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Abstract Behaviour can have profound consequences for
the dispersal potential of an organism. In the marine
environment, larvae rely heavily on oceanic currents to
migrate from one area to another. As oceanic currents are
faster in the shallows, the vertical positioning of larvae
during dispersal is a key factor regulating the distance
individuals can travel. Up until now, the vertical posi-
tioning of coral larvae has been largely explained by
buoyancy, as well as changes in physical and chemical
cues. However, here we show that in larvae of coral
Pocillopora verrucosa, vertical positioning is influenced by
photo-movement. We examined the reaction to light of five
coral species in the laboratory and found that only larvae of
P. verrucosa, but not other species, displayed a positive
photo-response (i.e. an accumulation of larvae close to the
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light source). This reaction was observed irrespective to the
orientation of light from the top, bottom or side. In the
field, P. verrucosa larvae accumulated in the top halves of
transparent chambers at all depths (1, 7, 15 m), whereas
such behaviour failed to occur in dark chambers. Our
results demonstrate that light can play an important role for
coral larvae to regulate vertical positioning during dispersal
and provides a hypothesis that positive photo-movement
might allow larvae to disperse further and contribute to the
wide geographical distribution of P. verrucosa in the Indo-
Pacific.

Keywords Coral - Larvae - Behaviour - Photo-movement -
Dispersal

Introduction

Dispersal can be observed in almost every biological sys-
tem on Earth, from marine (D’Aloia et al. 2015) to fresh-
water (Ma et al. 2017) to tropical forests (Wandrag et al.
2017). Locomotion provides the majority of organisms the
ability to move from one place to another, allowing indi-
viduals to trial environments for suitability (Puckett et al.
2018). Such movement is usually channelled by certain
behaviour which is inherited (Fiksen et al. 2007). These
active dispersers have a high degree of autonomy, acting
under self-propulsion, utilizing their own energy, whereas
those categorized as passive use energy provided from the
environment, primarily a function of winds or water cur-
rents (Martiny et al. 2006; Jenkins et al. 2007). In the
marine environment, oceanic currents play an indispens-
able role in the dispersal of larvae of both benthic and
sessile organisms (Iryu et al., 2006), as microscopic
propagules utilize currents to disperse like passive
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particles. Consequently, how larvae control their vertical
position within the water column during dispersal is a key
factor determining the distance an individual can travel, as
surface ocean currents are faster in the shallows than those
residing deeper (Tang et al. 2000; Kendall and Poti 2014).

For coral larvae, the regulation of vertical positioning
has traditionally been explained by temporal changes in
buoyancy, determined by lipid stores (Arai et al. 1993;
Rivest et al. 2017). Lipids play a vital role in the regulation
of buoyancy in many planktonic marine organisms
(Campbell and Dower 2003). Therefore, variation in lipid
content could alter the vertical positioning of coral larvae
in the water column (Harii et al. 2002; Bergman et al.
2018). As the main biochemical component, initial lipid
content (% in dry weight) in coral larvae varies among
species; for example, Acropora palmata has higher lipid
contents (~ 70%) (Wellington and Fitt 2003) in contrast to
Favia fragum, where lipids are considerably lower
(~ 34%) (Norstrom and Sandstrém 2010). Interestingly,
coral species Pocillopora verrucosa releases eggs that are
miniscule and negatively buoyant (the present study).
Despite this, P. verrucosa has a wide-ranging distribution
across the Indo-Pacific (Veron 2000). This raises a question
concerning the view that buoyancy is the primary factor
controlling the vertical position and dispersal potential of
coral larvae.

The regulation of vertical positioning by a light signal
(e.g. phototaxis) has been observed in an array of adult
marine organisms such as fish (Wales 1984), crabs (Shirley
and Shirley 1988), copepods (Kim et al. 2019), jellyfish
(Katsuki and Greenspan 2013) and coral larvae (Gleason
et al. 2006). Similar phenomenon has also been observed in
larvae of Aiptasia (Foo et al. 2020) and ascidians
(McHenry and Strother 2003). For coral larvae, Kawaguti
(1941) observed four coral species (Pocillopora damicor-
nis, Seriatopora hystrix, Galaxea horrescens and Euphyllia
glabrescens) that showed a positive phototactic trend in
response to light, within a certain range of intensity. These
initial observations provide a hypothesis that light func-
tions to control the vertical position of coral larvae, yet
phototaxis has not been reported since. Raimondi and
Morse (2000) sought to examine the effect of light,
specifically the time of day (midday and dusk), on coral
larvae (Agaricia humilis), but determined that light had
little or no effect on swimming behaviour. More recently
however, Sakai et al. (2020) showed that coral larvae
(Acropora tenuis) exhibit a step-down photophobic
response and therefore, the question of a photo-response in
coral larvae remains disputed. Further, it has been shown
that swimming behaviour of coral larvae can be altered by
chemical (Da-Anoy et al., 2017; Jorissen and Nugues,
2021), physical (Gleason et al., 2006; Szmant and Mead-
ows, 2006) and acoustic cues (Vermeij et al., 2010).
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Here, we provide a new hypothesis that light influences
the ability of P. verrucosa larvae to localize near the sea-
water surface, which potentially could allow further dis-
persal. We assess whether coral larvae use light to control
vertical positioning in five coral species (P. verrucosa,
Pocillopora sp., Dipsastraea speciosa, Favites pentagona
and Acropora hyacinthus) in laboratory experiments and
found that only P. verrucosa larvae display positive photo-
movement. Such positive photo-movement of P. verrucosa
larvae was also observed in the field, providing a new
hypothesis that light can regulate the ability of P. verru-
cosa larvae to localize near the seawater surface and, in
turn, disperse further.

Materials and methods
Coral colony collection and larval rearing

Pocillopora verrucosa is a pioneer, scleractinian coral
species that has a wide geographical range across the Indo-
Pacific (Bramanti and Edmunds 2016). Unlike the majority
of scleractinian corals, P. verrucosa spawns in the early
morning (Bouwmeester et al. 2021), 2-3 days after the full
moon in April and/or May in Taiwan (Lin and Nozawa
2017). In the present study, colonies of P. verrucosa
spawned between 9:30 and 10:00 on the 21 April 2019 in
Dabaisha, Lyudao (Green Island), Taiwan (Fig. S1). Sperm
and eggs were collected in situ by placing plastic bags over
branches of 9 colonies allowing gametes to collate inside.
Gametes were then mixed for cross-fertilization approxi-
mately 30 min after collection in Green Island Marine
Research Station (GIMRS). Upon inspection, eggs con-
tained symbiotic algae (Symbiodiniaceae) and were nega-
tively buoyant. Fertilization was inferred to occur within
15 min of mixing gametes, based on observation of cell
division. Embryos were then transferred into stock con-
tainers with 0.22 pm filtered seawater (FSW). 192 embryos
were removed from the stock container and placed into
individual wells of 96-well culture plates (well volume
of ~ 350 pL) with FSW to examine larval longevity.
Every 3 days, FSW was replaced in each cell and mortality
was recorded when larvae dissolved. All larvae were kept
in a temperature-regulated growth chamber at 26 °C with
12h exposure to light (06:00-18:00) and dark
(18:00-06:00). FSW of the stock containers was changed
every 3 days.

Of the other four scleractinian coral species used in this
study, three (D. speciosa, F. pentagona and A. hyacinthus)
were spawners and one a brooder (Pocillopora sp). Unlike
P. verrucosa, the three spawning species spawn aposym-
biotic eggs (eggs without Symbiodiniaceae) and the
brooding species release symbiotic larvae (larvae with
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Symbiodiniaceae). As a result, in this study, we tested the
photo-response of symbiotic larvae from one spawning (P.
verrucosa) and one brooding (Pocillopora sp.) coral spe-
cies and aposymbiotic larvae from three spawning coral
species (D. speciosa, F. pentagona and A. hyacinthus). For
the three spawners, fragments from different colonies were
collected from Dabaisha or Gonggan (Fig. S1) a few days
before the predicted spawning day (Lin and Nozawa 2017)
and stored in individual containers with aerated FSW.
Spawning occurred between 21:00 and 22:00 in 4 frag-
ments of D. speciosa on the 20 April 2019; 4 fragments of
F. pentagona on the 24 May 2019; and 8 fragments of A.
hyacinthus on the 19 May 2019. For each species, spawned
gametes were mixed immediately, left for 1 h and fertilized
eggs were placed into a container with gently aerated FSW
until motile larvae were observed. For brooder Pocillopora
sp., 5 fragments were collected from Gonggan on the 20
May 2019. The fragments released larvae throughout the
night and collected larvae were stored in a container with
aerated FSW in the laboratory. Pocillopora sp. is an
undescribed species which resembles P. verrucosa, but has
a different reproductive mode (brooder). All larvae were
kept in the containers at ~27 °C in airconditioned labo-
ratories until use with 12-h exposure to light (06:00-18:00)
and dark (18:00-06:00). FSW of the stock containers was
changed every 3 days.

Laboratory experiments

We assessed larval reaction to light in the laboratory at
GIMRS. We constructed fifteen 1-m chambers (n =5
chambers light condition™") from black PVC pipes (outer
diameter = 2.2 cm; inner diameter = 1.7 cm), separated by
a PVC ball valve, consisting of two sections; proximal and
distal (47.5 cm in length). Chambers were placed vertically
on a frame under a fluorescent lamp (MASTER TL5 HO
54 W/865 SLV/40, Philips) so that light penetrated only
from the top of chambers. Three light conditions (O,
0.0043, 4338 pmol m™? s~ ') were examined in the
experiment using neutral-density filters to reduce intensity
of all wavelengths. Light intensities were measured using a
light intensity logger (TR-74Ui, T&D, Japan) and then a
spectrometer (LA-105, NK system, Osaka, Japan) to con-
vert lux to pmol m2? s~ '. In the experiment, an equal
number of actively swimming larvae and FSW were gently
inserted into both the top and bottom sections of chambers.
Subsequently, valves were opened to allow larvae to swim
freely for 60 min. On collection, valves were sealed, the
contents of each half were filtered through plankton mesh
(100 pm) and larvae were counted under a stereo-micro-
scope. Temperature of FSW in the chamber was recorded
and was not affected by the fluorescent lamp over the
course of the 60 min experiment.

In the laboratory, we conducted four experiments to
examine the photo-response of coral larvae (Fig. 1). In the
first experiment (Fig. 1a), we tested larval reaction to light
for all coral species under two light conditions (0 and
43.38 pmol m 2 s~ ') and an additional dim light condition
(0.0043 pmol m~2 s~ ') was used for P. verrucosa larvae.
This additional condition was used to examine the sensi-
tivity of photo-response in P. verrucosa larvae to very
weak light, such as moonlight at night time. The age
(1-4 days old) and number of larvae (~ 40 to 370 larvae
chamber ") used for each species are listed in Table S1. In
the second experiment (Fig. 1b), we tested if the orienta-
tion of light alters the reaction of P. verrucosa larvae to
light using 3-day-old larvae (n = ~ 100 larvae cham-
ber™') under two light conditions (0  and
43.38 pmol m 2 s_l). In this experiment, chambers of half
transparent and half black were used to observe a clear
photo-response of P. verrucosa larvae. To test if larvae
could swim down towards light, 10 chambers were placed
in a vertical position (5 black chambers for the no light
condition; 5 chambers of half black and half transparent for
the light condition) with the fluorescent lamp placed at the
bottom and transparent ends facing the light. To test if
larvae could swim horizontally towards light, 10 chambers
(of the same design) were placed horizontally with the
fluorescent lamp placed at one side and transparent ends
facing the light. In the third experiment (Fig. 1c), we tested
the reaction of P. verrucosa larvae to light
(43.38 pmol m 2 s™') at different times of day (6:30,
12:30 and 17:30) using 2-day-old P. verrucosa larvae
(n= ~ 200 larvae chamber ') to determine if larval
reaction to light changed at any point throughout the day
(e.g. Akihara et al. 2019). In the fourth experiment
(Fig. 1d), age-effect of P. verrucosa larvae and the
response to light was determined by repeating the first
experiment under two light conditions (0 and
43.38 umol m~2 s™') with 10-day-old larvae (n = ~ 150
chamberfl).

Field experiment

We assessed the reaction of P. verrucosa larvae to light in
the field in Gonggan, Lyudao (Fig. S1). Thirty chambers of
the same design as in the laboratory experiment were used,
15 transparent and 15 black to block light entirely. Five-
day-old larvae were used in the field experiments
(n = ~ 350 larvae chamberfl). Chambers (including lar-
vae) were transported to the reef and placed vertically on
frames located at 3 depths (1 m, 7 m, 15 m). At each depth
5 transparent and 5 black chambers were deployed. Data
loggers (HOBO Pendant Temperature/Light Data Logger
64 K; Onset Computer Corp., Bourne, MA, USA) were
placed on both ends of one chamber at each depth to
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Fig. 1 Overview of the four

laboratory experiments. a The
Ist experiment: Larval reaction

(a

Lab. Experiment 1
Larval Reaction to Light

(b) Lab. Experiment 2
Orientation of Light

to three light conditions (light,
dim light and darkness) for
larvae of five coral species
(Pocillopora verrucosa,
Pocillopora sp., Dipsastraea
speciosa, Favites pentagona and
Acropora hyacinthus). b The
2nd experiment: Larval reaction
to orientation of light (from the
bottom or side) for P. verrucosa
larvae. ¢ The 3rd experiment:
Larval reaction to light at
different times of day for P.
verrucosa larvae. d The 4th D
experiment: Larval reaction to
light at different ages (3 and
10 days) for P. verrucosa
larvae. Yellow arrows indicate

Dim Light

Light
<= Darkness

m

Pocillopora verrucosa

Other 4 spp.

Light
<= Darkness

O

R

Pocillopora verrucosa
only

Light

P From the side
Light
[_EI_] <= Darkness
ot
3
£
5

D

From the bottom

the direction of light. Five
replicate chambers were used

for each experimental condition (c) Lab. Experiment 3 (d) Lab. Experiment 4
in each experiment Time of Day Different Age
£ 5 % 5 8
3 = o | = =2 £
855
= - |
3 ¥
P 3-day Old Larvae
P | Vs.
Pocillopora verrucosa 18-y Ol Larvas
only
D

6:30 12:00 17:30

Pocillopora verrucosa
only

monitor temperature and light intensity during the experi-
ment. Average seawater temperature and light intensity
recorded at each depth were 29.2 °C and 52,697 lux at
1 m, 27.6 °C and 17,379 lux at 7 m, and 27.0 °C and
506 lux at 15 m. In the experiment, valves were opened for
60 min, and larvae from each half of individual chambers
were collected and counted in the same manner as in the
laboratory experiment. The experiment was conducted in
the late morning with favourable weather conditions (clear
skies).

Data analysis
The distribution index was determined by using the number
of larvae in proximal (P) and distal (D) halves of each

chamber, calculated as [(P — D)/(P + D)] (Aihara et al.
2019). Values ranged from — 1 to 1 with positive values
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indicating a positive photo-response and negative values
indicating a negative photo-response (i.e. if the value was
0, neutral photo-movement,
implied).

Due to overdispersion, we used beta-binomial general-
ized linear models to assess any significant differences in
the number of larvae in the proximal half of chambers,
compared to larvae in the distal half under various condi-
tions (light, depth, age, time of day) in the laboratory and
field experiments. We used analysis of deviance (test F) to
identify which factors and/or interactions were significant,
based on the fitted beta-binomial models. Where necessary,
we then used Tukey’s post hoc tests to make pairwise
comparisons of values across groups and among interac-
tions. We used statistical software R (version 3.6.1) with
package dispmod (Scrucca 2018) (version 1.2), package car

or random swimming is
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(Fox and Weisberg 2019) (version 3.0-5) and package
Ismeans (Lenth 2016) (version 2.3) for the analysis.

Results
Laboratory experiments

We first examined the effect of light on the vertical posi-
tioning of larvae in the laboratory from five different coral
species (P. verrucosa, Pocillopora sp., D. speciosa, F.
pentagona and A. hyacinthus) (Fig. 2a; Table S2). No
consistent trend in photo-response of larvae was seen
among coral species regarding their reproductive mode
(spawner and brooder) and symbiotic state of larvae (with/
without Symbiodiniaceae). P. verrucosa larvae (symbiotic
larvae from spawner) had a significantly different response
to the light treatments (analysis of deviance; F = 33.9,
P < 0.001). The distribution index was almost 0 (— 0.01)

Fig. 2 a Larval reaction to light
intensity using larvae of five (a) 1 s
coral species. Photo-response of
Pocillopora verrucosa

(n = ~ 370 chamber™"),
Pocillopora sp. (n = ~ 40
chamber™"), Dipsastraea
speciosa (n = ~ 55
chamber™"), Favites pentagona
(n = ~ 200 chamber™') and
Acropora hyacinthus

(n = ~ 200 chamber™") to light
(white circles;

43.38 umol m~2s~") and no
light (black circles) conditions.
An additional dim light -0.4
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after 60 min of P. verrucosa larvae being incubated in
darkness, indicating that the vertical position is random.
However, under the light treatment of 43.38 umol m~2-
s~! the index was close to 0.67, and under the dim light
treatment of 0.0043 pmol m~?2 s~! the index was 0.71,
signifying that larvae accumulated at the top of chambers
in the light treatment (Tukey’s test; P < 0.001).

Of the 4 other coral species used in this study, light
response varied among larvae (Fig. 2a; Table S2). For
example, larvae did not exhibit any obvious response to
light in D. speciosa (analysis of deviance; F = 0.8,
P = 0.4) and F. pentagona (analysis of deviance; F = 1.3,
P =0.3); D. speciosa larvae (aposymbiotic larvae from
spawner) distributed evenly throughout the chambers and
the majority of F. pentagona larvae (aposymbiotic larvae
from spawner) accumulated in the upper sections—re-
gardless of light condition. In contrast, larvae of Pocillo-
pora sp. (symbiotic larvae from brooder) congregated in
the top of chambers in darkness, whereas larvae were
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observed to distribute more evenly under the light condi-
tion (analysis of deviance; F = 21.6, p < 0.01). A similar
pattern was observed for A. hyacinthus, where larvae
(aposymbiotic larvae from spawner) were found at the top
of chambers in darkness and more evenly distributed in
light (analysis of deviance; F = 14.7, P < 0.01).

When light was provided from the bottom of chambers,
the distribution index of P. verrucosa larvae was 0.66,
demonstrating that the majority of the larvae accumulated
near the light source (Fig. 2b; Table S2). This behaviour
was not seen in darkness where the index was close to 0
(0.06) (analysis of deviance; F = 76.6, P < 0.001). A
similar result was observed when light was directed from
the side (Fig. 2b; Table S2), where the distribution index
was 0.67 under the light treatment and — 0.05 in the dark
treatment (analysis of deviance; F' = 26.0, P < 0.001).

To further understand the effect of light on the vertical
positioning of larvae in P. verrucosa, larval response to
light was measured at different times throughout the day
(Fig. 3a; Table S2). Our results demonstrate that larvae
have the ability to accumulate close to the surface at any
time during the daytime under direct light exposure posi-
tioned at the top. Under laboratory conditions, a 50%
survival rate in P. verrucosa larvae was observed at
20 days with a maximum longevity of 24 days (Fig. 3b).
We then compared the effect of light on the vertical
position of P. verrucosa larvae at 3 and 10 days old
(Fig. 3c). Our results show that there is no difference in
larval response to light or the distribution of larvae in
chambers as the majority of larvae were in the top under
both light and dim light conditions, but not in darkness
(Tukey’s test; P < 0.001).

Field experiment

On the basis of our laboratory experiments, we examined
the vertical positioning of P. verrucosa larvae in response
to light at three depths (1, 7, 15 m) in the field (Fig. 4;
Table S2). Results indicate a significant difference between
the two light conditions at all depths (analysis of deviance;
F =194.8, P <0.001, Tukey’s test; P < 0.001). At I m
depth, the distribution index was 0.56 in transparent
chambers and 0.09 in dark-sealed chambers. Similar results
were observed at 7 and 15 m depths, where the distribution
index was 0.76 and 0.58 in transparent chambers compared
to 0.06 and 0.02 in dark-sealed chambers, respectively.

Discussion

We examined the effect of light on the vertical positioning
of larvae from five different coral species and found that
only P. verrucosa larvae accumulated close to a light
source. This larval response appears to be unique to P.
verrucosa, irrespective of the symbiotic state of larvae
(with/without Symbiodiniaceae) and reproductive mode of
coral (spawner/brooder), as larvae of the other coral species
did not show such response to light. A similar photo-
movement was seen when P. verrucosa larvae were
exposed to light from the side or bottom. Furthermore,
photo-movement in P. verrucosa larvae was seen at three
different depths in the field, indicating that this behaviour
occurs over a wide depth-range in nature. These results
suggest that P. verrucosa larvae possess the unique ability
to respond to light, but it is not common across coral

O Light @ DimLight @ NoLight

Light
(@ 1 O let (b)) 1 € 4.
B

081 A & P 0s] AB A

2 {; > 08 » (% (}
= 06] = g = 1 AB B
2n (} ] 2g % o 9
cd o4l s 06 sd
§L © 2 s 044
=] () —_ E; o
24 02 S o4 g o2; 7 ¢
25 : 8=
¢ =i
%) e 01 +
0.2
0.2 -0.2 4
-0.4 0
: 0.4
6:30 12:00 17:30 0 5 10 15 20 25 30 3days 10 days
Time Days After Spawning Larval Age

Fig. 3 a Larval reaction to light at different times of day using larvae
of Pocillopora verrucosa. Photo-response of P. verrucosa larvae to
light (43.38 umol m—2 s~ ") tested at various times (6:30, 12:00,
17:30) during sunlight hours (n = ~ 200 Chamberfl). The distribu-
tion index is as referred to in Fig. 2. Average &+ SD are shown.
Letters indicate significant groupings (P < 0.05). b Survival proba-
bility of P. verrucosa larvae (n = 192 larvae). ¢ Larval reaction to
light at different ages (3 and 10 days) using larvae of P. verrucosa.
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Larvae at 3 days old (n= ~ 370 chamber™') and 10 days old
(n = ~ 150 chamber ') were tested under light (43.38 pmol m2-
s7", dim light (0.0043 umol m~2 s~') and no light (0 pmol m~2 -
s~") conditions in the laboratory. Data from 3-day-old larvae is the
same as in Fig. 2. Mean + SD are shown. Letters indicate significant
differences (P < 0.001), with the exception of ages under dim light
conditions (P < 0.01)
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Fig. 4 Larval reaction to light at three different depths in the field.
a In situ experimental set-up at 15 m, showing 5 transparent and 5
black chambers fixed to a frame attached to the reef substrate. Letters
indicate proximal (P) and distal (D) sections of chambers as defined in
the experiment. b Photo-response of Pocillopora verrucosa larvae
(n= ~ 350 chamber™!) in situ at depths of 1, 7 and 15 m in

species. In addition, an accumulation of larvae was seen
under the dim light (0.0043 pmol m—2 s™') in the labora-
tory experiment. This result suggests that light-dependent
accumulation of P. verrucosa larvae, near the seawater
surface, occurs even under the faintest of light, e.g. deep
water and cloudy settings. Larvae may also have the ability
to respond to moonlight, if they continue to be motile at
night. However, further research is required to validate
such a hypothesis. We must note that we observed a weak
photo-response in P. verrucosa larvae from colonies that
experienced the 2020 mass-bleaching event in Taiwan.
This observation suggests that life history of parental corals
might influence motility or photo-response of larvae.
Coral larvae swim using cilia that propel, or steer
planula in a certain direction (Jékely 2009). Photo-steering
in larvae can be often observed in marine invertebrates
(Angel and Pugh 2000) and in most cases, steering is
regulated by specialized photoreceptors that have photo-
sensory membranes, containing shading pigment granules
and cilia that bend upon the direction of light (Adamska
et al. 2007). Larvae adjust their entire body orientation in
response to a light stimulus, therefore when swimming,
they move towards the direction of the light source.
Swimming behaviour has also been found to be influenced
by both chemical (Da-Anoy et al. 2017; Jorissen and
Nugues 2021) and physical cues (Gleason et al. 2006;
Szmant and Meadows 2006). However, in terms of photo-
movement, it is uncertain if P. verrucosa larvae use this
exact mechanism (Harrison and Wallace 1990), but it has
been shown that some Acropora larvae do have
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transparent (white circles) and black (dark circles) chambers.
Mean + SD are shown. Letters indicate significant differences
between light (transparent) and no light (dark) conditions (A, B vs.
C; P < 0.001) and within transparent conditions, between depths (A
vs. B; P < 0.05)

photoreceptors, such as rthodopsins (Sakai et al. 2020) and
cryptochromes (Levy et al. 2007).

In our study, the exact photo-movement mechanism of
P. verrucosa larvae was not identified (i.e. phototaxis or
photokinesis) (Wilde and Mullineaux 2017). If larvae
exhibited phototaxis, individuals would move directly
towards or away from light (Schuergers et al. 2016),
whereas photokinetic larvae would increase their swim-
ming speed along a light gradient (Fig. S2). Our experi-
mental set-up unintentionally created a light gradient
within the chamber and therefore wasn’t able to distinguish
between either photo-behaviour. Although Sakai et al.
(2020) observed photophobia in A. fenuis larvae (i.e. a
temporal reduction in swimming speed in response to a
sudden attenuation of light), our results instead showed a
directional response to light (from the top, side and bottom)
and therefore could not be explained by this behaviour. In
any event, phototaxis or photokinesis would not influence
the resulting ecological consequence of such behaviour, as
larvae would swim to an optimal light zone in both cases
(Fig. S2) and in nature, swimming speed would not influ-
ence such a result. Additionally, the light gradient in the
ocean is far less exaggerated than that created in the lab-
oratory (e.g. in a 1-m chamber), therefore larval response
to light observed in the field would suggest a phototactic
response. Traditionally, it is thought that larval buoyancy
controls vertical positioning in coral larvae (Arai et al.
1993). An important piece of information, as the ability to
accumulate near the seawater surface is a key factor lim-
iting the distance coral larvae can travel (Szmant and
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Meadows 2006). In the present study however, we showed
that P. verrucosa larvae accumulate near the water surface
using photo-movement. This finding provides evidence of a
mechanism in which coral larvae regulate vertical posi-
tioning. For the majority of coral species, buoyancy of
(non-feeding) larvae gradually weakens over time due to
consumption of lipids for energy (Harii et al. 2007). Hence,
the ability to remain close to the surface might be limited in
the early larval phase during the dispersal process. Con-
versely, photo-response in P. verrucosa larvae is implied to
persist throughout the larval stage and may allow larvae to
remain at the water surface for prolonged durations. Since
accumulating near the surface is advantageous, coral spe-
cies that have a positive photo-response in the larval phase,
might be more suitable for dispersing further (Fig. 5).
Consistent with this hypothesis, P. verrucosa has a wide-
ranging distribution across the Indo-Pacific (Veron 2000).
Additionally, the present study location is home to one of
the world strongest currents; the Kuroshio, that flows
directly through Taiwan’s coral reefs (Andres et al. 2015).
From our results, we conclude that photo-movement may
greatly benefit the dispersal of P. verrucosa larvae in this
region (Vogt-Vincent and Mitarai 2020) as the Kuroshio

(a) Larvae swim towards sunlight
and accumulate near the seawater
surface

Larvae

Coral

f Photomovement

Oceanic Current
Fig. 5 Schematic illustrating the photo-response dispersal model
proposed for Pocillopora verrucosa larvae. Free-swimming larvae

fertilized from negatively buoyant, symbiotic eggs of P. verrucosa
swim up towards the seawater surface due to a photo-response (red

@ Springer

(b) Larvae use the fast-flowing
currents at the surface to travel
further

allows for the steady supply of coral larvae from the tropics
to higher latitudes (Iryu et al. 2006).

Despite its possible advantage for dispersal however,
photo-movement may also provide a disadvantage as the
active swimming of P. verrucosa larvae towards light
demands a continuous consumption of energy. However,
unlike the majority of coral species, larvae of P. verrucosa
possess symbiotic algae transmitted from the parental coral
(Hartmann et al. 2017). Thus, symbiotic algae could pro-
vide an energy source during the dispersal period (Isomura
and Nishihira 2001), perhaps allowing larvae to use such an
energy-consuming method of vertical positioning (photo-
movement), in comparison to larvae of other coral species
that rely solely on lipid reserves (Harii et al. 2010).

Understanding the processes that govern dispersal is
imperative, as the number of coral reefs in recovery
increases in the Anthropocene (Hoegh-Guldberg et al.
2018). Larval dispersal is essential to reseed areas devas-
tated by disturbance and exists as one of the few ways to
guarantee the persistence of reefs. In the present study, we
demonstrate that larvae of P. verrucosa accumulate near
the seawater surface via positive photo-movement. This
finding suggests that light could play a key role in the
dispersal of P. verrucosa larvae and provides new insights

(c) Algal symbionts assist larvae to
travel for a longer periods of time

Settled
Larvae

arrows). Sunlight provides energy for symbionts within the larvae as
they dwell at the surface. White arrows represent surface currents that
are faster closer to the surface and larvae use these to disperse farther
afield and still can settle at shallow waters
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into how small-scale behaviour can have profound conse-
quences for the dispersal potential of organisms.
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