed increased with larval size. Nevertheless,
the only net sinkers were the smallest P. clavata larvae, as swimming was more common
than free fall in the other two species. For the other two species, swimming activity
frequency decreased as larval size increased. Interestingly, maximum larval longevity was
lowest for the most active but intermediately sized larvae. Larval size did not covary
consistently with any larval traits of the three species when considered individually. We thus
advise not using larval size as a surrogate for migration potential in distribution models. The

three species exemplified that different mechanisms, i.e., swimming activity or larval
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longevity, resulting from a trade-off in the use of energy reserves can facilitate migration,

regardless of life history strategy.

1. Introduction

Forecasting the impact of climate change on biodiversity requires mechanistic models
similar to those used for climate change predictions (IPBES 2030 work program,
https://ipbes.net/o4-supporting-policy). Species, habitat or niche models should incorporate
the mechanisms regulating species spatial distributions to project future changes in
biodiversity and species richness. Since Darwin’s early observations, the ecological niche
concept has been key to explaining the spatial distribution of species under selection
pressures that arise from the environment and interactions between species® 2. The concept
postulates that each species should have a unique set of conditions defining its persistence.
Correlative approaches linking species occurrence data with environmental descriptors have
been extensively applied to infer species niches and to project species spatial distributions
(reviewed in %). However, correlative approaches might fail to predict changes in species
spatial distributions when environmental conditions evolve more rapidly than the species
can cope with®. Indeed, when local environmental conditions change, a species’ persistence
will depend on its ability to track suitable conditions for existence through migration and/or
to adapt locally”.

Trait-based mechanistic models explicitly include migration processes through a
migration parameter, i.e., expansion distance per unit time (meta-population®; meta-

community’). However, spatiotemporal mechanistic models are still limited in their
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application due to knowledge gaps in migration parameters®. For sessile species such as
plants in terrestrial ecosystems or benthic invertebrates in marine ecosystems, migration
happens during reproduction because of offspring dispersal. Estimating offspring dispersal
distance in such species is challenging because reduced larval size limits their tracking.
Propagule size has been used as a proxy of dispersal distance, such as smaller seeds
dispersing farther®. In the ocean, other proxies have been used to infer larval dispersal
distance. For example, it is common to assume that lecithotrophic (nonfeeding) larvae
disperse less than planktotrophic (feeding on plankton) larvae'® ** or that different
reproductive strategies impact dispersal potential, such as less fecund internal brooders
dispersing less than more fecund broadcast spawners*? *3. However, in contrast to the
passive dispersal of seeds, larvae can display motility behavior and regulate their buoyancy
during dispersal**. Larval motility behavior adds a degree of freedom in the hyperspace of
larval traits defining the larval dispersal potential of a species. Hence, larval behavior may
obscure the aforementioned putative proxy relationships between dispersal potential and
reproductive strategy and/or larval size.

At sea, offspring migration parameters, i.e., dispersal distance per generation, have
been inferred indirectly from population genetic®®, otolith and shell microchemistry™®, or/and
biophysical modeling®” data. In addition to intrinsic methodological uncertainties'®,
population genetics and otolithometry estimates suffer the same forecasting limitation as
correlative species distribution models, as they result from the past history of species-
environment interactions'®. Biophysical modeling is the only tool that enables the prediction

of offspring dispersal distances in future environmental scenarios, but it requires
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incorporating larval traits that regulate dispersal. These larval traits are release timing and
location, pelagic larval duration (PLD, the period of time during which larvae of a benthic
species can disperse in the flow until settlement) and motility behavior that results from the
balance between free fall and swimming activity®. Minimum PLD corresponds to larval
competence onset, which is defined as the moment in which pelagic larvae can
metamorphosize in their benthic form to settle. However, PLD can extend as long as some
larvae survive and are still able to metamorphosize. Certainly, flow dispersal can delay
settlement opportunities in the benthic habitat, and because dispersal distance often increases
with PLD?, migration potential should instead be assessed using the upper limit of the PLD
range.

In the present study, we selected three sympatric sessile species differing slightly in
reproductive strategies, which depend on lecithotrophic larvae of different sizes to migrate.
Larval traits regulating their dispersal and hence offspring migration parameters were
quantified. The white gorgonian Eunicella singularis (Esper, 1794) is a species with an
approximately 25-year life expectancy®. It is distributed throughout the western
Mediterranean and Adriatic Sea and occasionally present in the eastern Mediterranean,
dwelling on rocky bottoms in shallow waters, as well as on coralligenous formations in
deeper sublittoral waters®* 2%, Each year, E. singularis releases 1-5 lecithotrophic ciliated
larvae (planulae) per polyp between the end of June and early July® ?. E. singularis
planulae are internally brooded, symbiotic, and bright pink, with a major axis of ~2.5 mm
and a minor axis of 0.5 mm?. The Mediterranean red coral Corallium rubrum (Linnaeus,

1758) is a slow-growing species with presumably more than a 100-year life expectancy?’. It
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is distributed throughout the Mediterranean Sea and adjacent Atlantic coasts between 20 and
at least 600 meters depth®®. Each year, C. rubrum releases 1-2 lecithotrophic ciliated larvae
(planulae) per polyp between the end of July and early August®. C. rubrum planulae are
internally brooded and do not host symbiotic algae. They are white and club-shaped, with a
major axis of ~1 mm and a minor axis of 0.3 mm®. C. rubrum planulae can survive up to 42
days in the water column (median larval longevity of 32 + 11 days), showing negative
buoyancy with free-fall speeds between 0.03 and 0.09 cm s™ and a high swimming activity
frequency (82+ 14.5%"). Finally, the red gorgonian Paramuricea clavata (Risso, 1826) is a
species with a more than 30-year life expectancy and is widely distributed along the western
basin of the Mediterranean Sea and in the Adriatic Sea®. P. clavata spawns 8 to 20 oocytes
per polyp every year in two short release events at 15-day intervals in June®®. Fertilization is
external, and embryogenesis takes place on the surface of the colony between 48 and 72
hours upon oocyte release (surface brooder). Fertilized oocytes become lecithotrophic
ciliated planulae within 48 hours after fertilization. P. clavata planulae do not host symbiotic
algae, are purple and can reach 1 mm in length when completely developed™*. Earlier studies
based on qualitative observations suggested that P. clavata larvae have low dispersal

potential and should settle near parental individuals®,

The present study aims to test whether larval size can be used as a surrogate for the
migration potential arising from larval dispersal. Larval traits required to forecast larval
dispersal in biophysical modeling were quantified for P. clavata and E. singularis, as

similarly done for C. rubrum®. In particular, we assessed release timing, PLD (derived from
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larval longevity and metamorphosis rate), buoyancy, and larval vertical motility behavior.
Differences in these larval traits were tested among the three species. The observed
relationships between larval traits and larval size are compared to those expected from either

a life history strategy or an energetic perspective.

2. Material and Methods

2.1 Larval collection

Larval release of P. clavata and E. singularis was recorded between 2011 and 2016 off the
Catalan coast. P. clavata (surface brooder) released oocytes between June 20th and July 14th,
while E. singularis (internal brooder) released larvae between June 15th and July 26th (Table 1,
Supplementary Material 1). Offspring of the two species were collected in 2011, 2012, 2014 and
2016 at two sites along the Catalan coast (Cap de Creus, Spain and Banyuls-sur-Mer, France). P.
clavata oocytes were collected with 50 ml syringes from the surface of at least 10 different
females in each site and within 2 days upon release. Two days after collection, 36% +/- 5%
(mean +/- standard deviation, SD) of collected oocytes had transformed into planula larvae.
Larvae were kept in 2 L containers filled with filtered seawater (< 5 um) at 18-20°C (average
temperature in June-July at a 27 m water depth in Banyuls Bay - Service d'Observation du
Laboratoire Arago). P. clavata larvae were reared in dark conditions, as they do not host
symbiotic algae. Water was renewed every other day. To obtain E. singularis planulae, 10 female
colonies were collected at each site and transferred to closed-circuit aquaria at 18-20 °C with

oxygenation until planula release (end of June®®). Released planulae were collected daily for 20
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days. Larvae released within two consecutive days were pooled to form age cohorts. E.
singularis larvae contain Symbiodiniaceae dinoflagellates, whose metabolism is activated by
light®™. To test the possible benefit of autotropic input for larval longevity and/or metamorphosis,
each cohort was separated into two groups: one group kept in dark conditions and one group
exposed to a 12 h photoperiod (12 h light/12 h dark cycle). All larvae were maintained at 18-20
°C in 2 L containers with filtered seawater (< 5 um), which was renewed every other day.

The following traits were quantified in the laboratory: (1) larval survival rate (proportion of
initial larval number that survived in the absence of predation), (2) metamorphosis rate
(proportion of the initial larvae that metamorphosed into polyps), (3) surface area of larvae
(maximum projected planar surface area of larvae in photographs), (4) larval body density (larval
mass per unit volume), (5) free-fall speed (fall speed of nonswimming larvae in still seawater at
20°C), and (6) swimming activity frequency (proportion of time during which larvae are actively
swimming). Different traits were measured between 2011 and 2016 (Table 1, Supplementary

Material 1).

2.2 PLD: larval survival and metamorphosis rates in the absence of predation

PLD is defined by the overlap of two periods of time: the period during which metamorphosis is
possible (competence window) and the period during which the larvae survive (larval longevity).
Thus, PLD was defined after assessing larval survival and metamorphosis rates. For larval
survival and metamorphosis rate assessment, ~400 larvae were randomly chosen from each
release event and subdivided into three 0.4 L glass containers (replicates, n = 100, 130 or 150)

with filtered seawater (< 5 pm), which was renewed every other day to simulate the conditions of



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

pelagic dispersal. Metamorphosis was defined as the moment at which larvae underwent
morphological differentiation into a tiny eight-tentacled polyp? **. For P. clavata, larval survival
and metamorphosis rates were quantified on larvae from one release event in 2014 and three
release events in 2016. Such a procedure was adopted to test the effects of both inter- and intra-
annual variability. For E. singularis, larval survival and metamorphosis rates were quantified on
larvae from three release events in 2016. Larvae from one release event were maintained in dark
conditions, and larvae from the other two release events were maintained in a 12 h photoperiod.
Healthy larvae and polyps from both studied species were counted every other day (precision of
3%, estimated from repeated counts) while pipetting them into a different container for water
renewal. Damaged larvae were also transferred but not counted. Sometimes, P. clavata polyps
were detected a few days after their metamorphosis due to their small size and potential
confusion with damaged larvae. The larval survival rate at a given age was calculated as the
number of healthy larvae of that age divided by the initial number of larvae at age 0. The
metamorphosis rate at a given age was calculated as the number of polyps of a given age divided
by the initial number of larvae at age 0. For each release event (n = 3), minimum, half and
maximum larval longevity were defined as the time since larval release at which survival rates
were 95%, 50 % and 5 %, respectively. The effect of the release event on the minimum, half, and
maximum larval longevity and metamorphosis rate was tested by one-way ANOVA (MATLAB
command “anoval”, MATLAB 2012) with “Release event” as the factor (4 levels and 3
replicates for P. clavata, 2 levels and 3 replicates for E. singularis in dark/light conditions).
When a significant difference was found, a post hoc test was performed (MATLAB command

“multcompare” with a 5% significance level for Tukey’s honestly significant difference (HSD)
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criterion, MATLAB 2012).

2.3 Surface area, body density and free-fall speed of inactive larvae

The projected planar surface of 160 <12-day-old larvae of P. clavata, E. singularis and
Corallium rubrum was measured using scaled pictures. Scaled larval pictures were taken in top-
view Petri dishes with a SONY DFW-X700 camera mounted on a binocular, using VISILOG
software for image scaling (for C. rubrum, pictures were taken during the previous study®}).
Pictures were processed with a routine developed by the authors with the MATLAB Image
Processing toolbox that semiautomatically detects larvae after optimizing image contrast and
binarizing it (MATLAB 2012, SurfaceObjetFinal.m routine available at
https://github.com/guizien/Larval-actography; the main steps are detailed in Supplementary
Material 2). Body density and free-fall speed of planulae of P. clavata and E. singularis were
quantified for different ages (2-day age cohorts). Measurements for the same age with planulae
from different 2016 release events were considered replicates. The buoyancy of planulae was
defined as the difference between planula body density and seawater density. It could be
positive, negative or neutral, leading to larvae that float, sink or stay in position while inactive,
respectively. In this study, the modified dual-density method described in * was used to estimate
the specific body density of planulae, which consisted of observing whether they floated or sank
through a series of 7 density gradients produced by layering seawater (density of 1.0265 g ml™ at
20°C) either over a sucrose solution (distilled water plus sucrose) with densities ranging from
1.027 to 1.039 g ml™ or below a sucrose solution of 1.024 g mI™ An additional test tube

containing only seawater was used to confirm the buoyancy under nearly natural conditions with
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a seawater temperature of 20°C for P. clavata (maximum seawater temperature below a 20 m
depth) and 22°C for E. singularis (maximum seawater temperature at an upper 20 m depth).

To immobilize the larvae without killing them while maintaining their shape and their free-fall
properties, the larvae were anesthetized by immersing them for less than 15 min in menthol-
saturated seawater. Anesthetized larvae were checked under a stereomicroscope, and those with
visible damage on their external surface were rejected. Twenty anesthetized larvae were injected
sequentially into each test tube and were allowed to settle for 10 min into the density gradient
produced by the two fluids. Only the larvae that sank to the bottom were considered denser than
the corresponding sucrose solution. The experiment duration was calibrated by checking larval
segregation stability in tubes with different sucrose concentrations after different times from 5
min to 1 h. We did not observe larval damage by the sucrose solution with up to 15 min of
experiment duration. This procedure was carried out every day until the larvae were
approximately 30 days old. A frequency distribution of body density was built for each day,
reporting the proportion of larvae denser than each sucrose solution (n = 20 larvae). The 20%
and 80% quantiles of these frequency distributions were used to define the range of larval body
density values.

For both species, free-fall experiments were carried out at different larval ages until they reached
30 days old. P. clavata larvae were not anesthetized, as they displayed almost negligible
swimming activity (see Results section 3.3). In contrast, E. singularis larvae were anesthetized to
measure free-fall speed in the absence of swimming activity. For each species and larval age, a
minimum of 30 larvae were gently injected into a settling device filled with seawater at room

temperature. The settling device was a square bottle (9 cm width, 20 cm height) topped with a

11
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wide funnel (15 cm diameter) to minimize the movement inside the bottle caused by the injection
itself. Individual larval free-fall speed was calculated from video recordings after detecting
larvae and reconstructing their individual tracks with two semiautomated routines developed by
the authors with the MATLAB Image Processing toolbox (MATLAB 2012,
Extract_larvae_position_Final.m and Build_track_Final.m routines available at
https://github.com/guizien/Larval-actography; the main steps are detailed in Supplementary
Material 2). Free fall was recorded over a 5 cm height in the middle of the square bottle to avoid
wall effects®”. Seawater temperature varied among the experiments from 19 to 23°C, which
could have altered free-fall speed measurements. Thus, free-fall speed measurements were split
into 2 groups according to experimental temperature (19-21°C and 21-23°C). The effect of larval
age was tested on both the average and the SD of free-fall speed for the 19-21°C group only.
One-way ANOVAs were performed with 3 levels corresponding to three age groups, namely,
fewer than 10 days, between 10 and 20 days and more than 20 days, and with more than 30
replicates for each level (MATLAB command “anoval”, MATLAB 2012). When a significant
difference was detected, a post hoc test was performed (MATLAB command “multcompare”
with a 5% significance level for Tukey’s HSD criterion, MATLAB 2012). The linear correlation
between age and average free-fall speed measured at 19-21°C was also tested (MATLAB

command “corrcoef”, MATLAB 2012).

2.4 Larval motility behavior: Swimming activity frequency
Swimming activity frequency was used to quantify larval motility behavior. Swimming activity

frequency was defined as the proportion of time in which larvae were actively swimming and
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285

thus did not settle or free fall. Briefly, it was quantified from larval motion video recordings of
fixed duration, dividing the cumulative duration of swimming larval tracks by the maximum
potential tracking duration if all larvae had been swimming during the recording (number of
larvae multiplied by recording duration). For each larval motility behavior assay, 20 larvae of the
same age were randomly chosen and divided into 2 groups (n = 10 each) and injected into 2
different 50 ml flat-faced plastic containers (38 x 60 x 20 mm) to limit interference by individual
larval movement®’. Larval motility behavior was recorded for 90 min at 25 frames per second
with a digital camera (SONY DCR-SR78). A small distance between the front and back walls
(20 mm) was chosen 1) to constrain larvae to vertical motion and 2) to maintain them in the focal
plane of the camera so that each individual could be tracked. Assays were performed
simultaneously in the two containers and considered replicates. The 90 min recording was
divided into six successive sequences of 15 min during which larvae were exposed alternately to
cold white light (CWL, 6500 K, PAR = 480 pumol photons m s™) and infrared (IR) light (PAR
<1 pmol photons m?s™). This procedure was designed to study the sensitivity of swimming
activity to light exposure as experienced at sea with depth variations during larval dispersal®®.
Recording started 2 min after the last larva was injected, ensuring that at the beginning of each
recording, flow motion due to injection had disappeared. Larvae were kinesthetically stimulated
using a pipette to agitate water in the container where larvae were stored just before transferring
them to the small experimental container. To obtain approximately the same level of kinesthetic
stimulation for all the replicates, a similar number of pipette injections were applied each time.
The effect of such stimulation is expected to decay with time. For both species, swimming

activity frequency was quantified at least every other day (more often when possible) until the
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larvae were 20 days old. Larvae assayed at different ages did not necessarily come from the same
release event. Swimming activity frequency was calculated for each of the two groups of 10
larvae (replicates, n = 2), in each 15 min sequence and at each larval age in both species. Given
that larvae assayed in the different 15-min slots at the same age and in the same larval
maintenance photoperiod condition were the same, the effects on swimming activity frequency
of 1) kinesthetic stimulation, 2) light conditions and 3) age and photoperiod conditions during
larval maintenance in the absence of kinesthetic stimulation and for the same light conditions
were evaluated separately®. First, the effect of kinesthetic stimulation was tested by comparing
the swimming activity frequency at different times after kinesthetic stimulation was stopped. To
do so, a paired t-test was performed between the mean swimming activity frequency measured at
different larval ages (n=25) during the three 15-min slots of CWL (immediately, 30 min after and
1 h after kinesthetic stimulation was stopped). Second, the effect of light condition on swimming
activity frequency was tested considering only the last four 15-min slots, more than 30 min after
kinesthetic stimulation stopped. To do so, a paired t-test was performed between the mean
swimming activity frequency measured at different larval ages (n=25) during the last two 15-min
slots of CWL and the last two 15-min slots of IR. Third, the effects of larval age and photoperiod
conditions during larval maintenance on swimming activity frequency were tested together
considering only the last four 15-min slots, more than 30 min after kinesthetic stimulation
stopped. Two-way ANOVAs were performed for each light condition separately, with the 2
replicates per level being the two vials in the 30-min slots with the same light condition, ensuring

replicate independence (Factor 1: 6 levels (7/9/11/13/15/17-day age) x Factor 2: 2 levels

14
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(with/without photoperiod during larval maintenance); MATLAB command “anovan”,

MATLAB 2012).

3. Results

3.1 PLD: Larval survival and metamorphosis rates in the absence of predation

The survival of P. clavata larvae was highly variable at all ages (large boxplot heights, Fig. 1A).
Pooling all release events and locations, the minimum larval longevity was 3.5 + 1.5 days (mean
+ standard deviation, SD), the median larval longevity was 32 + 11 days, and the maximum
larval longevity was 64 + 22 days. Neither minimum nor maximum larval longevity was
significantly different between release events (ANOVA: F35<2.3, p>0.15) due to the high
variability among replicates. Only the median larval longevity was significantly different
between release events. In Banyuls-sur-Mer, the median larval longevity was higher than that in
Cap de Creus for the 2016 release events; however, it was similar to that in Cap de Creus for the
2014 release event (ANOVA: F35=8.4, p < 0.05, Tukey's HSD: T2 < T4 and T3 < T4).
Metamorphosis rates were not significantly different among release events or locations at any
age (ANOVA: F12<4, p>0.07). Thus, metamorphosis rates were grouped for all release events
and locations. Extensive metamorphosis was detected after 20 days and continued until the
larvae were 70 days old. The cumulative metamorphosis rate ranged from 10.5% to 54% of the
initial larval pool after 70 days, with a median of 14% (Fig. 1C).

For E. singularis, larval survival was strongly affected by light treatment: larval survival was

15
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350

significantly higher in the dark than in the light treatment after larvae were 4 days old (ANOVA:
F14>10.4; p <0.05). Minimum larval longevity was 30 + 5.3 days in the dark treatment and 7.7
+ 2.3 days in the light treatment. Median larval longevity was 35 + 11.6 days in the light
treatment, while it could not be determined in the dark treatment (>78 days, experiment
duration). Moreover, larval survival varied significantly for larvae older than 20 days between
release events within the same brood (ANOVA: F;4 > 10.4; p < 0.05 comparing the two release
events in the light treatment, Fig. 1B). Finally, the maximum larval longevity was > 78 days
(experiment duration) in both treatments. In the light treatment, metamorphosis started after 6
days, but the daily rates remained low (<4%) until 20 days and were similar between the two
release events (ANOVA: F14 <7.7; p > 0.05). The cumulative metamorphosis rate increased
abruptly from 10% to 40% between 20 and 40 days for larvae from one of the two release events
in the light treatment, resulting in a significant difference between the two release events after 26
days (Fig. 1D, ANOVA: F;4 > 13.5; p < 0.021). Metamorphosis yielded a median of 37% of the
initial larval pool in one release event and 24% in the other after 40 days. Metamorphosis was
observed until all larvae had died. In the dark treatment, metamorphosis was delayed until larvae

were 25 days old, and it accumulated to less than 7% of the initial larval pool at 78 days.

3.2 Surface area, body density and free-fall speed of inactive larvae

Larval surface areas were 0.16 + 0.03 mm? (mean + SD) for P. clavata, 0.29 + 0.07 mm? for C.
rubrum and 0.61 + 0.21 mm? for E. singularis. The majority (70%) of the anesthetized larvae of
P. clavata and all E. singularis larvae were denser than seawater at 20°C until they reached 30

days old (Figs. 2A and B). P. clavata larval body density ranged from 1025 to 1033 kg.m™ for
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young larvae (< 15 days old) and 1029 to 1034 kg.m™for larvae up to 30 days old, while for E.
singularis larvae, it ranged from 1030 to 1035 kg.m™ at all ages (i.e., denser than seawater even
at 12°C). Notably, up to 80% of the young P. clavata larvae (< 15 days old) were less dense than
seawater at 12°C. The larval body density of both species was variable (5 kg.m™ difference
among 12 different larvae), which correlated with large interindividual variability in free-fall
speeds (SD of approximately 35% of the mean, Figs. 2C and D). Free-fall speed measured at
20°C was not linearly correlated with age (R? = 0.73 and p=0.16 for P. clavata; R? = 0.22 and p=
0.41 for E. singularis), and when larval ages were grouped into classes of 10-day intervals, the
free-fall speeds among classes were not significantly different (ANOVA: F;3 =7.8 and p =0.07
for P. clavata; F, 13 =3.2 and p =0.07 for E. singularis) in either of the two species. Moreover,
the free-fall speed at 20°C was not significantly different for larvae less than 10 days old,
between 10 days and 20 days old and more than 20 days old (ANOVA: F; 3 =2.2 and p =0.23 for
P. clavata; F, 13 =1.4 and p =0.28 for E. singularis). Thus, free-fall speed can be summarized by
its mean + SD for each species, being 0.056 + 0.021 cm s™* for P. clavata and 0.23 + 0.08 cm s™

for E. singularis (Figs. 2C and D).

3.3 Larval motility behavior: Swimming activity frequency

P. clavata larvae spent 95% of the time on the bottom of the containers at 20°C and at all larval
ages tested in the motility experiment (up to 20 days old). During the 5% of time remaining,
larvae exhibited crawling behavior or free fall. Additionally, P. clavata larvae did not exhibit any
swimming behavior throughout the study (up to 100 days old). In contrast, E. singularis larvae

were active swimmers. Indeed, despite having a negative buoyancy at 20°C, most larvae were
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found in the center of the containers during larval survival experiments (up to 80 days old).
Swimming activity frequency was highly variable, ranging from 0% to 100%, depending on the
15 min sequence analyzed. A consistent increase of 10% in swimming activity for the first 15-
min sequence of the motility experiment was detected, indicating that kinesthetic stimulation
tended to inhibit larval swimming activity in E. singularis. Under cold white light conditions,
swimming activity frequency was significantly lower during the first 15-min sequence (CWL1)
of each experiment than during the second (CWL2) and third sequences (CWL3; paired t-test,
CWL1 vs CWL2: tp5 = -4.7, p < 10, CWL1 vs CWL3: t5 = -4.8, p < 10™). However, 30 min
after the kinesthetic stimulation stopped, swimming activities among CWL sequences were no
longer different. Thus, only the 15-min sequences after 30 min from the beginning of the
experiment (two in CWL and two in IR) were used and pooled together to address the effect of
light exposure, larval age, and photoperiod conditioning during larval maintenance. Swimming
activity frequency varied between 20% and 90% (Figs. 3A and B). A significant effect of light
exposure was found with a higher swimming activity frequency in dark conditions (75%) than

under light exposure (62%; paired t-test, CWL vs IR: ty = -6.6, p < 10™).

A significant effect of larval age and photoperiod conditioning during larval maintenance was
found on the swimming activity frequency under light exposure (2-factor ANOVA: F; 17 = 8.2
and p =107 for photoperiod conditioning during larval maintenance; Fs,17 = 6.9 and p = 10 for
larval age). Under dark conditions, however, only age had a significant effect on swimming
activity frequency (2-factor ANOVA: F1 17 = 0.01 and p =0.92 for photoperiod conditioning
during larval maintenance; Fs17 = 9.5 and p = 2 10 for larval age). Post hoc tests indicated that

swimming activity frequency was significantly lower for larvae maintained without a
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photoperiod than for those maintained with a photoperiod in the light exposure sequences and for
11-day-old larvae than for larvae of all other ages in both light and dark exposure sequences.
This latter effect surpassed the effects of all other factors, as the average swimming activity
frequency was 68% +/- 23%, except when larvae were 11 days old, when it dropped to 26% +/-

11.3%.

3.4 Comparison of larval traits among P. clavata, C. rubrum and E. singularis

Larval surface area was significantly different among the three species, with E. singularis larvae
being twice as large as C. rubrum larvae and four times larger than P. clavata larvae (E.
singularis > C. rubrum > P. clavata; ANOVA: F; 53 =589; p <0.001, Fig. 4A). The mean free-
fall speed at 20°C was also significantly different, with the same trend (E. singularis > C.
rubrum > P. clavata; ANOVA: F; 1058 = 1031; p <<0.01, Fig. 4B), despite large interindividual
variation in free-fall speed and larval body density. Median larval longevity (larval age at 50%
survival) was similar among the three species (E. singularis = C. rubrum = P. clavata; ANOVA:
F2.24 = 0.8; p=0.45, Fig. 4C), whereas maximum larval longevity was significantly greater for E.
singularis, followed by P. clavata and C. rubrum (ANOVA: F;,4 = 10.9; p < 0.01, Fig. 4D).
Finally, swimming activity frequency was also significantly different among the three species,
but in this case, C. rubrum larvae were the most active, followed by E. singularis and P. clavata

(ANOVA: F; 456 = 658; p<< 0.01, Fig. 4E).

4. Discussion

The three octocoral species (E. singularis, P. clavata and C. rubrum) produce lecithotrophic

planula larvae and share the same median larval longevity of 30 days (in temperature and salinity
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conditions close to those under natural conditions at sea). A similar larval longevity has been
reported for other octocoral species in the Red Sea, regardless of being brooders or broadcast
spawners®. Such long larval longevity contrasts with the short duration or even absence of
precompetency, which is assumed to characterize the brooding strategy. Brooder invertebrates
have been reported to display short minimum PLDs, generally of a few days (Mediterranean Sea:
Porifera®; tropical corals*’; Pacific Ocean: bryozoans*'), while the minimum PLD commonly
extends up to 30 days for broadcast spawners belonging to different taxa due to late competency
(echinoid larvae®; other taxa*?). In the present study, metamorphosis was observed before
median larval longevity was reached for E. singularis and P. clavata (after approximately 20
days). A recent study indicated that metamorphosis happened even earlier in the larval stage for
E. singularis (8 days) and P. clavata (11 days)*. However, in the same study*®, metamorphosis
of C. rubrum larvae was only observed after 27 days, a duration similar to their median
longevity, suggesting that competence, and hence minimum PLD, might not be related to a
brooding or spawning reproductive strategy.

Nevertheless, in biophysical modeling, the minimum PLD defined by competency is related to
the lower range of dispersal distances'” ®"*** !, The upper range of dispersal distances, defining
the maximum migration potential in one generation when flow conditions do not allow for
settlement, should instead be related to median or maximum PLD. In the present study, larvae of
the three species remained competent until they died, meaning that the factor limiting PLD was
larval longevity. Among brooding species releasing lecithotrophic larvae, a trade-off between
larval size and larval longevity can be expected. On the one hand, from an ecophysiological

perspective, smaller larvae with smaller energy reserves should survive less and not delay
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settlement with respect to larger larvae. As a consequence, smaller larvae are expected to

disperse shorter distances (desperate larva hypothesis* *°

). We thus first question whether
smaller larvae disperse for shorter durations than larger larvae. On the other hand, from a life
history strategy perspective, species with larger larvae, which are expected to be less fecund than
species with smaller larvae, should display a higher reproductive success to persist'*. Thus,
because offspring losses increase with dispersal duration due to longer exposure to predation,
the inverse hypothesis also deserves to be considered: do larger larvae produced by less fecund

species disperse for shorter durations than smaller larvae produced by more fecund species (to

ensure higher survival during the larval phase)?

Among the three species studied, the premise of the life-history argument (the lower the
fecundity is, the larger the larvae*’) was only partly valid, meaning that maternal investment was
not the same among the three species*® *°. While the species with the smallest larvae was the one

with the highest fecundity (P. clavata, major axis < 1 mm, 8-13 oocytes polyp™,*), the species

with the lowest fecundity (C. rubrum, major axis ~ 1 mm, 1-2 larvae polyp™,*°) was not the one
with the largest larvae (E. singularis, major axis ~ 2.5 mm, 1-5 larvae polyp™,% ). The only
larval trait that covaried with species fecundity was swimming activity frequency, but the
relationship was the opposite of that expected from the life-history strategy perspective. The
larvae of the species with the highest fecundity (P. clavata) hardly swam and settled, which is

expected to limit dispersal duration by rapid settlement, notwithstanding specific flow

conditions. In contrast, the larvae of the species with the lowest fecundity (C. rubrum) swam
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most of the time, and much longer than they free fell, which is expected to facilitate their
dispersal. In fact, the only factor that could constrain the migration potential of C. rubrum was
maximum larval longevity. However, maximum larval longevity did not limit the dispersal
potential of the other low fecundity species, E. singularis. Finally, none of the traits that are
expected to regulate larval dispersal (PLD, swimming activity frequency) was consistent with the
postulate “the lower the fecundity is, the lower the larval dispersal potential” when examined
individually. Therefore, larval dispersal distances cannot be inferred from life-history strategy
alone, meaning that the latter should not be used as a proxy of dispersal capability.

Therefore, could ecophysiological traits be more appropriate for inferring dispersal? Do smaller

larvae have lower dispersal capabilities than larger ones?

The only larval trait that decreased with larval size was free-fall speed. When larvae are passive,
they behave as sedimentary particles®, and larger larvae with larger free-fall speeds settle faster
and disperse shorter distances than smaller larvae. However, in the case of active larvae,
swimming activity could compensate for free fall. In the present study, the species with larger
larvae (E. singularis and C. rubrum) avoided sinking by active swimming. In contrast, the
species with the smallest larvae (P. clavata) did not swim and settled in the absence of flow
motion, a mechanism expected to limit its dispersal. Smaller larvae, despite their slower free-fall
speeds, would disperse less than larger larvae due to the active swimming behavior of the latter,

probably supported by larger energy reserves>. Nevertheless, lecithotrophic larvae have limited
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energy reserves upon release, and energy consumption might alter larval traits, such as

buoyancy, as reported in C. rubrum (decrease in free-fall speed with age®).

Ultimately, energy reserve consumption could alter survival as well, which likely explained the
reduced maximum larval longevity of C. rubrum compared to P. clavata. In such a case,
anticipating actual larval dispersal potential in ocean flow between the two species is not
straightforward and requires larval dispersal simulations®*. While free fall leads to rapid
settlement in horizontal flows and de facto limits dispersal duration, settlement due to free fall
would be delayed under coastal upwelling®. In such flow conditions (frequently observed in the
western Mediterranean Sea, where the species dwells>®), a longer biological pelagic duration
would enable farther dispersal. The combination of nonswimming behavior and a long pelagic
duration in P. clavata can lead to very contrasting effective dispersal in environments differing
in flow conditions. This is consistent with the various spatial scales at which genetic differences
were reported in P. clavata population genetic studies®® *’. In fact, depending on coastal flow
structure, P. clavata larval traits allowing larval transport for 10 days are likely to result in a
wide range of dispersal distances®. For this species with reduced free fall, avoiding swimming
minimized energy consumption, and extended larval longevity might have been an efficient
trade-off that enabled P. clavata population recovery after mass mortality events and inbreeding
avoidance®® > despite high self-recruitment in low-flow areas®® *’. In contrast, the migration
potential of C. rubrum is less consistent with the genetic differentiation observed at a half-meter-

square spatial scale®®. A median larval longevity of 30 days, a precompetence period of 27 days*?
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and the high swimming activity of C. rubrum conflict with such genetic population structure, as
the transport of neutrally buoyant larvae after 15 days can reach 100 km®. Factors other than
limited dispersal capabilities can reduce gene flow and could be invoked to explain such
population genetic structuring of C. rubrum®. For instance, demographic factors such as a low
fecundity®® combined with effective population size reduction due to harvesting of larger

colonies?’ should be considered.

In the case of E. singularis, the relationships between larval traits, energy consumption and
dispersal potential are unclear. Neither free-fall speed nor larval body density changed with age
while the larvae sustained active swimming throughout the study. This suggests that the
symbiotic relationship of E. singularis with Symbiodinium spp. may sustain larval energy needs.
However, the longevity of E. singularis larvae maintained with a 12 h photoperiod was lower
than that of larvae maintained in dark conditions, suggesting that light may not always increase
larval dispersal potential in symbiotic species®. Light oxidative damage may threaten larval
longevity®®. A more precise assessment of metabolism and energy content throughout the larval
stage would test the role of symbionts throughout this stage. In any case, the photoperiod
conditions in which we maintained E. singularis larvae were designed to mimic natural
conditions. E. singularis larvae can be expected to maintain themselves in the upper part of the

water column because of their swimming behavior and thus to be exposed to light irradiance.
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The similar longevities between large E. singularis larvae reared with a photoperiod and small P.
clavata larvae reared in dark conditions suggests a trade-off between the cost of active
swimming behavior combined with light oxidative stress during dispersal and the amount of
energy reserves used upon release. However, large larvae, being generally less numerous than
small ones upon release®” (E. singularis has a lower fecundity than P. clavata), should better
cope with pressures acting between release and recruitment than small ones to compensate for
their lower initial number. Quantifying predation rates in plankton remains challenging®. Prey
selection by zooplanktivores is often positively correlated with prey size®. However, other traits
regulating prey/predator encounters, such as their respective densities®” and motilities®, are also
key to determining predation rates. The only documented process that supports the trade-off
between larval size and larval number is postsettlement success: higher postsettlement survival
of larger larvae compared to small ones could compensate for their lower initial number®.

In summary, the three brooder species displayed different life-history strategies, with both
fecundity and larval size varying by a factor of 5. All larval traits (maximum larval longevity,
free-fall speed and swimming activity frequency) except median larval longevity also differed
among the three species, but no proxy relationship was found between any larval traits (except
free-fall speed) and either fecundity or larval size. In addition, none of the larval traits assessed
could explain species migration potential when considered alone. Nevertheless, trade-offs
between the larval traits regulating a species’ dispersal were consistent with the consumption of

energy reserves upon release.

25



545

546

47

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

Acknowledgments We thank the captain and crew of the RV Nereis Il and the scuba divers JC
Roca and B Hesse for their technical assistance during field sampling. This work was funded by
the French National Program LITEAU IV of the Ministére de I'Ecologie et de I'Environnement
Durable under project RocConnect — Connectivité des habitats rocheux fragmentés du Golfe du
Lion (de Marseille au Cap de Creus) et son réle dans la persistence régionale de trois especes
de gorgonaires (PI, K. Guizien, project number 12-MUTS-LITEAU-1-CDS-013) and by the EC
Interreg Marittimo program under project IMPACT - IMpatto Portuale su aree marine protette:
Azioni Cooperative Transfrontaliere (P1, M. Magaldi, CUP B12F17000370005). Participant
travel between France and Spain was supported by bilateral grant CNRS/CSIC under project
Gorgol [grant number, 25331]. This work is a part of the PhD thesis of N. Viladrich [Project
BENTOLARYV, grant number CTM2009-10007), who is supported by a doctoral fellowship from
the University Autonoma of Barcelona. The authors gratefully acknowledged the help of A.

Robert and S. Rockomanovic during the Master 1 internship.

Author contributions
KG and LB conceived the study and planned the experiment; NV and AMQ performed
the experiments; KG and NV performed the data analysis. All authors contributed to the

development of the manuscript.

Additional information

The authors declare no competing financial interests.

26



567

568

569

570

o71

572

573

o574

575

576

YA

578

579

580

581

582

583

584

585

586

587

588

5. References

1. Grinnell, 1. Geography and evolution. Ecology 5, 225-229 (1924)

2. Elton, C. Animal Ecology. 204 p. (Sidgewick & Jackson , 1927)

3. Elith, J., & Leathwick, J. R. Species distribution models: ecological explanation and prediction
across space and time. Ann. Rev. of Ecol. and Evol. Syst. 40, 677-
697.doi:10.1146/annurev.ecolsys.110308.120159 (2009)

4. Fordham, D.A. et al. How complex should models be? Comparing correlative and mechanistic
range dynamics models. Glob. Change Biol. 24, 1357-1370 (2018)

5. Pagel, J., & Schurr, F. M. Forecasting species ranges by statistical estimation of ecological
niches and spatial population dynamics. Glob. Ecol. and Biogeogr. 21, 293-304. doi:
10.1111/5.1466-8238.2011.00663.x (2012)

6. Hanski, I. Metapopulation dynamics: does it help to have more of the same? TREE 4, 113-114
(1989)

7. Leibold, M.A. et al. The metacommunity concept: a framework for multi- scale community
ecology. Ecol. Lett. 7 (7) : 601-613 (2004)

8. Urban, M. C. et al. Improving the forecast of biodiversity under climate change. Science 353
(6304), aad8466. (2016)

9. Thomson, F. J. et al. Chasing the unknown: predicting seed dispersal mechanisms from plant
traits. J. of Ecol. 98, 1310-1318 (2010)

13. Scheltema, R.S. On dispersal and planktonic larvae of benthic invertebrates: an eclectic
overview and summary of the problem. Bull. Mar. Sci. 39 (2) : 290-322(33) (1986)

14. Levinton, J.S. Marine Biology : function, biodiversity, ecology. 420 p. (Oxford University

27


javascript:void(0)
javascript:void(0)

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

Press, 1995)

15. Szmant, A.M. Reproductive ecology of Caribbean reef corals. Coral Reefs 5, 43-53
doi:10.1007/BF00302170 (1986)

16. Harrison, P. L., & Wallace, C. C. Reproduction, dispersal and recruitment of scleractinian
corals in Coral reef ecosystems (ed Dubinsky, Z. . 133-207 (Elsevier, 1990)

14. Chia, F. S., Buckland-Nicks, J., & Young, C. M. Locomotion of marine invertebrates larvae:
a review. Can. J. of Zool. 62, 1205-1222 (1984)

15. Kinlan, B.P., Gaines, S.D. Propagule dispersal in marine and terrestrial environments: a
community perspective. Ecology 84, 2007-2020 (2003)

16. Botsford, L.W. et al. Connectivity, sustainanility, and yield: bridging the gap between
conventional fisheries management and marine protected areas. Rev. Fish Biol. Fisheries 19, 69-
95 (2009)

17. Siegel, D.A., Kinlan, B.P., Gaylord, B., Gaines, S.D. Lagrangian descriptions of marine
larval dispersion. Mar. Ecol. Prog. Ser. 260, 83-96 (2003)

18. Bohonak, A. J. Dispersal, Gene Flow, and Population Structure. The Quarterly Review of
Biology 74(1): 21-45 (1999)

19. Fitzpatrick, M. C., & Hargrove, W.W. The projection of species distribution models and the
problem of non-analog climate. Biodiversity Conservation 18, 2255-2261 (2009)

20. Guizien, K., Brochier, T., Duchéne, J. C., Koh, B. S., & Marsaleix, P. Dispersal of Owenia
fusiformis larvae by wind- driven currents: Turbulence, swimming behaviour and mortality in a
three- dimensional stochastic model. Mar. Ecol. Prog. Ser. 311, 47-66 (2006)

21. Guizien, K., Belharet, M., Marsaleix, P., & Guarini, J. M. Using larval dispersal simulations

28



611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

for Marine Protected Area design: application to the Gulf of Lions (NW Mediterranean). Limnol.
and Oceanogr. 57(4), 1099-1112 | DOI: 10.4319/10.2012.57.4.1099 (2012)

22. Weinberg, S., & Weinberg, F. The life cycle of a gorgonian: Eunicella singularis (Esper,
1794). Bijdr Dierkd 48, 127—140 (1979)

23. Weinberg, S. Revision of the common Octocorallia of the Mediterranean circalittoral. .
Gorgonacea. Beaufortia 24, 63-104 (1976)

24. Gori, A. et al. Spatial distribution patterns of the gorgonians Eunicella singularis,
Paramuricea clavata and Leptogorgia sarmentosa (Cape of Creus, Northwestern Mediterranean
Sea). Mar. Biol. 158, 143-158 (2011)

25. Theodor, J. Contribution a I’é¢tude des gorgones (VII) : écologie et comportement de la
planula. Vie et Milieul8(2A), 291-301 (1967)

26. Ribes, M., Coma, R., Rossi, S., & Michelli, M. The cycle of gonadal development of
Eunicella singularis (Cnidaria: Octocorallia). Invertebr. Biol. 126, 307-317 (2007)

27. Santangelo, G., & Abbiati. M. Red coral: conservation and management of an over-exploited
Mediterranean species. Aquat. Conserv. Mar. Freshw. Ecosys. 259, 253-259 (2001)

28. Costantini, F. et al. Deep-water Corallium rubrum (L., 1758) from the Mediterranean Sea:
preliminary genetic characterisation. Mar. Ecol. 31, 261-269 (2010)

29. Santangelo, G., Carletti, E., Maggi, E., & Bramanti, L. Reproduction and population sexual
structure of the overexploited Mediterranean red coral Corallium rubrum. Mar. Ecol. Prog. Ser.
248, 99-108 doi:10.3354/meps248099 (2003)

30. Lacaze-Duthiers, H. Histoire Naturelle du Corail, 371 p.(J.B. Bailliére et Fils, 1864)

29


https://doi.org/10.1111/j.1469-185X.1950.tb00585.x
https://doi.org/10.1111/j.1469-185X.1950.tb00585.x

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

31. Martinez-Quintana, A., Bramanti, L., Viladrich, N., Rossi, S., & Guizien, K. Quantification
of Corallium rubrum larvae motility behavior: implications for population connectivity. Mar.
Biol. 162, 309-318 (2015)

32. Coma, R., Ribes, M., Zabala, M., & Gili, J. M. Growth in a Modular Colonial Marine
Invertebrate. Estuar., Coast and Shelf Sci. 47, 459-470 (1998)

33. Coma, R., Ribes, M., Zabala, M., & Gili, J. M. Reproduction and cycle of gonadal
development in the Mediterranean gorgonian Paramuricea clavata. Mar. Ecol. Prog. Ser. 117,
173-183 (1995)

34. Linares, C. et al. Early life history of the Mediterranean gorgonian Paramuricea clavata:
implications for population dynamics. Invertebr. Biol. 127(1), 1-11. (2008)

35. Muscatine, L. Glycerol excretion by symbiotic algae from corals and Tridacna and tts control
by the host. Science 156(3774), 516-519, DOI: 10.1126/science.156.3774.516 (1967)

36. Pennington, J. T., & Emlet, R. B. Ontogenic and diel vertical migration of a planktonic
echinoid larva, Dendraste rexcentricus (Eschscholtz): occurrence, causes, and probable
consequences. J. of Exp. Mar. Biol. and Ecol. 104, 69-95 (1986)

37. Vogel, S. Life in a moving fluid: the physical biology of flow. 488 p. (Princeton University
Press, 1994)

38. Ben-David-Zaslow, R., & Benayahu, Y. Competence and longevity in planulae of several
species of soft corals. Mar. Ecol. Prog. Ser. 163, 235-243 (1998)

39. Maldonado, M. The ecology of sponge larvae. Can. J. of Zool. 84 (2), 175-194 (2006)

30



652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

40. Nishikawa, A., Masaya, K., & Sakai, K. Larval settlement rates and gene flow of broadcast-
spawning (Acropora Tenuis) and Planula-Brooding (Stylophora Pistillata) corals. Mar. Ecol.
Prog. Ser. 256, 87-97. doi: 10.3354/meps256087 (2003)

41. Keough, M. J., & Chernoff, H. Dispersal and population variation in the bryozoan Bugula
neritina. Ecology 68, 199-210 (1987)

42. Mc Edward, L. R. Ecology of marine invertebrate larvae. 464 p. (CRC Press, 1995)

43. Zelli, E. et al. Settlement dynamics and recruitment responses of Mediterranean gorgonians
larvae to different crustose coralline algae species. J. Exp. Mar. Biol. Ecol. 530-531, doi :
10.1016/j.jembe.2020.151427 (2020)

44. Knight-Jones, E. W. Gregariousness and some other aspects of the settling behaviour of
Spirorbis. J. of the Mar. Biol. Assoc. UK 30, 201-222 (1951)

45. Wilson, D. P. The settlement of Ophelia bicornis Savigny larvae. J. of Mar. Biol. Assoc. UK
32, 209-233 (1953)

46. Cowen R.K., Lwiza, K. M. M., Sponaugle, S., Paris, C. B., & Olson, D.B. Connectivity of
marine populations: open or closed? Science 287, 857-59 (2000)

47. Stearns, S. C. The Evolution of Life Histories. 249 p. (Oxford University Press 1992)

48. Viladrich, N. et al. Variations of lipid and free fatty acid contents during spawning in two
temperate octocorals with different reproductive strategies: surface versus internal brooder.
Coral reefs 35 (3), 1033-1045 DOI 10.1007/s00338-016-1440-1 (2016)

49. Viladrich, N. et al. Variation of lipid and free fatty acid contents during larval release in two
temperate octocorals according to their trophic strategy. Mar. Ecol. Prog. Ser. 573, 117-

128.doi.org/10.3354/meps12141 (2017)

31



674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

50. Santangelo, G., Bramanti, L., & lannelli, M. Population dynamics and conservation biology
of the overexploited Mediterranean Red coral. J. of Theor. Biol. 244, 416-423 (2007)

51. Gori, A., Linares, C., Rossi, S., Coma, R., & Gili, J. M. Spatial variability in reproductive
cycles of the gorgonians Paramuricea clavata and Eunicella singularis in the western
Mediterranean. Mar. Biol. 151, 1571-1584 (2007)

52. Caldwell, R. L., & Edmonds, D. A. The effects of sediment properties ondeltaic processes
and morphologies: A numerical modeling study, J. Geophys. Res. Earth Surf. 119, 961-982,
doi:10.1002/2013JF002965. (2014)

53. Richmond, R. H. Energetics, competency, and long-distance dispersal of planula larvae of
the coral Pocillopora damicornis. Mar. Biol. 93(4), 527-533 (1987)

54. Huhn, K., Paul, A., & Seyferth, M.,. modeling sediment transport patterns during an
upwelling event. J. of Geophys. Res. 112(C10003), doi:10.1029/2005JC003107 (2007)

55. Bakun, A., Agostini, V. N. Seasonal patterns of wind-induced upwelling/downwelling in the
Mediterranean Sea. Sci. Mar. 65(3), 243-257 (2001)

56. Mokhtar-Jamal, K. et al. From global to local genetic structuring in the red gorgonian
Paramuricea clavata: the interplay between oceanographic conditions and limited larval
dispersal. Mol. Ecol. 20, 3291-3305 (2011)

57. Mokhtar-Jamal, K. et al. Role of evolutionary and ecological factors in the reproductive
success and the spatial genetic structure of the temperate gorgonian Paramuricea clavata.

Ecology and Evolution 3 (6) : 1765-1779. doi: 10.1002/ece3.588 (2013)

32



694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

58. Pilczynska, J, Cocito, S, Boavida, J, Serrdo, E, & Queiroga H. Genetic diversity and local
connectivity in the Mediterranean red gorgonian coral after mass mortality events. PLoS ONE 11
(3) : e0150590. doi:10.1371/journal.pone.0150590 (2016)

59. Padron, M., Costantini, F., Bramanti, L., Guizien, K., & Abbiati, M. Genetic connectivity
fosters recovery of gorgonian populations impacted by climate change. Aquat. Conserv.: Mar.
and Freshw. Ecosys. 28, 779-787. http://dx.doi.org/10.1002/aqc.2912 (2018a)

60. Ledoux, J.-B. et al. Genetic survey of shallow populations of the Mediterranean red coral
[Corallium rubrum (Linnaeus,1758)]: new insights into evolutionary processes shaping nuclear
diversity and implications for conservation. Mol. Ecol. 19, 675-690 (2010)

61. Padron, M., Costantini, F., Baksay, S., Bramanti, L., & Guizien, K. Passive larval transport
explains recent gene flow in a Mediterranean gorgonian. Coral reefs 37, 495-506.
https://doi.org/10.1007/s00338-018-1674-1. (2018b)

62. Selkoe, K.A. et al. A decade of seascape genetics: contributions tobasic and applied marine
connectivity. Mar. Ecol. Prog. Ser. 554, 1-19 (2016)

63. Isomura, N., & Nishihira, M. Size variation of planulae and its effect on the lifetime of
planulae in three pocilloporid corals. Coral Reefs 20, 309-315 (2001)

64. Hoegh-Guldberg, O., & Jones, R. J. Photoinhibition and photoprotection in symbiotic
dinoflagellates from reef-building corals. Mar. Ecol. Prog. Ser. 183, 73-86 (1999)

65. Rumrill, S. S. Natural mortality of marine invertebrate larvae. Ophelia 32,163-198 (1990)

33


http://dx.doi.org/10.1002/aqc.2912
https://doi.org/10.1007/s00338-018-1674-1

713

714

715

716

717

718

719

720

721

722

723

724
725

726

727

728

729

730

731

732

733

734

735

66. Frost, B. W. Feeding processes at lower trophic levels in pelagic communities in The Biology
of the Oceanic Pacific. 59-77.(Oregon State University Press 1974)

67. Williamson, C. E., & Stoeckel, M. E. Estimating predation risk in zooplankton communities:
the importance of vertical overlap. Hydrobiologia 198, 125-131 (1990)

68. Almeda, R., van Someren Greve, H., & Kigrboe, T. Behavior is a major determinant of
predation risk inzooplankton. Ecosphere 8(2):e01668. 10.1002/ecs2.1668 (2017)

69. Moran, A. L., & Emlet, R. B. Offspring size and performance in variable environments: field

studies on a marine snail. Ecology 82, 1597-1612 (2001)

Legends

Figure 1 Larval survival rate of P. clavata for 90 days (A) and E. singularis for 65 days (B) and
polyp metamorphosis rate for P. clavata for 90 days (C) and E. singularis for 65 days (D). Each
boxplot depicts the median value (circled dot), the 25" and 75" percentiles (bar), the minimum
and maximum outlier values (solid lines) and outliers (open circles) of the rates measured every
2 days. For P. clavata, boxplots display statistics after grouping four assays of three replicates
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carried out with larvae reared in dark conditions. For E. singularis, boxplots display statistics for
each assay of three replicates taken separately, two of them carried out on larvae reared with

photoperiod and one on larvae reared in dark conditions.

Figure 2 The 80% and 20% quantiles of larval body density of P. clavata (A) and E. singularis
(B) are displayed by the gray areas during the first 30 days of larval survival. The thick (dashed)
line indicates seawater density at 38 psu and 20°C (12°C). Individual free-fall velocities of P.
clavata (C) and E. singularis (D) larvae measured in seawater at 19-21°C (black circle) and 21-
23°C (red triangle) in different reproductive events. Mean sinking velocity values (solid line) and
80% confidence intervals around the mean (gray area) estimated from linear regression on the

19-21°C data.

Figure 3 Mean swimming activity frequency of 2 groups of 10 larvae (black — in dark conditions
- and white — in light conditions - bars) of E. singularis during the first 17 days of larval survival.

A: larvae maintained with a 12 h photoperiod; B: larvae maintained in the dark for 17 days.

Figure 4 Larval projected surface area (A), free-fall speed (B), median larval longevity (C),
maximum larval longevity (D) and swimming activity frequency (E) for three sympatric species:
C. rubrum (Cr, internal brooder), E. singularis (Es, internal brooder with symbionts), and P.
clavata (Pc, external brooder). Different letters (a, b, ¢) display significant differences. The same

letter for different species indicates that the difference was not significant.
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