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Coral reefs are vulnerable to ultraviolet radiation (UVR, 280–400 nm). Not only do the fluxes of UVR fluctuate
daily, they are also increasing due to global ocean and atmospheric changes. The deleterious effects of UVR on
scleractinian corals have been intensively studied, but much less is known about the response of corals in the
early pre-settlement phase. In this study, we tested how UVR exposure affects survival and development of
Seriatopora caliendrum larvae and examined the photophysiological changes induced in the symbiotic dinoflagel-
late Symbiodinium. Results showed that the contents of chl c and carotenoids normalized to the number of algae
cells in the larvae decreased significantly when larvae were exposed to UVR compared to those protected from
UVR, while the cell density of Symbiodinium was higher in UVR-exposed larvae. The effective photochemical ef-
ficiency of the symbiotic algae increased when cultured under PAR plus UV-A (here taken as 320–395 nm). We
further present the novelfinding that during the development experiment, presence of UV-A induced a decline in
the rates ofmetamorphosis and settlement,which disappearedwhen the larvaewere also exposed to UV-B (here
defined as 295–320 nm). However, UVR had no distinguishable effect on the numbers of larvae that either sur-
vived, metamorphosed or settled by the end of the culture period. Therefore, it is concluded from this study
that UV-A radiation may extend the planktonic duration of coral larvae, but not have an overall inhibitory effect
on developmental outcomes.

© 2017 Published by Elsevier B.V.
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1. Introduction

Ultraviolet radiation (UVR, 280–400 nm) can be a major threat to
living organisms, especially photoautotrophic species. It is well known
that the high-energy spectrum band of UVR can be absorbed by a num-
ber of biomolecules such as nucleic acids, proteins and lipids, thus lead-
ing to DNA mutation and damage to cellular structures, as well as
blocking of enzymatic reactions and other physiological processes and
inducing the formation of reactive oxygen species (ROS) [1]. The imple-
mentation of Montreal Protocol has indeed lowered the concentrations
of ozone-depleting substances, and the ozone layer is predicted to re-
turn to 1980 levels by the middle of this century [2]. However, in low
latitude regions, the flux of UV-B may be enhanced by 2–3% [3] due to
effects of global climate change such as the presence or absence of
trace gases and changes in atmospheric circulation patterns [4]. A 10-
year solar radiation climatology study [5] revealed that in the Great
Barrier Reef region of Australia, the level of solar radiation has increased
slightly by nearly 1%, from the period 1995–2005, which corresponds
closely with coral bleaching events. Model simulations [6] predicted
that UVR will, by the end of the 21st century, increase by 3–8% in trop-
ical areas due to the decrease in clouds and ozone depletion caused by
the increase in greenhouse gases.

There is broader concern about the detrimental exposure of corals to
UVR, especially those dwelling in the reefflats or lagoonswith high clar-
ity water, which is shallow, calm and sometimes exposed at low tide.
For example, it has been found that UVR is an agent in coral bleaching,
and may contribute to the worldwide bleaching events interacting
with ocean warming [7–9]. In addition, the skeleton density, and fecun-
dity of the coral and the photosynthetic efficiency of the symbiotic algae
have also been shown to be inhibited under UVR exposure [10,11].
Comparatively, reports on research into the effect of UVR on coral larvae
are scarce. Since the planula larvae or gametes released by the adult
corals have tofloat in the shallowwater for hours to days, they are likely
to experience high levels of UVR before settling on the substratum. To
date, it has been recognized that UVR would inhibit the survivorship
and development of coral larvae, as well as leading to DNA lesions
[12–16]. In addition, the expression of some genes, such as those
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associated with Ca2+ homoeostasis, stress response, neurogenesis and
apoptosis, would also be affected by UVR [17].

Some coral planula larvae have the symbiotic dinoflagellate
Symbiodinium inherited from the parental colony. Though little is
known about the role of symbiotic algae in the development of coral
larvae, the existence of symbiotic algae has been shown to extend larval
longevity under light conditions [18–20], indicating that the coral larvae
could derive considerable amounts of energy from the symbiotic algae,
and the symbiosis between planula larvae and Symbiodiniummay thus
be similar to that in the adult corals. If the symbiotic algae provide ener-
gy to the host through photosynthesis as hypothesized, then the
photoinhibition induced by UVR may disrupt the balance between
larvae and symbiont. Surprisingly, our previous study on the effects of
UVR on the larvae of Pocillopora damicornis showed that the develop-
ment of larvae was severely inhibited by UV-A (315–400 nm), while
the photosynthetic performance of the symbiotic algae was only
lowered in the presence of both UV-A and UV-B (280–315 nm). Here
we chose another brooding coral Seriatopora caliendrum, which is
typically distributed on Indo-Pacific reef flats and reef slopes, and re-
leases planula larvae monthly throughout the year in southern Taiwan
[21]. Previous work has shown that S. caliendrum is sensitive to thermal
stress [22], and its larvae have no substrate selectivity, thus settling
quickly [21]. The present study focuses on the effects of UVR exposure
on the development of rapidly settled larvae and on the photophysiology
of the endosymbiont Symbiodinium, in order to better understand the
potential significance of symbiotic algae in coral larvae.
2. Materials and Methods

2.1. Colony Sampling and Coral Larvae Collection

The Seriatopora caliendrum colonies were collected from 8 to 10 m
depth, prior to the new moon, from Nanwan Bay, Southern Taiwan
(21°56.290′N, 120°44.761′E). Colonies were kept in separate, partially
shaded (maximum intensity of photosynthetically active radiation
(PAR, 400–700nm) ~736 μmolm−2 s−1, andUV-A b 1.27Wm−2, with-
out UV-B), flow-through outdoor aquaria in the National Museum of
Marine Biology and Aquarium (NMMBA, Checheng, Taiwan) for larvae
collection. The larvae collection set-up was the same as in a previous
study [16], i.e. a catcher fitted with 110-μm plankton mesh was posi-
tioned to receive the gentle seawater outflow from each aquarium.
The catchers were checked at 07:30 h each day, and the larvaewere col-
lected and gently rinsed with 0.22 μm filtered seawater (FSW). Given
the limited release number of larvae every day, and to ensure that
each physiological parameterwas obtained from the same cohort of lar-
vae on the same day, the S. caliendrum colonies were collected on three
occasions (May, November and December 2014). Sampling of corals for
research use was carried out under permit from Kenting National Park
Headquarters (No. 1030002637).
Table 1
Temperature, total dose and maximum irradiance of PAR (400–700 nm), UV-A (315–400 nm
means ± SD throughout the incubation period.

Experiment date Temperature (°C) Total dose (MJ m−2) Ma

PAR UV-A UV-B PAR

May 11a 26.71 ± 0.55 1.37 0.22 0.004 126

Nov 29 26.99 ± 0.15 4.41 0.64 0.017 166
Nov 30 27.21 ± 0.14 4.20 0.71 0.017 177

Dec 8 24.82 ± 0.09 3.98 0.68 0.016 161

Dec 3 to 9 24.67 ± 0.45 3.50 ± 1.38 0.65 ± 0.15 0.015 ± 0.004 121

a Exposure time was 3 h. The irradiance was partly shaded, and the data shown here are aft
2.2. Experimental Setup

The experiment was conducted between May and December of
2014. Five cohorts of larvae were collected and used for different pur-
poses as detailed in Table 1. To investigate the influence of UVR, three
solar radiation treatments were carried out as follows: [1] larvae receiv-
ing only PAR (P treatment) with containers covered with 395-nm cut-
off foil (Ultraphan UV Opak, Digefra, Munich, Germany), transmitting
the irradiance above 395 nm; [2] larvae receiving PAR and UV-A
(PA treatment) covered with Folex 320 filters (Montagefolie, Folex,
Dreieich, Germany), transmitting the irradiances above 320 nm; [3]
and containers covered with Ultraphan Film 295-nm cutoff filter
(Digefra, Munich, Germany), which block radiation below 295 nm, to
create PAR + UV-A + UV-B (PAB treatment). Triplicate samples were
used for each radiation treatment. The incubation containers with lar-
vae were placed in an outdoor water bath (45 L), exposed to natural
solar radiation, and the temperature was controlled at ~27.5 °C by run-
ning seawater pumped from an indoor aquarium to the tank. And the
temperature of outdoor tank was recorded at 5 min intervals using a
submersible data logger (RBR concerto, Canada). Irradiance was also
logged each 5 min by a PMA2100 data logging radiometer (Solar Light
Co., Inc., Glenside, PA, USA).

Twokinds of containerswere employed in the experiment, depending
on the measurements made. [1] To investigate the short-term effects of
UVR exposure on the photophysiological performance of symbiotic
algae in the larvae, 15 mL quartz tubes were used. Exposure time was
3 h for theMay cohort, and 6 h for the November and December cohorts.
[2] To observe larval development, the larvae were incubated in a 45 mL
plastic box, which was large enough to contain the clay tiles used for set-
tlement. Specifically, two sides of each box were replaced with 110 μm
plankton mesh to allow for water exchange. In addition, the top of each
box was covered with polyethylene (PE) cling wrap, which transmits
the full solar radiation spectrum, to prevent larvae getting lost if the con-
tainers turned over or water overflowed. The incubation lasted for 7 days.
2.3. Survivorship, Settlement and Metamorphosis

To assess the effect of UVR on the development of coral larvae, 30
freshly released larvae were added to each plastic box with settlement
tiles, which had been maintained in the aquarium for two weeks prior
to use, and allowed to settle for 7 days. The numbers of larvae in each
of the following three development stages were identified at 17:00 h
each day: [1] metamorphosed, larvae that had developed a basal disc;
[2] settled, larvae that had metamorphosed and attached to the sub-
strate; [3] survived, as the coral larvae would lyse within 24 h after
death [23], thus all the larvae that remained in the container could be
counted as survived. The survivorship, settlement and metamorphosis
were expressed as the percentages of the number of larvae added at
the start of the experiment.
) and UV-B (280–315 nm) for each cohort of Seriatopora caliendrum larvae. Values are

ximum irradiance Parameters

(μmol m−2 s−1) UV-A (W m−2) UV-B (W m−2)

0 36.3 0.88 Symbiodinium density, pigment
contents, Fv/Fm, Fv′/Fm′

5 49.0 1.41 Fv/Fm, Fv′/Fm′
6 55.2 1.45 Symbiodinium density, pigment

contents
0 46.2 1.30 Respiration, photosynthetic

oxygen evolution
5 ± 375 44.4 ± 8.1 1.12 ± 0.24 Survivorship, settlement,

metamorphosis

er shading.
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2.4. Pigment Contents and UVACs

After short-term UVR exposure, 20 larvae were randomly sampled
from each quartz tube to assess concentrations of pigments and UV-ab-
sorbing compounds (UVACs). The larvae were first filtered onto
Whatman GF/F glass fiber filter (0.22 μm, 25 mm), and then extracted
in 4 mL absolute methanol and maintained in darkness at 4 °C over-
night. Following extraction, samples were centrifuged (10 min at 4,
000g; Eppendorf 5810 R, Germany), and absorbance of the supernatant
was scanned between 250 and 750 nm with a spectrophotometer
(BioMate 5, Thermo Spectonic, USA). The concentrations of chlorophyll
a and chlorophyll cwere determined following the equations of Ritchie
[24] which are specific to dinoflagellates, and that of carotenoids was
calculated according to Strickland and Parsons [25]. Quantification of
the UVACswith absorption peaks around 320 nm in the corals was esti-
mated using the peak height ratio between UVACs with chl a [26]. The
contents of both pigments and UVACs were normalized to the sample
size (μg larva−1) and symbiont density (pg cell−1).

2.5. Symbiodinium Density

To enumerate Symbiodinium cells per planula larva, ten to twenty-
five S. caliendrum larvae were randomly sampled at the conclusion of
the incubations, and fixed with 1 mL of 4% paraformaldehyde in FSW.
To release Symbiodinium cells from coral tissue, a glass grinder was
used gently until no visible tissue remained. The tissue homogenate
was then centrifuged (10 min at 4, 000g), and the algae pellet was re-
suspended in 2 mL FSW and needle sheared by passage 3 or 4 times
through a 10mL syringewith 24G needle. The algae numberwas count-
ed manually with a hemocytometer, and the algae population was
expressed as the number of symbiont cells per larva (cell larva−1).

2.6. Photosynthetic Oxygen Evolution and Respiration

The coral respirometry assaywas the same as that used in a previous
study [16]. Briefly, dark respiration of a group of about twenty-five
larvae, which had been dark-adapted for 1 h, was measured as oxygen
fluxwith afiber-optic oxygenmeter (Fibox 3, PreSens GmbH, Germany)
in 1.5 mL glass vials in the dark. The planar oxygen-sensitive foil (SP-
PSt3, 5 mm), which was glued on the inside of the vials, was calibrated
with a zero O2 solution (nitrogen-bubbled distilled water) and an air-
equilibrated distilled water prior to use. The dark respiration (Rdark)
was determined by dividing the 10-min oxygen depletion rate by the
number of coral larvae (nmol O2 larva−1 min−1).

Net photosynthetic productivity (Pnet) and resulting gross produc-
tivity (Pgross) were determined by larvae acclimated at a light intensity
of 552 μmol m−2 s−1 for 20 min. And light enhanced dark respiration
(LEDR) was determined by monitoring the 10-min O2 consumption
after 1 min post-illumination. Pgross was the total amount of O2 released
in the light plus the Rdark, while the gross productivity in the light (Pgross
′) was obtained by adding Pnet to LEDR. The photosynthetic rates were
expressed as nmol O2 larva−1 min−1 and pmol O2 cell−1 min−1.

Photosynthetic efficiency of the Symbiodiniumwas assessed bymea-
suring maximum quantum yield (Fv/Fm) and effective quantum yield
(Fv′/Fm′) using a Phyto-PAM (Walz, Germany). Prior to fluorescence
measurement, one group of ca. 15 larvae were randomly selected and
transferred into a quartz tube. Fv′/Fm′ measurements were performed
by applying 5 min actinic illumination with an intensity of
280 μmol m−2 s−1 (~310 μmol m−2 s−1 at the end of incubations),
with terminal application of a saturation pulse. Fv/Fm measurements
were taken after the larvae were dark-adapted for 40 min.

2.7. Data Analysis

The inhibition of photosynthetic efficiency induced by UVR was
calculated as follows:
Inh−UV−A (%)=(PP−PPA)/PP×100%
Inh−UV−B (%)=(PPA−PPAB)/PP×100%
where Inh-UV-A and Inh-UV-B is the inhibition caused by UV-A or

UV-B; PP, PPA and PPAB are the quantum yield under P, PA and PAB treat-
ments, respectively.

A two-sample t-testwas used to determine the significance of differ-
ences between Inh-UV-A and Inh-UV-B. The effects of UV radiation on
larval condition were tested by one-way ANOVA; post hoc Fisher's
least significant difference (LSD) tests (α = 0.05) were used to deter-
mine differences between individual groups. The prerequisite normality
and homoscedasticity for the ANOVAswere carried out using a Shapiro-
Wilk test and Levene's test, respectively. All the data were shown as
means ± SD (n = 3).

3. Results

3.1. Development of Coral Larvae

During the 7-day exposure, it was cloudy on the first two days and
the last day, resulting in a lower irradiance intensity on those three
days (Fig. 1A). Specifically, themaximumPAR for the three dayswas be-
tween 690 and 903 μmol m−2 s−1, while the values for the other four
days all exceeded 1400 μmol m−2 s−1. As for the UVR, the daytime
doses for UV-A and UV-B during the middle four days were above 0.72
and 0.017 MJ m−2, respectively, while the corresponding doses for the
cloudy days fell to 0.52 and 0.012 MJ m−2 respectively. The average
temperature during the incubation was 24.67 ± 0.45 °C.

After exposure to UVR for two days, fewer larvae metamorphosed
and settled under the PA treatment compared to the P and PAB treat-
ments (Metamorphosis: Fisher's LSD, p b 0.05; Settlement: F2,6 = 6.93,
p = 0.03). With the extension of exposure time, on the fifth day, there
were no differences in larval settlement between treatments (F2,6 =
2.69, p = 0.15), with the percentage ranging between 88 ± 5% and
96 ± 4%. On the last day, there appeared to be no difference in larval
survival between treatments (F2,6 = 0.25, p = 0.78, Fig. 1B), and the
percentage of larvae still alivewas N87%. As for the finalmetamorphosis
and settlement success, neither of these parameters were influenced by
UVR (Metamorphosis: F2,6 = 1.5, p = 0.29, Fig. 1C; Settlement: F2,6 =
1.5, p = 0.30, Fig. 1D), with over 91% larvae settled on the substrate.

3.2. Symbiodinium Density and Pigment Contents

Following 3 h exposure toUVR (May cohort), the Symbiodinium den-
sity in coral larvae exposed to PAR + UV-A + UV-B (PAB) was signifi-
cantly higher than in those exposed only to PAR + UV-A (PA; Fisher's
LSD, p=0.03). Similarly, the result of 6 h exposure (November cohort)
also showed higher symbiont density in PAB-treated larvae, while the
larvae incubated without UVR had the fewest Symbiodinium cells
(F2,6 = 18.94, p=0.002, Fig. 2A). Thus, the average Symbiodinium den-
sity in the PAB treatment was 1.68 ± 0.09 × 104 cells larva−1, which
was higher than that in the P treatment by 28%. Because the two expo-
sure experiments were not conducted on the same day, and the S.
caliendrum larvae were not from the same colony, the effects of expo-
sure time under the same treatment were not compared here.

The chl a, chl c and carotenoids contents of algal cells were not influ-
enced by the 3 hUVR exposure (p N 0.05, Table 2). However, the 6 hUVR
exposure of the November cohort (when UVR and PARwere higher) re-
sulted in a decrease of chl c from 4.46±0.52 pg cell−1 to 3.29±0.46 pg
cell−1 (Fisher's LSD, p = 0.02), while the chl c content normalized to
coral larvae stabilized between 0.05 and 0.06 μg larva−1 (F2,6 = 0.03,
p= 0.97). The carotenoid concentration in larvae also showed obvious
reduction underUVR stress (μg larva−1: F2,6=9.05, p=0.01; pg cell−1:
F2,6=25.14, p=0.001), and the carotenoids per algal cell in the P treat-
mentwas about 1.78 fold higher compared to the PAB treatment. Corre-
spondingly, the ratio of carotenoid to chl a reduced from 0.67± 0.05 in
the P treatment to 0.50 ± 0.03 in the PAB treatment (F2,6 = 19.51, p=



Fig. 1. The temperature and irradiance variations during the 7-day exposure (A), and the effect of UVR treatments on the percentage of Seriatopora caliendrum larvae that either survived
(B), metamorphosed (C) or settled (D). Means ± SD (n= 3 for all treatments with 30 larvae each) are shown; treatment means marked with asterisks differ significantly (Fisher's LSD,
p b 0.05).
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0.002). The cell content of chl a showed an insignificant decrease under
UV-A or UV-B (p N 0.05).

The content of UVACs in coral larvae was not affected by UVR expo-
sure in both exposure times (p N 0.05, Table 2). Nevertheless, the 3 h
UV-A and UV-B exposure led to an evident reduction of the UVAC:Chl
a ratio compared to the control (Fisher's LSD, p = 0.03), which did not
show in the 6 h experiment.

3.3. Photosynthetic Rate and Respiration

Following short term UVR exposure (both 1 h and 6 h), the effective
quantumyield (Fv′/Fm′) displayed a significant increase under UV-A ra-
diation (1 h: F2,6 = 11.27, p= 0.01; 6 h: F2,6 = 9.42, p= 0.01, Fig. 3A),
while the effect of UV-B offset the increase, with the Inh-UV-B ranging
from 28± 8% to 88 ± 21%. However, there was no significant variation
in the maximum quantum yield (Fv/Fm), which stabilized between
0.46 ± 0.05 and 0.57 ± 0.09 (F2,6 = 2.58, p = 0.15, data not shown).
Similar to the trend of Fv′/Fm′, the highest photosynthetic rates, includ-
ing Pnet, Pgross and Pgross′, were observed in the PA treatment, though the
result of one-way ANOVA showed insignificant differences between
treatments (p N 0.05, Fig. 3B and C). In addition, neither the Rdark nor
the LEDR responded obviously to radiation treatments (p N 0.05, Fig.
3D).

4. Discussion

The results showed that UVR exposure had negative effects on the
cellular contents of chl c and carotenoids, whereas the Symbiodinium
density in the larvae exposed to UV-A or UV-B was higher than that in
the control larvae. We further present the novel finding that during
the 7-day experiment, the presence of UV-A decreased the larval rates
of metamorphosis and settlement, though this effect disappeared
when the larvae were also exposed to UV-B, while the effective photo-
chemical efficiency of the symbiotic algae increased when cultured
under PAR and UV-A. However, at the end of development experiment,
UVR had no effect on the numbers of larvae that either survived, meta-
morphosed or settled.

The positive effects of UV-A on the growth or photosynthesis of phy-
toplankton cells have been reported in several studies [27–31]. Here, we
found that the effective quantum yield, Fv′/Fm′, of the algae in symbio-
sis with S. caliendrum larva was markedly modulated by UVR, in which
the UV-A acted as a stimulation factor, while UV-B offset the enhance-
ment of UV-A. A similar effect was also shown to occur in the photosyn-
thetic oxygen evolution rate of the symbiotic algae within Pocillopora
damicornis larvae upon UVR exposure [16]. Though the oxygen evolu-
tion rate of the algae within S. caliendrum larva in this study had a sim-
ilar trend, the difference between treatments was not statistically
significant. Given that the positive effects of UV-A on phytoplankton
generally occurred under the conditions of low light dose (cloudy) or
fast mixing in coastal regions where the nutrient state is rather high
[31], it can be speculated that the coral symbiont may play a role in at-
tenuating the incident UV-A radiation by UVACs.

Considering that S. caliendrum larvae generally settle fast and have
no specialization in terms of substrate choice, we can eliminate the pos-
sibility that UV-A delayed larval development by damaging the sub-
strate. The delayed development of larvae has seldom been reported
in coral under stress. However, the phenomenon has been documented
among a number of different organisms, such as bryozoans, gastropods,
polychaetes, crustaceans, echinoids, urochordates, and amphibians [32].
The causes for delayed development include nutritional stress, salinity
stress, exposure to UVR, and exposure to sublethal concentrations of
pollutants. Pechenik et al. [33] found that the lack of food stimulated
the larvae of gastropod Crepidula fornicate to metamorphose, but that
this process was delayedwhen the foodwas in excess. Similar to our re-
sults, the fertilized eggs of an amphibian Rana temporaria, when ex-
posed to UV-B before hatching, showed lengthened metamorphosis
time and increased incidence of developmental abnormalities [34]. In
this process, it is suggested that a trade-off of the energy allocation



Fig. 2. Algae density in the larvae of Seriatopora caliendrum following 3 h (white, May
cohort) and 6 h (grey, November cohort) UVR exposure (A), and the content of
pigments per algae cell (B, November cohort) and per larva (C) following 6 h exposure,
including Chl a (white), Chl c (grey) and carotenoids (grid). The different letters indicate
significant differences among the radiation treatments at p b 0.05 (Fisher's LSD). Values
are means ± SD (n = 3 for all treatments with 20 larvae each).
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may exist between the repair of UVR-induced damage and larval devel-
opment. However, there was no sign of obvious UVR damage to the lar-
vae in our study compared to the control group, except that the
concentration of chl c and carotenoids per algae cell was reduced
under UV-A and UV-B exposure. However, the relatively high density
Table 2
Concentration of the different pigments and UVACs in the larvae of Seriatopora caliendrum follo
diance treatments at p b 0.05 (Fisher's LSD). Values are means ± SD (n = 3). P values are give

Pigment unit Exposure time (h) P

Chl a μg larva−1 3 0.0
6 0.0

pg cell−1 6 3.7
Chl c μg larva−1 3 0.0

6 0.0
pg cell−1 6 4.4

Carotenoid μg larva−1 3 0.0
6 0.0

pg cell−1 6 2.5
UVACs μg larva−1 3 0.1

6 0.0
UVAC:Chl a 3 1.6

6 0.9
Chl c:Chl a 3 0.8

6 1.1
Carotenoid:Chl a 3 0.3

6 0.6
of Symbiodinium in S. caliendrum larvae exposed to UVR possibly offset
the reduction in pigment per cell, resulting in the lack of effect of UVR
exposure on the pigment contents per larva.

Recently, Graham et al. [23] studied the temporal changes in meta-
bolic rates of larvae without symbiotic algae from four coral species.
The highly consistent dynamics of larval respiration rates showed that
the rates were low prior to fertilization, then rapidly peaked and
remained high in early development until the larvae became competent
to metamorphose. After that, the rates quickly declined and larvae
remained in a low metabolic activity state thereafter. Accordingly,
these findings may shed light on our results. In the first two days, rela-
tivelymore larvae under UV-A exposure stayed in the pre-metamorphic
stage compared to those in the other two treatments. By analogy with
the study of Grahams et al. [23], the coral larvae in this stage would
have had higher metabolic activity in contrast to those that had meta-
morphosed. This is consistent with the higher photochemical efficiency
of symbiotic algae under UV-A exposure. Therefore, the UV-A level in
this studymay potentially increase the energy reserves for the coral lar-
vae through stimulating the photophsiological performance of
Symbiodinium.

The delayed development of S. caliendrum larvae extended the dis-
persal period of the planula stage, which is of particular importance
for the ecology and evolution of the coral species. For example, the ex-
tended dispersal is beneficial for the population to escape from an
unfit environment and enhance population connectivity [35]. Neverthe-
less, dispersal depends on larvae having a sufficient energy store. Coral
planulae that cannot feed in the planktonic stage have no external ener-
gy resource except material from the symbiotic algae. Thus, the in-
creased energy expenditure during dispersal means that less energy
would be left for post-settlement development. If the recruits cannot
capture zooplankton within days of settlement, their survivorship
would be threatened. Several studies have documented that delayed
development caused a severe decrease in post-settlement survival,
growth and adult fitness, especially for non-feeding species, and made
them potentially more vulnerable to predators and physical stresses
[36–39]. In contrast, the effects of delayed settlement seemed less appli-
cable to coral larvae as expected. Graham et al. [40] found that although
the initial sizes of Acropora tenuis larvaewere negatively affected, the 4-
week settlers budded more quickly than the 2-week and 6-week set-
tlers. At the same time, the Symbiodinium acquisition rates increased
in both the 4 and 6 weeks cohorts, while the survival of settlers was
not affected [40]. Given that the observation of a UV-A induced delay
of larval developmentwas not reported in earlier studies on coral larvae
[12,41,14,13], the details of these studies were examined. There could
be three reasons for this discrepancy: 1) Less attention was paid to the
wing UVR treatments. The different letters indicate significant differences among the irra-
n (one-way ANOVA). The significant differences were marked in bold.

PA PAB p

6 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.18
5 ± 0.00 0.04 ± 0.00 0.05 ± 0.01 0.70
8 ± 0.60 3.13 ± 0.10 2.83 ± 0.41 0.08
6 ± 0.00 0.05 ± 0.00 0.06 ± 0.01 0.19
5 ± 0.01 0.05 ± 0.01 0.06 ± 0.01 0.97
6 ± 0.52a 3.82 ± 0.39ab 3.29 ± 0.46b 0.06
2 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.45
3 ± 0.00a 0.02 ± 0.00b 0.02 ± 0.00b 0.01
3 ± 0.30a 1.63 ± 0.09b 1.42 ± 0.16b 0.001
0 ± 0.00 0.10 ± 0.00 0.09 ± 0.01 0.11
4 ± 0.01 0.04 ± 0.01 0.05 ± 0.02 0.90
7 ± 0.19a 1.38 ± 0.17ab 1.30 ± 0.10b 0.07
6 ± 0.13 0.98 ± 0.23 1.00 ± 0.29 0.98
9 ± 0.06 0.71 ± 0.09 0.86 ± 0.19 0.24
9 ± 0.16 1.22 ± 0.09 1.16 ± 0.05 0.83
4 ± 0.07 0.32 ± 0.06 0.34 ± 0.05 0.89
7 ± 0.05a 0.52 ± 0.03b 0.50 ± 0.03b 0.002



Fig. 3. Effective photochemical yield of PSII (Fv′/Fm′, A) in symbiotic algae following 1 h
(white, May cohort) and 6 h (grey, November cohort), photosynthetic oxygen evolution
rate (B, C) and respiration rate (D) of Seriatopora caliendrum larva after exposure to PAR
(P, white), PAR + UV-A (PA, grid) and PAR + UV-A + UV-B (PAB, grey) treatments for
6 h. B: pmol O2 cell−1 min−1; C and D: nmol O2 larva−1 min−1. Asterisks indicate
significant differences among treatments at p b 0.05 (Fisher's LSD). Values are means ±
SD (n = 3 for all treatments with ~25 larvae each).
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effects of UV-A radiation; 2) most of the coral species studied had pref-
erences for their settlement substratum,whichwould be affected under
UVR exposure through the changes such as crustose coralline algae
(CCA) cover and the composition of microbial communities on the
CCA, both ofwhich have been found to alter in response to other climate
stressors [42–44]; 3) the experimental time may not have been long
enough to fully trace the time course of larval development. By
inference, our results suggest that these earlier studies may have
overestimated the potential consequences of UV-A radiation on coral
larvae. Future studies to ascertain if the larvae of other coral species
that have no preference for specialized substrates exhibit a similar re-
sponse to UV-A radiation would be instructive. Unraveling the complex
relationship between corals and their symbiotic algaewill help us in un-
derstanding the adaptive strategies that coral symbionts use to against
various climate stressors.
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