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The life cycle of many marine benthic species includes a pelagic larval stage that governs

the connectivity between populations. Larval transport is a function of hydrodynamic

and biological processes. Knowledge of how larval traits affect dispersal will increase

the accuracy of biophysical models used to predict connectivity, and is of paramount

importance for management and conservation. This study examines the larval traits of the

cold-water coral Lophelia pertusa that forms widespread and highly diverse ecosystems

in the deep ocean. We monitored development, swimming behavior, and survival under

different environmental conditions. We found that the embryonic development rate

doubled when the rearing temperature was increased from normal conditions of 7–8◦C to

11–12◦C. Pre-competent planulae migrated vertically upwards at a speed of 0.5–0.7mm

s−1 and crossed salinity gradients with a maximum tested difference of 5 psu with

no hesitation. At 3 weeks, planulae had a fully developed mouth and started feeding

on animal derivatives, picoplankton, and possibly smaller size microalgae. Presence of

food significantly altered the swimming pattern, and feeding was corroborated by direct

observation. Planulae survived for up to 10 months in a salinity of 25 psu, which together

with the vertical migration pattern and feeding indicates that larvae may spend a period

of their pelagic phase in the photic zone. After 50 days, larvae were still in a very good

condition as deduced by maintained high swimming speed. Survival rate of developed

planulae was on average 60% over a 3-month period, and maximum longevity was a full

year, in laboratory cultures.

Keywords: larval swimming, larval ecology, dispersal, connectivity, ontogenetic shift, vertical migration,

competency, planktotrophic

INTRODUCTION

Knowledge of the hydrodynamic and biological factors that determine dispersal routes and
population connectivity is fundamental in any marine ecosystem, and even more so in the deep-sea
where monitoring is logistically difficult and very expensive. While rapid progress is being made
considering biophysical modeling, the biological data to accommodate these models are largely
lacking (Davies and Guinotte, 2011; Hilário et al., 2015; Treml et al., 2015). Besides the importance
of ocean currents and hydrodynamics at different scales, the species’ life history traits and larval
behavior significantly affect dispersal direction and distance (Shanks, 2009), and it is increasingly
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recognized that hydrodynamic models must include intrinsic
larval properties and behavior to successfully predict dispersal
routes and population connectivity (e.g., Siegel et al., 2003; Aiken
et al., 2007; Cowen and Sponaugle, 2009; Moksnes et al., 2014;
Fox et al., 2016). For deep-sea organisms, this knowledge is
particularly challenging to obtain and biological data are scarce
(Hilário et al., 2015).

Biological traits that may affect dispersal patterns include
buoyancy of embryos, development rate, ontogenetic shifts in
properties and behavior, vertical migration, mortality, food
availability, and physiological tolerances (Hilário et al., 2015).
Treml et al. (2015) identified key biophysical drivers of
connectivity among marine populations, using a subtidal rocky
reef ecosystem as a model. The three parameters consistently
found to be most influential on population connectivity were
larval mortality during the dispersal phase followed by pelagic
larval duration (PLD), and the extent of the pre-competency
period. For dispersal distance, PLD was most important. The
vertical positioning of larvae in the water column critically affects
both dispersal distance and connectivity (e.g., Fiksen et al., 2007;
Paris et al., 2007; Corell et al., 2012; Moksnes et al., 2014; Fox
et al., 2016), and for deep-sea organisms the effect of being
transported in the surface layer compared to deeper layers can
be dramatic (Fox et al., 2016).

Empirical measures of larval mortality under natural
conditions are scarce despite its importance for dispersal
outcomes (Treml et al., 2015). Mortality rates of larvae under
laboratory conditions will not reflect mortality rates in the
field where predation is an important controlling factor. The
pre-competency period, i.e., the time spent in the pelagic before
larvae are competent to settle can, however, be inferred from
laboratory studies. The length of this period will significantly
affect chances of self-recruitment onto the natal reef, with
shorter pre-competency periods increasing the proportion of
larvae settling locally (Treml et al., 2015). The PLD affects the
geographic distance larvae will disperse with longer planktonic
duration generally resulting in greater dispersal distance (Siegel
et al., 2003; Selkoe and Toonen, 2011; Treml et al., 2015). The
realized dispersal distance and direction can, in addition, be
influenced significantly by larval behavior (Shanks, 2009). The
vertical position of larvae in the water column can change over
time (ontogenetic shifts) or with diel or tidal cycles. The most
accurate way of finding out where in the water column larvae
reside is to collect larvae in the field at different depths and
time periods as done by Arellano et al. (2014). Alternatively, the
probable in situ depth distribution can be deduced from larval
behavior in laboratory experiments, i.e., the tendency of positive
or negative buoyancy or active vertical swimming, the timing
for settling competency, and the onset of bottom-searching (Tay
et al., 2011; Coelho and Lasker, 2016).

The cold-water coral Lophelia pertusa inhabits the deep sea
at depths from 39m in Norwegian fjords (Fosså et al., 2002)
down to more than 3,000m in the Atlantic (Squires, 1959;
Zibrowius, 1980). The species is almost exclusively found in
oceanic waters at temperatures between 4 and 12◦C (Rogers,
1999) although it appears in water masses of ca. 13◦C in the
Mediterranean (e.g., Taviani et al., 2017). Lophelia pertusa is

the most common framework forming cold-water coral (Roberts
et al., 2009) and the associated biodiversity is high; in the
northeast Atlantic more than 1,300 species are linked to reefs of
this coral. Individual colonies within reefs are gonochoric (have
separate sexes) and fecundity is high (Waller and Tyler, 2005).
Fertilization is external, i.e., eggs and sperm are spawned into
the water column where fertilization takes place. Spawning is
seasonal, with differences in timing depending on geographical
location (Waller and Tyler, 2005; Brooke and Järnegren, 2013;
Larsson et al., 2014; Pires et al., 2014). In Scandinavian waters
spawning occurs between January and March (Brooke and
Järnegren, 2013; Larsson et al., 2014).

In our previous studies of L. pertusa planulae, we have
established that the pre-competency period is at least 3 weeks
in planulae reared at 7–8◦C (Larsson et al., 2014; Strömberg
et al., 2018). Embryos reached the 64-cell stage after 48 h, and
at 5 days they were ciliated blastulae. Embryos were positively
buoyant, and blastulae were modest swimmers, slowly ascending.
Gastrulation occurred asynchronously throughout days 6–9
during which the embryos were mainly inactive, and not until
day 9 were they fully developed planulae with a complete capacity
of vertical adjustment by swimming. The development of an
oral pore at 2 weeks that further developed into a protractible
and adjustable mouth after about 3 weeks indicated that larvae
might be feeding. During the first weeks, larvae resided in the
top layer of the water column, and onset of bottom probing
behavior was first observed 3 weeks after spawning. This behavior
became increasingly common 4–5 weeks after spawning (Larsson
et al., 2014). Yet another indication of readiness for settlement
was the observation of cnidocyst discharge starting 20 days after
spawning, and the use of these for temporary attachment to the
substrate (Strömberg et al., 2018).

Cold-water corals have been found growing on oil and gas
platforms in the North Sea, with a depth distribution of 60–130m
(Gass and Roberts, 2006), indicating the depth distribution of
planulae at the time they are competent for settling. The upper
limit for pre-competency planulae during their dispersal stage
is, however, more difficult to establish. The food choice of the
planulae could give an indication of how high up in the water
column they may ascend: that is, if they eat microalgae it is
plausible that they reside in the photic zone during part of
their planktonic phase, with consequences for their dispersal.
Although open ocean surface water usually is fully oceanic in
salinity, larvae released from coastal reefs, such as those in the
Skagerrak or larvae from North Sea populations transported into
the Skagerrak (Fox et al., 2016), could potentially be exposed
to less saline surface waters. Temperature and salinity gradients
(density gradients) are commonly present in these coastal waters,
hence, vertically migrating L. pertusa larvae in coastal areas can
be exposed to density gradients. Larvae from deeper L. pertusa
populations may also encounter density gradients since water
mass boundaries are present in the deep ocean interior especially
in more southerly latitudes (e.g., Stewart, 2008). The presence of
haloclines has been found to inhibit vertical migration of other
marine larvae (Sameoto and Metaxas, 2008).

Here, we describe the responses of L. pertusa larvae to
various environmental conditions with the aim to advance
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our understanding of larval behavior and its consequences
for dispersal. The length of the PLD and vertical distribution
during the pelagic phase was deduced by observations of vertical
migration pattern, response to encounters with haloclines,
and survival in different salinities. In addition, planulae were
introduced to various possible food sources with the further
aim to assess the importance of larval feeding considering the
achievement of competency for settling and metamorphosis.

MATERIALS AND METHODS

Collection and Rearing
Samples of L. pertusa for larval breeding were collected from
108 to 117m depth by means of remotely operated vehicle
(ROV, Ocean Modules V8 Sii) from the Tisler reef in Norway
on November 20, 2014. All necessary permits were in place: the
Ytre Hvaler National Park Board and the Norwegian Directorate
for Nature Management permit for coral collections, 2010/107-
432.3; 2013-46; the Norwegian Fisheries Directorate CITES
export permit EX-23-2014, and the Swedish Board of Agriculture
CITES import permit Dnr: 4.10.18-10009/14 Nr: 51200-14.

Corals were maintained in four 18 L tanks with a flow-
through of filtered seawater (5µm Ametek polypropylene
cartridge). Temperature was kept close to in situ values for
the season (7–8◦C) and salinity usually had a range of 33–34
psu. Corals were fed twice a week with homogenized Calanus
sp. copepods (CALANUS AS, Norway). Spawning occurred at
several occasions between January 22 and February 23, 2015,
and embryos were maintained in large 2.5 L glass bowls. Once
the embryos had developed into swimming planulae they were
transferred to 1–3 L glass or polycarbonate E-flasks that were
either kept with the wide bottom up, or laid down, since larvae
tend to gather in the uppermost layer of water. Some results
from previous spawning seasons are also included in this paper,
and collections and maintenance of those corals and larvae are
described in Larsson et al. (2014).

Larval Development and Survival under
Different Environmental Conditions
With the aim to investigate the effect of different environmental
conditions on embryo and larval development and survival, and
the possible effect of different feeding regimes on metamorphosis
and settling, a series of experiments were set up. The larvae were
exposed to various salinities and potential food sources. Small
standard culture flasks of 64 or 72mL (NunclonTM

1) were used
for the trials. Each experiment was run on a separate batch of
embryos or larvae.

Development Rate at Increased Rearing Temperature
In order to increase the fertilization rate in a batch of gametes
with low sperm concentration, two 2.5 L glass bowls with newly
released eggs and sperm were maintained on a shaking table with
gentle sideways movements. Normal rearing temperature was
at 7–8◦C, but the water temperature in the bowls rose to 11–
12◦C, most likely due to the turbulence and induced friction as
water moved along the boundaries of the bowl. The developing

embryos were kept on the shaking table and development rate
was checked at 3 and 8 days after spawning.

Survival in Different Salinities
Larvae were reared in 34, 31, 28, and 25 psu, starting with
17-days-old larvae. The highest salinity was reached by adding
salt (Red Sea Coral Pro SeaSalt) to the seawater from the flow-
through system (32.8 psu at the time), and the lower salinities
by dilution with tap water. Ten larvae were placed in each of
three replicate flasks per treatment and checked at 14, 19, and
82 days into the experiment (larval ages of 31, 36, and 99 days,
respectively), and once a month thereafter.

Survival in Surface Water
In complement to the above, larvae were exposed to natural
surface water collected from the docks outside the lab. The
water was filtered through a 60-µm sieve to remove larger
plankton (e.g., copepod nauplii), but smaller plankton was left as
a potential food source for the planulae. The experiment started
March 13 when larvae where 18 days old. The salinity of the
surface water was 28.5 psu at the time. Twenty larvae were placed
in each of 3 flasks containing surface water, and corresponding
controls were set up using filtered deep seawater (5µm Ametek
cartridge filter) with a salinity of 33–34 psu. Larvae were checked
twice a week for signs of metamorphosis. The water in the flasks
was refreshed and larvae counted at 12, 25, 38, 49, 66, and 81 days
into the experiment (larval ages of 30, 43, 56, 67, 84, and 99 days,
respectively). The salinity of the surface water was lower (25–
27 psu) during the weeks following the start of the experiment,
and it was therefore mixed with filtered deep seawater to keep
the salinity of the treatment constant at 28.5 psu throughout the
experimental period. After 81 days only a few larvae in one of
the surface water flasks were still alive and the water in this flask
was then changed to deep seawater. From 81 days and onward
the flasks were only checked once a month for presence of live
planulae, and the water was not exchanged.

Development and Survival under Different Feeding

Regimes
Larvae from the age of 14 days were studied under various
nutritional conditions. The larvae were fed with five different
potential foods: (1) microalgae from algal culture (mixture of 50
µL Isochrysis galbana and 50µL Rhodomonas salina); (2) the fine
fraction of homogenized and centrifuged Calanus sp. copepods
(50 µL); (3) fish blood (50 µL); (4) coral nutrition concentrate
Ultra Min D (0.1 ppm), and (5) Ultra Min S (0.1 ppm) (Fauna
Marine GMBH). The coral nutrition contains dissolved amino
acids, vitamins, and trace elements, with Ultra Min D developed
especially for azooxanthellate corals. These nutrient solutions are
commonly used to feed tropical corals in aquaria. The fish blood
was extracted from a whiting (Merlangius merlangus) and a cod
(Gadus morhua). Two replicate flasks per food source were set
up containing 25 larvae each; there were also 2 control flasks
containing filtered (5µm) deep seawater (33–34 psu) with no
food added. Larvae were visually inspected twice a week for
survival and signs of metamorphosis. After 14 days the water
was exchanged, and after 39 days the feeding was ended and the
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water in all flasks with live planulae was changed to filtered deep
seawater whereafter only survival was monitored. The water was
changed after 53, 70, and 85 days. Number of larvae in the flasks
was counted at day 14, 39, 53, 70, and 85 (larval ages of 28, 53, 67,
84, and 99 days, respectively), and after that the flasks were only
checked once a month for presence of live planulae.

Larval Behavior in Response to Food
Swimming Behavior
To test behavioral responses to different types of food, ten 72mL
standard culture flasks (NunclonTM

1) were filled with filtered
(5µm) seawater and 25 14-days-old planulae added to each flask.
Two flasks were used as controls, with no food added (NO), and
to the remaining flasks four different food types were added:
fine fraction copepod homogenate (COP); microalgae (MA); fish
blood (FB); and, a combination of Ultra Min S and D (SD). Two
flasks were set up for each food type. The microalgae were a
combination of I. galbana (size: c. 5µm) and R. salina. (c. 10–
20µm). 1mL of a mixture of Ultra Min S and D were added to
100mL of filtered (5µm) seawater to produce a stock solution,
from which 1mL was added to the culture flasks. To be able to
see the microalgae and dissolved nutrients, a small amount of dye
(Rhodamine 6G) was added to the suspensions.

To analyze behavioral response to food, planulae were filmed
in the 72mL culture flasks (65 × 40mm surface area, 20mm
depth, visual frame on images 59 × 33mm). Recordings were
made at 25Hz with a Canon Eos 5D Mark II equipped with a
Canon EF100mm macro lens (f/2.8L), mounted on a stand at
a fixed distance from the table surface and culture flasks. Two
Canon flashlights (Speedlite 320EX) on video mode (LED lights)
were set up to give lateral light sources, and the flasks were put in
a tray with a bottom cover of water and amatte black plastic sheet
underneath to provide a black background. A ruler and other
reference points were used to be able to set the scale at the time
of analysis.

The 14-days-old planulae were filmed in their respective flasks
with the controls (no food) and different food types filmed
separately. In addition, three replicate flasks (25 planulae per
flask) were filmed at larval ages of 34, 43, and 50 days, for
approximately 5min each. Filming was done first without food,
and then again after adding food to the same flasks in a repeated
measures design. Only fine fraction copepod homogenate was
used as food treatment for these older larvae. Healthy planulae
for all recording sessions were collected from large culture
E-flasks and randomly distributed over the experimental flasks
soon before filming. Between recording sessions with the older
larvae, the flasks were stored in a constant temperature room set
at 7–8◦C. Soon after the second take, with food, the water in the
culture flasks was changed. The temperature during filming was
monitored in a reference flask kept close to the flask being filmed.
Starting temperature was approximately 8◦C, and rising to 11◦C
during filming. We had no means of keeping the temperature
constant while filming, however, conditions were approximately
the same for all larvae. The results from the control treatments
(no food) were also used to analyze swimming velocity depending
on larval age. From the resulting videos, three subsamples of 10 s
each were extracted and larval movements were trackedmanually

in ImageJ/Fiji (Schindelin et al., 2015) with the MTrackJ plug-
in (Meijering et al., 2012). For each track, the average swimming
velocity and the sum of angular change in swimming direction
(
∑

1degree) was quantified. The
∑

1degree was calculated from
MTrackJ points data where the change in the angle between
consecutive pairs of points of the track was squared and summed
up for each track. The square root of the sum was then entered
into the dataset for each individual planula.

Observations under Light Microscopy
To get more qualitative observations of larval behavior and
food handling, larvae were studied under an Olympus Stereo
Microscope SZX10, and an Olympus BX51 Light Microscope
(LM) equipped with an Olympus DP70 camera. Glass embryo
bowls, glass petri dishes, or homemade small chambers made of
a slice of plastic tubing with an 8-mm inner diameter glued onto
a glass slide, were used under the stereomicroscope. Under LM,
regular glass slides with coverslips were used. The coverslips were
given small feet of modeling clay to avoid squashing the larvae.
In addition to the above described food types, picoplankton was
also tested. The picoplankton was cultured from small amounts
of copepod residue in seawater, producing mostly rod-shaped
bacteria.

Larval Swimming in Response to Salinity
Gradients
Larval response to horizontal salinity gradients was studied in
specially designed aquaria made of Plexiglas panels, with a long
slit at the bottom for gently filling of higher salinity water below
a layer of lower salinity water. Experiments were performed in
February 2013, and in March 2015.

In the February 2013 experiments, salinity gradients were set
up in a 10 × 10 × 10 cm aquarium. The swimming behavior of
27-days-old larvae was monitored in response to single salinity
gradients of different strengths in three consecutive trials. The
salinity of the bottom layer was the same as the salinity of
the intake water of the flow-through system at the time of the
experiments (32.9–33.0 psu, 7.5◦C). For the establishment of the
lower salinity top layer, filtered seawater was diluted with tap
water to 31.9, 29.7, and 28.1 psu, giving a difference (1) of 1,
3, and 5 psu between layers. The aquaria were filled to a height of
4 cmwith the top layer salinity water, after which the bottom layer
was added until the total height of water was 9 cm. The bottom
layer water was stained with a low concentration of food color
(2 drops in 700mL) for clear distinction of the layers, and the
resulting halocline (concentration gradient) was c. 5mm thick for
the 1 psu gradient, and very sharp (<1mm) for the 3 and 5 psu
gradients. Larvae were added, 10 at a time, within 1 cm from the
bottom of the experimental aquaria using long glass pipettes. For
each of the salinity gradients (11, 13, 15 psu) three replicate
rounds were run, giving a total of 30 larvae per gradient and a
grand total of 90 larvae. The travel time and behavior was noted.

In the March 2015 experiment, two consecutive trials with 10
larvae each were done in an 11 × 6 × 21 (L × W × H) cm
aquarium. The larvae were 36-days-old and three salinity layers
were set up, each 6 cm thick, with 33.6 (bottom), 31.5 (mid), and
29.5 psu (top layer) (7.5◦C). Larval behavior was recorded with

Frontiers in Marine Science | www.frontiersin.org 4 December 2017 | Volume 4 | Article 411

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Strömberg and Larsson Dispersal Potential in Lophelia pertusa

the Canon Eos 5D, and their movements were tracked manually
in ImageJ/Fiji with the MTrackJ plug-in. Tracks were traced both
for the full transport from bottom to surface, but also split in two
60-s-sections covering the passage through the gradients to get
more detail in the movements around the gradient interface.

Statistical Analyses
Swimming velocity depending on age was analyzed with a 1-way
ANOVAwith four levels of the factor age (14, 34, 43, and 50-days-
old planulae). The controls in the response to food experiments
were used and there were two replicate flasks for the 14-days-old,
and three replicates for the remaining age groups.

1-wayANOVA’s were run on the 14-days-old planulae exposed
to different types of food, with two replicate flasks for each of
the 5 treatments (including controls). Differences in swimming
velocity and sum of angular change in swimming direction
(
∑

1degree) were tested in separate analyses.
The feeding trials on the older planulae (34, 43, and 50

days old) were analyzed by repeated measures ANOVA with the
formula.

Y ∼ W × B+ Error

(

subjects

W

)

.

The within effects factor (W) was “food” (no food vs. food, 2
levels, 1 df), the between effects factor (B) was “age” (34, 43, and
50 days, 3 levels, 2 df). As “subjects” the unit of flask (3 replicates
per treatment) was used. Separate analyses were done with the
response factor Y as swimming velocity (mm s−1), and sum of
angular change (

∑

1degree).
The three statistical tests described above were all done within

the experiment in section 2.3.1, swimming behavior in response
to food. All analyses were done in the statistical software R with
the RStudio interface (version 3.2.3, R Core Team, 2015; R Studio
Team, 2015).

RESULTS

Larval Development and Survival under
Different Environmental Conditions
Development Rate at Increased Rearing Temperature
Embryo development in the bowls kept on a shaking table
at a rearing temperature of 11–12◦C was close to twice as
fast compared to those reared at 7–8◦C. Already 3 days
after spawning the embryos were ciliated swimming blastulae,
compared to 5 days at 7–8◦C, and gastrulation had already
started. At 8 days, some larvae had developed an oral pore, which
is usually not present until after14 days for larvae reared at 7–8◦C.

Survival in Different Salinities
Unfortunately, by the second day larvae in all salinities were
observed to be in bad condition, likely due to an infestation of
parasites, and most of the larvae died soon after the start of the
experiment. However, two larvae in each of two 25-psu flasks and
one larva in each of two 28-psu flasks were alive at 99 days of age.

Survival in Surface Water
For larvae reared in surface water with naturally occurring
particulate organic matter, microalgae, and smaller zooplankton,
survival was comparable to in the controls for the first 25 (flask
a) and 49 (flask b) days before the cultures suddenly crashed and
larvae died (Figure 1A). Larvae in surface water flask c showed a
more gradual deterioration, and when 99 days old, survival was
lower than in any of the three control flasks with filtered deep
water (Figure 1A). Only looking at larvae in the all-together 5
control flasks (including the two controls from the experiment
below) with filtered high-salinity water, the average survival over
3 months was close to 60%.

Development and Survival under Different Feeding

Regimes
Larvae fed with fish blood and homogenized copepods were
doing well for the first 14 days (larval age up to 28 days) with
survival comparable to those in the controls. But after exchange
of water the cultures deteriorated, andwhen counted after 29 days
(larval age: 43 days), only 2 larvae in one of the copepod flasks
remained. In one of the Min D flasks, the larvae were observed to
be in bad condition already after 2 days and no larvae survived

FIGURE 1 | Survival rates of L. pertusa larvae treated in culture flasks at

7–8◦C. Controls contained filtered (5µm) deep-sea water with a salinity of

33–34 psu. (A) Survival of larvae from 18 days old in filtered deep-sea water

and surface water of 28.5 psu. The surface water was filtered to 60µm hence

containing naturally occurring microalgae and smaller zooplankton. (B)

Survival of larvae from 14 days old in deep-sea water with potential nutritional

sources in form of dissolved amino acids and microalgae. The larvae were fed

until 53 days old when feeding ended (indicated by dashed line), and water

was changed to deep-sea water in all flasks.
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the first 14 days. In the other Min D flask, more than half of
the larvae survived for 14 days, but after 39 days (larval age: 53
days) only a few larvae in very bad condition remained; again, the
larvae were infested with parasites. There were no morphological
signs of metamorphosis into a distinctive settling form of larvae
in any of the food treatments. The number of larvae in controls,
Min S, and microalgae treatments was monitored until 99 days
old (Figure 1B). In total, survival was highest in the controls, and
in the Min S treatment there was a large variation between flasks.
Average survival of larvae fed with microalgae was lower than in
controls (Figure 1B).

From 99 days of age, all flasks with remaining larvae from
all three of the above larval experiments were checked once
per month for the presence or absence of live planulae. In
total, there were 13 flasks containing live planulae at this point
and that number decreased gradually during the following
months. Twelve months after spawning, two larvae in the
previous Min S flask (remember this treatment was ended
when larvae were 53 days old) were still alive. In the 25-
psu water larvae survived for 8 and 10 months respectively
(one in each flask) indicating L. pertusa planulae can survive
for months also in relatively low salinity water. The larvae
became more and more inactive with age and were during
the last months not seen actively swimming unless flasks were
gently rotated; otherwise larvae rested at the bottom or on
a wall. The 12-month-old larvae were observed in the flask
under a stereomicroscope. The larvae were rather small at that
point, only 100µm long. The larvae looked transparent, with
only a small opaque core, indicating that energy reserves were
running low.

Larval Behavior in Response to Food
Swimming Behavior
There was a weak tendency of increased swimming velocity
with age (14, 34, 43, and 50 days) [1-way ANOVA, F(3, 7)
= 1.78, p = 0.24]. The mean velocity in 14-days-old was
0.55mm s−1, gradually rising to 0.78mm s−1 in the 50-days-
old. The maximum velocity was 0.88mm s−1, observed in the
latter group. The 50-days-old larvae were thus still in a very
good condition as deduced by maintained high swimming speed
(Figure 2).

For the 14-days-old planulae exposed to various types of
food (including controls with no food), there was no effect of
treatment detected in either swimming velocity [1-way ANOVA,
F(4, 5) = 1.30, p = 0.38] or sum of angular change of direction
[1-way ANOVA, F(4, 5) = 1.34, p= 0.37] (Figure 3). The planulae
given homogenized copepods (COP) had a slightly higher mean
sum of angular change of direction due to a few extreme values
(Figure 3B).

In 34–50-days-old planulae there was a strong effect of food
(copepod homogenate) on swimming behavior (Figure 4). In the
figure, box-plots of the response to copepod homogenate in the
14-days-old larvae are also included for comparison, although
they were not included in the analysis. The results from the
repeated measures ANOVAs show that the swimming velocity
decreased significantly after food was added [F(1, 6) = 51.9,
p < 0.001, Figure 4A]. There is also an increase in the frequency

FIGURE 2 | Boxplots of L. pertusa larvae swimming velocity (mm s−1)

depending on age (days) in control treatments of the feeding experiments.

There is no sign of senescence in the oldest age group.

of change in swimming direction as indicated by the increase in
the sum of angular change [F(1, 6) = 96.5, p < 0.001, Figure 4B].
There were no significant interactions between age and food in
either analysis.

Observations under Light Microscopy
Small particle foods, especially picoplankton, elicited a specific
response in the planulae. They stopped swimming, and using
ciliary currents they moved particles along the body sides (aboral
to oral end), and particles accumulated at the mouth opening.
A few particles were observed getting swept into the mouth.
With a collection of particles adjacent to the mouth, the planulae
resumed swimming, capturing particles in a mucus string that
was trailed after the swimming planula. No observations of actual
ingestion of the particles in the mucus string were made. As
larvae were still, only beating the cilia to move particles along
the body, the cilia were radiating outwards from the larval body.
The resumed swimming was accomplished by crossing of the
long apical cilia, and the larvae were then immediately propelled
forward (apical/aboral end first).

Copepod homogenate, picoplankton, and the small size
microalgae (Isochrysis galbana, 5µm) all elicited mucus string
production (Figures 5A–C). The larger microalgae (Rhodomonas
salina, 10–20µm) were frequently seen interacting with the
larval cilia (Figure 5D) but were simply swept off by the ciliary
currents, or swimming off by themselves, never accumulating
at the oral opening or eliciting any mucus string production.
The fish blood was not observed to elicit any mucus string
production, however, the larvae reacted to it by expanding their
mouths while remaining still, as if feeding by ciliary movements
(Figure 5E). One larva exposed to fish blood was seen shedding
a coat of mucus, as if needing to rid itself of contaminants
(Figure 5F). Larger particles of copepod tissue could attract
several planulae. They would attach to the particles with their
oral ends (Figure 5A, inset), and stick to it for long periods.
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FIGURE 3 | Boxplots of the response to different types of food in 14-days-old planulae. (A) Swimming velocity (mm s−1), and (B) Swimming behavior (sums of

change of angles). NO, no food; COP, copepod homogenate; MA, microalgae; FB, fish blood; SD, dissolved amino acids and trace elements.

FIGURE 4 | Interaction boxplots showing age-dependent (days) larval response to food (copepod homogenate). The statistical analyses included 34 to 50-days-old

planulae, but the 14-days-old are shown in the graphs for comparison. (A) Mean swimming velocity (mm s−1), and (B) swimming behavior (sums of change of

angles). Light gray, controls (no food); dark gray, after adding food.

Much of the mortality and deterioration of cultures was caused
by a protozoan parasite (Figure 5G shows an infested planula).
With every exchange of water there was a risk of introducing the
parasites, and therefore we simply stopped changing it.

Although L. pertusa planulae seem to be opportunistic feeders,
the homogenized copepods were the food type that elicited
the greatest response. Copepods are rich in carotenoids, and
coloration from that could frequently be seen through the body
wall of planulae after feeding. Larvae could be seen reacting to
clouds of potential food by halting upon encounter and then
resume swimming (Supplementary Video 1 with description in
Supplementary Figure 1). Swimming in food was slower and
in a more spiral or circular manner than the normal bullet-
style swimming (i.e., rotating around the oral-aboral axis, but
swimming in a straight line). In flasks where the food remained
in a distinct cloud (rather than being spread out evenly in the
full volume), larvae swimming outside the cloud were usually

swimming in the normal bullet-style, while those within a
cloud swam slower and with more frequent change of angle.
Detection distance for food presence seemed short, since those
that accidentally encountered food reacted to it by an abrupt
change of behavior, while other larvae kept swimming in their
normal manner in the remaining volume and did not appear
to be attracted to the food from a distance (Supplementary
Figure 2).

Larval Swimming in Response to Salinity
Gradients
When introduced at the bottom of aquaria, all of the 27-days-
old larvae (90 in total) in the experiments performed in February
2013, responded by swimming upwards. In all salinity gradients
(11, 13, 15 psu), all larvae passed through the gradient into the
overlaying lower salinity layer with no noticeable hesitation or
reduction in swimming speed, and continued toward the surface.

Frontiers in Marine Science | www.frontiersin.org 7 December 2017 | Volume 4 | Article 411

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Strömberg and Larsson Dispersal Potential in Lophelia pertusa

FIGURE 5 | Response of L. pertusa planulae to food treatments. (A) Mucus string in response to copepod homogenate. Inset: a cluster of planulae attached to larger

particles of copepod tissues. (B) Mucus string with adhering picoplankton. (C) Mucus string with adhering microalgae (Isochrysis sp.). (D) Larger size microalgae

(Rhodomonas sp.) in contact with planula close to the aboral end. (E) A planula with extended mouth in response to fish blood. (F) A planula is shedding a sheet of

mucus after exposure to fish blood. (G) Planula infested with parasites. Scale bars 100µm.

After 60min in the experimental aquaria, all larvae were residing
at the surface (within 1 cm from the surface), independent of the
salinity of the surface layer (32.9, 29.7, 28.1 psu). In all salinities,
the larvae were seen swimming seemingly in good condition.
The speed of vertical transport toward the surface varied between
0.32 and 0.64mm s−1. There was no difference in traveling speed
in the different salinity layers. In the bottom high-salinity layer
the traveling speed was 0.47 ± 0.11mm s−1 (mean ± SD) in
the 13-psu trial, and 0.48 ± 0.13mm s−1 in the 15-psu trial.
Corresponding traveling speed for the whole distance to the top
of the experimental aquaria was 0.47 ± 0.08mm s−1 in the
13-psu trial, and 0.48± 0.07mm s−1 in the 15-psu trial.

In the March 2015 experiment, it took 3–4min for the 36-
days-old planulae to ascend from the bottom to the surface. Total
length traveled was 147.0± 32.3mm in the first round, and 152.3
± 40.7mm in the second (mean ± SD), with a mean velocity of

0.72 ± 0.18mm s−1 and 0.77 ± 0.23mm s−1, respectively. The
video sequences were 222 and 235 s long in total. There was no
apparent reaction, e.g., change in speed or direction, as planulae
passed the haloclines (Figure 6). The swimming tracks from
the two rounds were very similar so only tracks from the first
round are presented. Most planulae ascended without hesitation,
and only little sideways movements. Only one planula in round
one (Figure 6C) halted at the first halocline, turned and swam
downwards again. It later turned and ascended, passing through
that first halocline (Figure 6A). In the second round one planula
started swimming downwards, but corrected its path and later
swam upwards. Planulae did not change their speed during the
passage through haloclines: i.e., the segments of the trajectories
in the 60-sec-sequences focused at the gradient interface reveal
no changes in lengths of the segments in the transition between
layers (Figures 6B,C).
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FIGURE 6 | The response of planulae to haloclines, the first trial of two in

2015. Larvae were video recorded shortly after being introduced near the

bottom of the aquarium. (A) The complete trajectories from the full video

sequence (222 s). (B) Trajectories from the gradient between middle and top

layer (60 s). (C) Trajectories from the gradient between bottom and middle

layer (60 s). The dashed horizontal lines indicate the haloclines. Visual frame in

A =107.4 × 191.0mm.

DISCUSSION

The longevity and behavior of Lophelia pertusa planulae in this
study indicate high potential for long distance dispersal. Larvae
survived for up to a full year under laboratory conditions, even
without regular feeding or water change. The maximum lifespan
can possibly be even longer since larvae were documented
to directly feed on animal derivatives and picoplankton, and
were observed to collect smaller sized microalgae in mucous
strings. Planulae showed a distinct pattern of ontogenetic shifts
in vertical migration, with larvae up to at least 5 weeks of
age migrating upwards in the water column and crossing
salinity gradients before shifting to a predominantly downwards
migration. This behavior together with long-term survival also
at lower salinity (25 psu), and the possible feeding on small-
size microalgae, suggest that larvae may spend a period of
their pelagic phase in the relatively faster currents of the
photic zone, significantly impacting both dispersal distance and
direction.

Effects of Larval Development Rate and
Behavior on Dispersal
The 4–5 weeks old larvae in this study reacted to being
introduced at the bottom of an aquarium by consistently

swimming upwards, crossing salinity gradients, until reaching
the surface. This behavior indicates that L. pertusa planulaemight
exercise ontogenetic vertical migration, which has previously
been detected in other species inhabiting the deep sea (Arellano
et al., 2014). Due to low levels of vertical mixing in the deep-
sea water column, vertical swimming can be both efficient and
necessary for dispersal in the vertical plane. In a study by
Ledwell et al. (1993), a tracer sheet released at 310m depth
in the water column vertically spread no more than ±60m
in 5 months. This implies that larvae from deeper L. pertusa
populations, once leaving the immediate vicinity of bottom
topography where turbulence levels can be enhanced, effectively
can travel upwards in spite of their moderate vertical swimming
speed of 0.5–0.7mm s−1 (40–60m day−1). Our observation
of vertical swimming in the larvae is supported in the recent
biophysical dispersal study by Fox et al. (2016). Using larval
biology data from Larsson et al. (2014), these authors ran a
particle-tracking model to predict dispersal of larvae among
marine protected areas (MPA’s) in the NE Atlantic. The predicted
network connections among the MPA’s studied were almost non-
existing if larvae were treated as passive particles remaining in
the deep waters with its weak currents. If larvae on the other
hand were given a migrating behavior partly dispersing near the
surface, the network connections were much stronger, a result
which conformed to the estimated connectivity from genetic
studies by Dahl (2013).

In comparison, larvae of two cold-seep mollusc species found
in a depth range of 500–2,000m in the Gulf of Mexico migrate
to surface waters (Arellano et al., 2014). These long living
larvae feed and grow in the water column where they might
reside for more than a year allowing them to take advantage of
faster surface currents that can facilitate long-distance dispersal.
Young et al. (2012) used physical oceanographic data to model
the dispersal of these two species (the mussel “Bathymodiolus”
childressi and the gastropod Bathynerita naticoidea) and showed
that ontogenetic vertical migration increased the maximum
dispersal distance compared to if larvae would reside in
deeper waters. Since both the current direction and velocity
normally differ with depth (Sponaugle et al., 2002), knowledge
of the position of larvae in the water column is crucial for
more accurate biophysical modeling of larval dispersal in a
specific area. The most direct and accurate way of finding out
where in the water column larvae reside is to collect larvae
in the field at different depths as done by Arellano et al.
(2014). While this is possible, it involves extensive sampling
efforts in expensive field surveys, during the period when
larvae are in the plankton. Unlike mollusc larvae that wear
a shell, deep-sea coral planulae are soft-bodied and prone to
disintegrate when filtered out from the seawater. It would
therefore demand genetic screening of species-specific DNA
sequences to verify presence, a scientific methodology still in
its infancy. Amplification and characterization of genomic DNA
from tissue of L. pertusa planulae is previously successfully
performed (Larsson et al., 2014) indicating such sampling could
be feasible.

Contrary to Sameoto and Metaxas (2008) who found
that haloclines inhibited vertical migration in larvae of three
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temperate coastal species, the planulae of L. pertusa in this study
showed no noticeable reaction when crossing salinity gradients
entering salinities down to 28 psu. Although open ocean surface
water usually is fully oceanic in salinity, larvae released from
coastal reefs such as those in the Skagerrak or larvae from North
Sea populations transported into the Skagerrak (Fox et al., 2016),
will likely be exposed to lower salinity surface waters. Hence
potentially, the planulae of L. pertusa can reside in the photic
zone during part of their pelagic phase as indicated by crossing of
haloclines and long-term survival in low salinity water (25 psu).
In this study, survival of larvae in cultures with surface water
containing naturally occurring particulate organic matter and
organisms was lower compared to larvae in filtered (5µm) deep-
sea water (Figure 1A). It is however difficult to know whether
this reflects natural conditions since larvae were enclosed in small
culture flasks. Outbreaks of parasites caused increased mortality,
adding a random factor. The surface water with particles and
organisms likely contained higher abundances of bacteria than
the filtered seawater. The more sudden deterioration of the
surface cultures compared to the filtered seawater cultures
(Figure 1A) may indicate bacterial outbreaks. The other cultures
containing food particles may have suffered from the same
problem.

Besides vertical position in the water column, the length
of the pelagic larval duration (PLD) affects the geographic
distance larvae will disperse, with in average longer dispersal
distance with longer PLD (Siegel et al., 2003; Selkoe and Toonen,
2011; Treml et al., 2015). Considering the chances of larvae
settling locally, i.e., in the vicinity of the natal reef, the pre-
competency period is more instrumental than the length of the
PLD. A short pre-competency period will increase the proportion
of larvae recruiting locally (Treml et al., 2015). The general
longevity of the planulae observed in the present study suggests
the possibility of a very long PLD in this species. There were
no signs of senescence in 50-days-old larvae as deduced from
maintained high swimming speed, and under control conditions
more than half of the post-embryonic planulae survived until
14 weeks of age, and a few larvae survived for a full year.
The longer survival time noticed in this study compared to
in Larsson et al. (2014) where the maximum longevity was 8
weeks, is supported by biophysical dispersal modeling results
from Fox et al. (2016). Their predicted transport of larvae into
the North Sea was weak for larvae with a life span of 8 weeks
but much greater if the life span was doubled to 16 weeks,
which is consistent with the observed distribution and presence
of L. pertusa on oil and gas installations in the northern North
Sea (Fox et al., 2016). Temperature exerts a significant control
of organism metabolism and the long survival of these larvae
is most certainly explained by the low rearing temperature
(7–8◦C) corresponding to approximate in situ temperature at
the Skagerrak reefs during the spawning season. An upturn in
metabolic rate is also the most likely explanation to the twofold
increase in embryo development rate when rearing temperature
was increased from 7–8◦C to 11–12◦C in this study. The gentle
water movement caused by the shaking table likely had none
to very marginal effects on the development rate since at this
low Reynolds number (<<1, moving with the flow), the effect

on the diffusive boundary layer surrounding the embryos should
be slight (e.g., Webster and Weissburg, 2009). A faster embryo
development rate will in turn shorten the pre-competency period
from 3 to 5 weeks (Larsson et al., 2014 and this study) to c. 2
weeks.

The effect of temperature on L. pertusa larval duration
remains to be tested but will likely conform to general patterns
shared by other marine pelagic larvae. O’Connor et al. (2007)
used data from 72 species of marine animals to test the generality
of temperature-dependence of larval duration. They found a
universally strong reverse effect of temperature on PLD across
species, with PLD increasing by over an order of magnitude
as temperature varies from tropical conditions (30◦C) to cold
temperate waters (5◦C). Furthermore, Kelly and Eernisse (2007)
analyzed mitochondrial DNA data from 28 chiton species along
the western coast of North America and found a distinct
latitudinal connectivity gradient among species. The species
inhabiting higher latitudes generally had less isolated populations
and the authors hypothesize that lower sea surface temperatures
contribute to longer larval duration and by extension greater
connectivity.

Lophelia pertusa is a cosmopolitan species found at various
depths and at both low and high latitudes and consequently
its embryos and larvae may encounter a large range of
temperatures. This species typically thrives at 4–12◦C (Rogers,
1999) but surface water temperatures above these habitats
will vary much more. The surface temperature in coastal
waters of Scandinavia can be between 0 and 6◦C (Wisshak
et al., 2005) during the weeks after spawning (February-April)
when larvae potentially reside in the surface layers. Larvae of
L. pertusa populations further south in Europe—e.g., in the
Mediterranean—can instead be exposed to temperatures of 20–
25◦C, or higher. The deep sea is accordingly characterized by
water mass boundaries although with less dramatic temperature
differences. As a result, both pre-competency periods and PLD
likely varies with depth distribution and geographic location
and will be different from those found in the present study
and in Larsson et al. (2014). In a warming ocean, due to
climate change, it can also be expected to see a reduction
in dispersal distance and connectivity. In conclusion, with
the present knowledge of longevity and vertical migration
pattern in L. pertusa planulae, it is important to consider the
ambient temperatures at various reef sites and the effect it may
have on larval development rate and larval duration. Future
studies should beside temperature controlled development rate
include finding the survivable extremes in temperature for these
larvae.

Larval Traits and Effects on Connectivity
Patterns
Estimates of connectivity in L. pertusa through genetic
structuring have been conducted on various scales. Among
north Atlantic populations, these estimates have given somewhat
contrasting results (Le Goff-Vitry et al., 2004; Morrison et al.,
2011; Dahl et al., 2012; Flot et al., 2013; Becheler et al., 2017).
Le Goff-Vitry et al. (2004) and Morrison et al. (2011) found high
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levels of inbreeding (heterozygote deficits) in a majority of the
populations examined. Le Goff-Vitry et al. (2004) suggested the
pattern is caused by spatially restricted gene flow and high rates of
local recruitment of sexually reproduced larvae. The hypothesis
of high rates of self-recruitment on a site is somewhat conflicting
with our observations of L. pertusa larval biology in this study
and in Larsson et al. (2014). The length of the pre-competency
period (at least 3–5 weeks) and the vertical migration into free-
flowing water masses above the seabed do not promote self-
recruitment. In Larsson et al. (2014), bottom-probing behavior
did not become more common until 5 weeks of age and in the
present study both 4- and 5-weeks-old larvae still consistently
migrated upwards. Retention of individuals within a natal site
decreases primarily with an increase in PLD and pre-competency
period (Treml et al., 2015). Also, the longevity of L. pertusa
planulae—indicating the possibility of a several months long
PLD—speak against high likeliness of self-recruitment. In the
dispersal model studies by Fox et al. (2016) and Ross et al. (2017),
retention of L. pertusa larvae was evident though. Even when
larvae where attributed vertical migration behavior according
to the observations made by Larsson et al. (2014), allowing
the larvae to disperse with surface currents, self-recruitment
occurred in most of the studied sites for more than half of the
modeled years (Fox et al., 2016). The properties of L. pertusa
planulae thus increase the chances of escaping the natal patch but
do not guarantee it. Oceanographic features such as alternating
current directions, or larval migration through water masses with
different current directions, may cause larvae to end up where
they started.

Both Le Goff-Vitry et al. (2004) who investigated sampling
sites distributed along the European margin, and Morrison et al.
(2011) who sampled four regions in the North Atlantic Ocean,
estimated weak to moderate connectivity among populations
within regions. Results of both studies also indicate that some
larvae are widely dispersed. In contrast, Flot et al. (2013)
estimated high connectivity between L. pertusa populations
7,500 km apart in the Mediterranean Sea and the Barents Sea
off northern Norway. It should be stressed though that some
of these genetic studies may not have tested enough markers
to adequately resolve the genetic patterns of interest. High
dispersal potential in L. pertusa is also indicated by the rapid and
widespread colonization in northern European waters following
the last glacial period. From deglacial populations in the Gulf
of Cádiz and/or the Mediterranean Sea, colonization of habitats
over 7,500 km away took less than 400 years (Henry et al., 2014).
Dahl (2013) found weak genetic structuring of L. pertusa at the
scale of the north-eastern Atlantic harmonizing well with the
biophysical dispersal modeling results in this region by Fox et al.
(2016) and Ross et al. (2017), which show that the populations are
linked to each other in a connectivity network. Unambiguously,
biophysical modeling of larval dispersal is a valuable complement
to genetically derived connectivity estimates which will increase
our knowledge and understanding of L. pertusa population
connectivity.

Estimates of connectivity in other deep-sea coral species using
genetic data have shown species specific variation. Miller et al.
(2010) assessed connectivity among populations of nine deep-sea

coral species on seamounts and slopes in the Australian and New
Zealand region, spanning thousands of kilometers. They found
conflicting estimates of connectivity with evidence of genetic
subdivision among regions for three of the species whereas levels
of genetic variation were low for the remaining species. The
authors hypothesize that differences in larval traits and behavior,
of which virtually nothing is known for the studied species, may
explain the observed differences in connectivity patterns among
species.

Similar to Miller et al. (2010), Becheler et al. (2017) found
contrasting patterns of connectivity between L. pertusa and
Madrepora oculata. These two reef-building species often occur
together in the northeast Atlantic (Arnaud-Haond et al., 2017)
and were here studied in continental slope canyons of the
Bay of Biscay. Genetic structuring was detected among the 5
canyons spanning a distance of ∼500 km for populations of
M. oculata whereas L. pertusa was panmictic on this scale.
Since the coral species co-occur in all the canyons studied
by Becheler et al. (2017), hence sharing the hydrodynamic
environment, and sampling of corals has been conducted in
a similar way, it is likely that one or several of the biological
parameters important for dispersal of larvae differ between
these species. Compared to properties of L. pertusa larvae
found in this study, planulae of M. oculata may have a shorter
pre-competency period, and/or a shorter PLD, and/or show
a different vertical migration pattern (if any). Treml et al.
(2015) identified key biophysical drivers of connectivity among
marine populations, using a subtidal rocky reef ecosystem as
a model. The three parameters consistently found to be most
influential on population connectivity were larval mortality
during the dispersal phase followed by PLD and the extent of
the pre-competency period. For both median and maximum
geographical distance of downstream connectivity, PLD was
most important. The time of spawning also had considerable
impact on connectivity outcomes due to e.g., differences in
hydrodynamic conditions among seasons (Treml et al., 2015),
and may additionally explain the differences in connectivity
found by Becheler et al. (2017) since L. pertusa reproduces
seasonally whereas M. oculata produces multiple cohorts
annually (Waller and Tyler, 2005; Pires et al., 2014). Hopefully the
larval biology of manymore deep-sea coral species can be studied
in the future to help explain such differences in connectivity
patterns.

Larval Behavior in Response to Food
When exposing 14-days-old planulae to different food types,
they showed no signs of interest in the food as deduced by the
lack of difference in swimming behavior compared to control
conditions (Figure 3). A probable explanation is that planulae at
this age have just opened the oral pore, as observed in previous
work (Larsson et al., 2014), and is not yet capable of ingesting
food. In older planulae (34–50 days old), fed solely with copepod
homogenate, the results clearly show that food presence elicit
a specific feeding response with slower swimming speed and
more frequent changes of direction (Figure 4). Feeding was
corroborated by the observations of carotenoid coloration inside
the gut of the planulae after feeding. The tendency of planulae
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to attach to larger food particles by their mouths suggests that
they can benefit from food scraps from other marine animals’
sloppy feeding, or perhaps from dead organisms decomposing
in the water column. Additional experiments testing flocculate
particulatematter (POM), so calledmarine snow, as a food source
would be interesting.

The aim was to continue the filming of larval feeding
behavior, testing all food types, but due to the parasite
outbreaks the stock of healthy larvae were running low, and we
therefore chose to continue using only copepod homogenate.
Other food types were, however, tested in direct observations
under stereomicroscope, and both small size microalgae and
picoplankton was found to elicit mucus string production,
as well as the copepod homogenate. Actual ingestion of
the mucus strings was never confirmed. Ingestion of mucus
strings has previously been observed in the planulae of the
temperate cup coral Caryophyllia smithii (Tranter et al., 1982),
in the tropical coral Fungia scutaria (Schwarz et al., 1999),
and in sea anemone planulae (Schwarz et al., 2002). In all
three of these studies the planulae were fed homogenates of
crustaceans (Artemia or other) and planulae reactions to the
introduction of food were immediate and voracious, eliciting
both feeding by ciliary movements, expansion of the mouth,
and mucus string production and ingestion. Interestingly, in
the study of Schwarz et al. (2002), a diet of microalgae, or
even Symbiodinium californium (the dinoflagellate symbiont)
did not elicit feeding behavior on its own account in the
planulae of the sea anemone Anthopleura elegantissima. The
symbionts were instead ingested together with animal-derived
tissues.

Beside copepod homogenate, the only actual observation
of food ingestion in the present study was of picoplankton,
although not via mucus strings, but via ciliary motion. The
rod-shaped bacteria in the picoplankton, cultured from copepod
residue, could be an especially beneficial form of bacteria for
coral planulae. Since the bacteria seem specialized in breaking
down copepod tissue, they shouldmake good bacterial symbionts
for the larval gut, and subsequently in the adult polyps’
gastrovascular cavity, and aid in nutrient turnover. The affinity
for larvae to feed on these bacteria could thus be a means
of picking up symbionts rather than feeding on the bacteria
themselves, just like planulae of zooxanthellate corals and sea
anemones acquire their symbionts by ingestion (Schwarz et al.,
1999, 2002).

The adult L. pertusa polyps are opportunistic feeders capable
of exploiting different food sources including zooplankton,
microalgae (in the form of marine snow, POM), bacteria, and
dissolved organic carbon and other nutrients (Mueller et al.,
2014). It seems as though the planulae share the opportunistic
heterotrophic diet of the adults. The photic zone and water layers
immediately beneath is likely where the highest concentration
of high quality food can be found, and the interest in small
size microalgae suggests that larvae might feed in the photic
zone. Beside the possibility to pick up symbiotic bacteria by
feeding, the larval energy reserves may be filled resulting in
a life span even longer than that documented in the present
study. Feeding may however also in average decrease the PLD

if ingestion of certain nutrients is a prerequisite for gaining
competency for settling and metamorphosis as competent larvae
are expected to descend toward the sea floor. The question
whether feeding is a prerequisite for achieving competency
for metamorphosis was meant to be resolved through the test
of survival and development under different feeding regimes.
During this specific experiment, no metamorphosis was noticed
but signs thereof were observed in some fed planulae in the
experiments where larval swimming behavior in response to
food was documented. The planulae had a bulging edge adjacent
to the mouth, indicating onset of tentacle bud formation
(Strömberg et al., 2018). Thus, it seems as if planulae start
metamorphosis before settling. Development of mesenteries and
even tentacles, or tentacle buds, prior to settling is common
within anthozoan planulae (Martin and Koss, 2002). Our
planulae were mainly fed copepod homogenate, so further testing
needs to be done with other food types to fully resolve the
question.

CONCLUSIONS

Planulae of the cold-water coral L. pertusa exhibit traits that
indicate high potential for long distance dispersal. A pre-
competency period of minimum 3–5 weeks with continuous
upwards migration into free-flowing currents during this time
will increase the chances of escaping the natal spot. The
willingness to cross salinity gradients and survival for many
months also in water of coastal surface salinity will enable long
distance transportation in the relatively faster surface currents.
We also observed that embryo development rate increased with
raising temperature which will decrease the pre-competency
period. This implies the dispersal potential of L. pertusa is
depending on ambient temperatures at and above the reef sites
and is expected to vary with latitudes. Our observations can
be fed into biophysical dispersal models significantly increasing
the accuracy of predicted dispersal and connectivity in this
coral.

For management purposes, and for the design of marine
protected areas, knowledge about the level of exchange of
individuals among geographically separated populations is
fundamental. Up to recently (see Cardona et al., 2016;
Fox et al., 2016), estimates of connectivity among deep-
sea coral populations have exclusively been based on studies
of genetic structure. One difficulty with such estimations is
to discern between historical and present connectivity since
individuals of reef building cold-water corals like L. pertusa
through colonial growth and asexual reproduction through
fragmentation can be very long-lived (thousands of years). As
a result, genetic connectivity estimates could mirror historical
patterns with extinct stepping-stone populations that previously
connected geographically distant populations, and establishing
MPA networks based only on such connectivity estimates
can be fatal. Clearly, complementing genetically derived
connectivity estimates with biophysical modeling of larval
dispersal, and intrinsic traits and behavior of the propagules,
will increase our knowledge and understanding of population
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connectivity and its regulating mechanisms in deep-sea coral
populations.
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